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Fig. 1. Schematical image of PCA with a plasmonic grating
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Puc. 2. Pacupenenenne 3JeKTpHIecKoro nois B wiasmMonnoii ®ITA upn Beicore 31exrponos 100 HM B HepHOTOM
pemerkn 200 aM (@) u B TpamunuonHoiif ®IIA (b) npn Hakauke 800 aM

Fig. 2. Electric distribution of the field in a plasmonic PCA at the height of the electrodes of 100 nm
and the period of grating of 200 nm (a) and in a traditional PCA (b) at the pumping of 800 nm
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MOAEANPOBAHME NMEPEAATOYHbIX XAPAKTEPUCTUK
ABYX3ATBOPHbLIX MOAEBbIX TPA®EHOBbBIX TPAH3UCTOPOB

ITlocmynuna ¢ pedaxyuro 30.05.2018

Paspabomana ynpowjeHHas KOMOUHUPOBAHHASL CAMOCOAACOBAHHAS MO0eAb NoAesblx zpagerosvix mpanzucmopos (I1IT),
npedHa3HaveHHas 045 pactema ux nepedamovHvix xapakmepucmuk. B kauecmee npumepa 6viau paccuumarnvl XapaKmepucmuxy
deyxzameopnoeo III'T npu pazauunsix Hanpaxcenusx Ha cmoke. Iloayueno xopouiee coenacosanue pe3yibmamos pacuenos, npo-
8€0CHHBIX C UCNOABL30BAHUEM NPEONONCEHHOU MO0eaU, ¢ IKCHEPUMEHMANbHBIMU OQHHBIMU.

Karouesnie croea: nonesoii mpanzucmop, 00HOCAOUHbIU epagheH, nepedamounas 604bm-amnepHas XapaKmepucmuxka, Komou-

HUPOBAHHAA Moae./lb, Moae/mpoeaﬂue

Benenne

IlepcrnieKTUBHBIM HampaBlieHUEM B BICOKOUYACTOT-
HOI HaHO2JIEKTPOHUKE SIBJISIIOTCSI pa3paboTKa U COo-
3MaHue MTPUOOPHBIX CTPYKTYP HA OCHOBE YIJIEPOIHbBIX
HaHoMaTepuaioB [1]. B mocienHee BpeMs: HpOBOISITCS
WHTEHCUBHbIE UCCEAOBAHUS MO CO3MAHUIO MOAEJEi
TaKUX MPUOOPHBIX CTPYKTYP, 0€3 KOTOPBIX MX pa3pa-
0OTKa M ONTUMU3ALMS, a CJIeAoBATeIbHO, U IHUPOKOE
BHeJpeHUE B MPAKTUKY OyayT HEBO3MOXHBI. K coxa-
JIEHWIO, pa3paboTKa Mojesieil sBisieTcsl JOCTaTOYHO
TPYIOEMKUM U JJIMTEJIbHBIM MTPOLIECCOM, OCOOEHHO B
cllyyae TOCTPOEHHUSI UM peanv3allMi BbICOKOAJEeKBaT-
HBIX UMCJIEHHBIX Mozeeit [2]. B To xxe Bpemst mpocTbie
(KOMITaKTHbIE) MOJEJIM, K COXAJICHUIO, HE XapaKTepu-
3yl0TCsl TpeOyeMoil YHMBEpCcalbHOCThIO. Tak, paspa-
0oTaHHBIE HAMU paHee BBICOKOSKOHOMHWYHEBIE YIIPO-
IIEHHbIE MOJIEJIU MOJIEBBIX I'pa)eHOBBIX TPAH3UCTOPOB
(TITT) [3—7] uenecoobpa3HO MCIOIL30BaTh JISI pac-
yeTa UX BBIXOAHBIX XapaKTepUCTUK. boiyiee coXHBIM
SIBJISIETCSI MOJIEJIMPOBaHUE IepelaTOUYHbIX XapaKTe-
puctux IITT.

B naHHOIi cTaThe NMPUBEACHO OIMCaHME pa3pado-
TaHHOI MOJENIM JBYX3aTBOPHBIX MOJIEBbIX TPAH3UCTO-
POB Ha OCHOBE OZHOCJIOMHOrO rpageHa. Ota Moaesb
MOXET OBbITh MCITOJIb30BaHa IJIsI pacyera repeaaToy-
HOI BOJIbT-aMIlepHOM XapakTepuctuku (BAX) Takwmx
TPaH3MCTOPOB U WIJIOCTPALIMU €€ BO3MOXKHOCTEH.

Mopean

IpennoxeHHass MoJeNab, TaK Xe KakK M MOJEJIH,
MpeacTaBlieHHbIe B paboTtax [3—7], pa3paboTaHa Ha
OCHOBE KBaHTOBOU A Py3MOHHO-IpeiihoBOI MOIe-
mu [8, 9]. CornacHo knaccudukanum pador [9—11]
OHa MOXeT ObITh OTHECEHa K KJaccy KOMOMHUPOBaH-
HBIX MOJeJieil, TaK KaK SIBJISIeTCS KOMOMHauuen u-
3UKO-TOMOJOTMYECKON U IJEKTPUUECKON MOMETEN.

PaccMoTpuM 3Ty Moeb.

Ha nepBom aTane B MOJeIM BHIYUC/ISIETCS KBAHTO-
Basi €MKOCTb I10 yIpolleHHOoU dopmyiie [12]

Cy= ~2s, (1)
(Vg

Toe g — 3apsmd 2JIEKTpoHa;  — mocTosHHas [lranka,
nejieHHad Ha 2n; Vi = 100 M/c — ckopocth Depmu.

ITocite 3TOro paccUYMTHIBAIOTCSI EMKOCTH 3aTBOPOB
no ¢gopmyiie

G e @
q in

rae C;, — eMKOCTb, C(OOPMUPOBAHHAA MEXIY 3aTBO-
poM m ciioeM TpadeHa.

Hanee, Kak 1 B MOJAEJAX, ONMMCAHHBIX B paboTax
[6, 7], camocorIacoBaHHO PacCUMTHIBAETCS BJIEKTPO-
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CTaTUYECKUN TIOTeHIIUAN V ¢ TIpUMEHEeHUEM UTepaly-
oHHOro Meroma. Ilpy 3TOM HCITOJIB30BaHBI CJIEAYIO-
mue dopmyisl padot [12, 13]:

Cgt( Vtgf Vth B Va) + Cgb( Vbeff B Va)

y= SNE)
Cgt+ Cgb+ va
a=1 1 1| 4)
2 2.2
14
(kTin(4))*
3
C,= —2L |, (5)
(M VF)

rae Cg,, Cgb — eMKOCTU BepXHEro, HUXKHEro 3aTBOPOB;
o — Koo duiment emkoctu (o = 0,5 mipu ¢| V| > kT);
Vi — HampsiXeHHe Ha BEPXHEM 3aTBOpPe; Vo — a-
(GeKTUBHOE HamNpsiKeHVE Ha HUXKHEM 3aTBOpE; V,go —
HanpspkeHue Jlupaka 111 BepxHero 3aTBopa; V —
3JIEKTPOCTATUYECKUIA OTEHUMAN KaHaa; V, u3MeHs-
erca B nuanasone or 0 no V,,; V., — nonHoe nmageHue
HaIpspKeHUs B KaHalle; k — IocTosiHHas bonbliMaHa;
T — teMmmepaTypa OKpPYXKaroIleil Cpeabl.

IlepepacueT BeTMYMH OCYILECTBIISIETCSI CaMOCOTJIa-
COBaHHO 10 TeX IOp, MOKa IOoINpaBKa 3JIEKTPOCTATH -
YEeCKOro IMOTeHIIMaja B KaHajle He MTOCTUTHET 3aJaH-

HOro 3HadycHMus.

Ha BTOpOoM 3Tare Ha OCHOBE HaliIeHHOTO BJIEKTPO-
CTaTUYECKOro MOTEeHLIMAJIa B KaHAJIe PACCYMTHIBAETCS
3¢ deKTUBHAs MOABUXKHOCTb HOCUTENIEH 3apsiaa B rpa-
¢eHe p, yuyuThiBalollasi MOABUXKHOCTUA BJEKTPOHOB U
nbIpok [13]:

-
2 2
14(upun>[ e 2V2J v
_ 3(m Ve~ n(nVp v hl x
(n(kT)2 n q2 V2+A2J 1+ q2 V2
3Vp® (Ve (kTln(4))’
x (6)

b
m+V2

Te W, ¥ W, — MOABIXKXHOCTH 3JICKTPOHOB M JABIPOK CO-
OTBETCTBEHHO; A — HEOTHOPOTHOCTH 3JIEKTPOCTATH-
YeCKOTo MOTEeHIINAalla, # U m — COIIACYIOLINe Tapa-
MEeTphbl MOZIEJIH.

OOu1as IOTHOCTL 3apsaa Jmcrta rpadpeHa Q ompe-
nensieTcst cornmacHo [14]:

2 3,72 2
0= fI7T(kT)2 + 9V +Q§ ) (7)
3(n VF) (N VF)
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st HaxoXAeHUST TOKa CTOKa MCITONb3yeTcs (op-
MyJia, TOJydyeHHass M3 KBaHTOBOH IuUbGY3MOHHO-
IpeiigoBoii moaenu [3—7]:

Vch
W[ uodv
0
o ()

ch

L+|[ av
o V.

sat
rae W — mmpuna KaHana; L — aiuvHa Kanana; Vo, —
CKOPOCTb HACBILIEHHUS.

CKOpOCTb HACBHILUEHUA PACCUUTHIBAETCA C YYETOM
paccesHMs Ha ONTUYECKMX (POHOHAX HA OCHOBE MOJIe-
M pabotsl [15]:

TF, €Ccin |Qnet‘ < q|pcrit‘

2
Vsat = 2qQ TE(T] VF) |Qnet| _ (1_‘[_(_2)2 (9)
2 bl
™" VF| Qnet| 9 2

eci |Qnet| > q‘pcrit

b

_11Q
Perit — Z’C (VFJ 5 (10)

TJI€ P, — KPUTUYECKAS TUIOTHOCTb HOCUTENIEH 3aps-
na; Q,,; — TJIOTHOCTb 3apsla HOCUTeJei B KaHaje
(Oper = | CqV|); nQ — 3 deKTUBHAS SHEPTUS OITHU-
yecKUX (POHOHOB.

3aMeTHM, 4TO, €CJIM He YIUTHIBATh KBAHTOBLIE SIB-
JIeHUS U MajJieHUs] HaMpsKeHU Ha 00JacTsaX cToKa U
UCTOKa, TO B 3TOM ciydae V., = V,; (V,; — nHanpsxe-
HUe, MPUKIAIBIBAEMOE K CTOKY OTHOCHUTEIbHO UCTO-
Ka), a cooTHolIeHue (8) MPUBOIUT K TPaAULIMOHHOM
I Gy3noOHHO-IpeioBOIl MOAEIN, HCIIOIb3yeMOM
MHOTMMH aBTOpaMu (MHOIJa ¢ MOAM(UKALMSIMU U
KOppeKUMsIMU) TpU pacuete Toka ctoka ITI'T.

CrnoxHocTh pacueta nepegatouynbix BAX III'T 3a-
KJII0YaeTcs B HEOOXONMMOCTHU PacCUMTHIBATh TOK CTO-
Ka [; npyu (PUKCUPOBAHHOM HampsKEHUM CTOKa V.
IIpoGaeM He BO3HMKAET TOJBKO B CiIydyae, KOrma He
VUUTBIBAIOTCS CONPOTUBIEHUA 0O0JacTeil croka R; n
ucroka R, 1. e. R; = R;= 0 [3, 6]. B npotusHOM, pe-
anbHOM citydae (Ry;u Ry He paBHbl 0) 114 yyera naje-
HUI HanpsDKEHUI Ha 9TUX CONMPOTUBICHUSIX HEOO0XO-
JVMO OCYLLUECTBJIATH IIEPEPACYET TOKA CTOKA /;, YTOOLI
NOJTy4YNTh (PUKCUPOBAHHOE HAIPSKEHUE Ha CTOKE Vi,
T. €. IPUMEHSTh ONTUMM3aIIMOHHBIN MeTon. Hamu ObuT
HCTOJIb30BaH OTHOCUTEJIBHO MPOCTON METOHA IUXOTO-
MUU, KOTOPbIA yIOBAETBOPUTEIHHO 3apeKOMEHIOBAI
ce0s1 B ropasao 0oJiee CI0XHBIX 3a1a4yaX MHOTOMEPHO-
o YUCJIEHHOr0 MOJEJUpPOBaHUS (parMEHTOB KpeMm-
Huesix CBUC [16, 17].
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Puc. 1. Biok-cxema ajaropuTMa peajin3auui MeToJa JMXOTOMUH ISt
pacuera nepeaarounsix BAX III'T

Fig. 1. Block diagram of the algorithm for realization of the method of
dichotomy for calculation of the transfer 1V-characteristics of GFET

brok-cxema anaroputma pacuyera MpuBedeHA Ha
puc. 1. deneHue orpe3ka [a, b] mpogokaercsi, mokKa
€ro IJIMHA He CTaHEeT MEHbIIE 3aJaHHOTO 3HAYCHMUSI eps
(K; — Taxxe sMnupudeckuii mapamerp). To ecTb pu
M3MEHEHUM HaMPSDKEHMST Ha 3aTBOPE MOJIyYaeM TaKou
TOK CTOKa /;, IPY KOTOPOM Hanpspkenue Vy,,,, oyaer
COXPaHSThCS MPUOINU3UTETBHO MTOCTOSIHHBIM TIPU y4e-
T€ CONMPOTHMBIIEHUI CTOKA M UCTOKA. B anroputme Tox
CTOKa MepepacCUYUTHIBAETCS B PACCMOTPEHHOU BBIlLIE
MOCJIeNOBATEIbHOCTH, C YYETOM HOBBIX MPEIETIOB UH-
TerpupoBaHus. Ha 3aBepiuaronieM 3Tamne mnocjie Ha-
XOXIeHUs1 [; MepepacCYMThIBAETCA HaNpsKEHWE Ha
BEPXHEM 3aTBOpE C YYETOM MaNCHUS HAMPSKEHUS Ha
CONPOTUBJICHUH UCTOKA R, T. €. Voo = Vo + Rl

IIpenioxeHHass MOAEIb MO3BOJISIET MOJYYUTh XO-
polilee corjacoBaHue C 3KCIePUMEHTAIbHBIMU AaH-
HBIMM, TaK KaK 3JIeKTPOCTATUYECKUI MOTEHLIMAI B Ka-
HaJle ¥ KBAHTOBAasl EMKOCTb PACCUMTBIBAIOTCSI CAMOCO-
racoBaHHo. Kak npaBuiio, mapaMeTpaMu MOAEIU MpU
COIJIaCOBaHUU PACUYETOB C IKCIIEPUMEHTOM SIBJISIOTCS
CONIPOTUBIICHMsI HA CTOKE R, ¥ UCTOKE R, a Takxe h
U m B 93 GHEKTUBHON MOABUXKHOCTU HOCUTENEH 3apsi-
na (6).

ITporpammpbl, peanusyrouiyde MNpeiIoKeHHYI0 MO-
JieJib, BKJIIOYEHbl B CHUCTEMY MOAEIMPOBAHUS HAHO-
a51eKTpoHHBIX ycTtpoiicTB NANODEYV [18—20], pa3-

pabatbiBaeMyio B BI'YUP ¢ 1995 r. u npenHa3HaueH-
Hyio g [I9BM.

Pe3yabTaThl MOAEIUPOBAHUS

C npuMeHeHueM TpeIoKeHHON KOMOMHUPOBAH-
HO1 MOJIIEJIY TIOJTYYeHBI MepeaaTOUHbIe XapaKTePUCTH -
ku asyx3atBopHoro III'T Ha omHocoiiHOM TpadeHe.
PacueTbl BBIMOMHSINA UISI KOMHATHOM TeMIIEPaTypHhl.
Ha rpagukax npuBeneHbl pe3yabTaThl AJIs1 TUNIOTHOCTH
TOKa CTOKa ISl yooOCTBa CpaBHEHUS C IKCIIEPHMEH-
TaJbHBIMM JaHHBIMU.

Ha puc. 2 nokazaHo momnepeyHoe CeyeHue ucclie-
nyemoro aByx3aTBopHoro IIT'T Ha ocHOBe ogHOCIION-
Horo rpadena Ha noanoxke SiO,/Si. Huxnuit 3atBop
nByx3atBopHoro III'T otmeneH oT KaHalla AUAJIEKTPU-
koM SiO, TomuuHoii 300 M. Croit Al,O3 TonmMHOIA
15 HM sBasgeTcs OURJIEKTPUKOM BEpPXHEro 3aTBopa.
HnuHa kaHana L = 5 MkM, a apyrue napamerpsl I1I'T
npuBelIeHbI B padote [21]. XapakTepuCTUKU pacCcuu-
TaHbI C YYETOM HE TOJIbKO 3JIEKTPOHHOM, HO 1 AbIPOY-
HOU MPOBOAMMOCTHU.

Ha puc. 3 unntocTpupyercsl cpaBHeHHUE pe3yabTa-
TOB MOJEIMPOBaHUS, MOTYYEHHBIX C UCTIOJIb30BaAHU-
€M MPEIJTIOXXKEHHONW MOAENH, C SKCIIEPUMEHTATbHBIMU
JaHHBIMU paboThl [21] MpU pa3sAUYHBIX HAMPSIXKEHU -
ax Ha cToke. Kpusasg 7 coorserctyer V,;= 1,1 B, kpu-
Bag 2 — V,;= 0,85 B, xpuBaa 3 — V,;= 0,6 B, 4 —
V,;= 0,35 B. OrmMeTum xopoliee CorlacoBaHUE pe3yJib-
TaTOB MOJAEJUPOBAHUS C UCIOJb30BAHUEM IMapaMeT-
poB 4= 0,1 m>/(B - c), m = 0,063 B2, R;= R, =30 Om
C BKCNEPUMEHTAIbHBIMU TaHHBIMU paboThl [21].

Ha puc. 4 nokazaHbl INepenaToyHble XapaKTepuc-
ik [T pu pasnnyHbIX CONPOTUBIEHMUAX CTOKA R
1 ucTtoka R, PacyeTbl MpoBedeHbI IIPU HAIPSKEHUU
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Puc. 2. Ilonepeynoe ceyenne npyxsarsoproro III'T na ocHoBe oa-
HocJoiiHoro rpadena: S — nctok; G — BepxHuii 3aTBop; BG — HIXK-
Huit 3aTBOp; D — cTOK; I — MOATIOXKA; 2 — OUBJIEKTPUK HIKHETO
3aTBOpa, 3 — AUBJEKTPUK BEPXHETO 3aTBOpa; 4 — METaJlJl BEpXHETO
3aTBOpA; 5 — MeTaJlJl HUXKHETO 3aTBOpa; 6 — MeTaJUl UCTOKA U CTOKa,
7 — rpadeH

Fig. 2. Cross-section of a dual-gate GFET on the basis of a single-layer
graphene: S — source; G — top gate; BG — back gate; D — drain; 1 —
substrate; 2 — back-gate dielectric; 3 — top-gate dielectric; 4 — top-
gate metal; 5 — metal of the bottom gate; 6 — source and drain metal;
7 — graphene
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Puc. 3. Ilepenatounnie xapakrepucTuku asyx3zarsopuoro III'T npn
Pa3IMYHBIX HANPSUKERUsAX Ha croke: / — V,;= 1,1 B; 2— V,;= 0,85 B;
3—V;=0,6 B; 4— V,;=0,35 B; 5 — akcniepMMeHTa/bHbIE JaHHbIE,
COOTBETCTBYIOLINE PA3INYHBIM HaNpsKEHUsM Ha cToke V, [21]
Fig. 3. Transfer characteristics of a dual-gate GFET at various drain
voltages 1 — V, = 1LIV;2—V;=085V; 33—V, =06V, 4—
V, = 0,35V; 5 — experimental data corresponding to various drain
voltages V; [21]

Puc. 4. Ilepenatounbie xapakrepuctuku asyx3atsopHoro IIT'T c
JUIMHOM KaHANa 5 MKM IIPH Pa3JMYHBIX CONPOTHBIEHHAX CTOKA U HC-
ToKa: /| — R;= R =00m; 2— R;=R;=100m; 3— R;= R, =
=200m; 4— R;= R; =30 Om

Fig. 4. Transfer characteristics of the dual-gate GFET with the length
of the channel of 5 um at various drain and source resistances: 1 —
Ry=R,=022—R;, =R, =100, 3—R; =R, =20 4—
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Ha ctoke V,; = 0,6 B. OTMeTHM, YTO C yBEJIMUEHUEM
COIMPOTUBJIEHUsI TOK CTOKa magaeT. Pesynbrarsl ui-
JIIOCTPUPYIOT BAaXXKHOCTh yueTa COIMPOTUBJICHUI CTOKA
R, n uctoka Rg Ipy MOZAEJIMPOBAHUU TEPENATOUHBIX
BAX III'T.

3akiouyeHune

C ucrnojb3oBaHUeM pa3pabOTaHHON KOMOWHUPO-
BaHHOM MOJENN JBYX3aTBOPHBIX MOJIEBbIX I'padeHo-
BbIX TPaAH3UCTOPOB MCCIEAOBAaHbI MepeaaTOUYHbIe Xa-
PaKTepUCTUKU TTPUOOPHBIX CTPYKTYpP IPU pasIUUHBIX
HanpsDKEHUSIX Ha cToke. MoJiesib MoCTpoeHa Ha OCHO-
BE ypaBHEHMIH KBaHTOBOU nUdDy3noHHO-apeidoBoii
MOJIEJIM U MO3BOJISIET PACCYMTHIBATH XapaKTePUCTUKHU
TPaH3UCTOPOB Ha OAHOCJIOWHOM IpadeHe ¢ paziuy-
HBIMU TIOA3aTBOPHBIMU IM3JIeKTpUKaMu. biarogaps
COBMECTHOMY y4Y€Ty B MOJEIU psiia BaXHbIX (aKTo-
pOB, @ UMEHHO: 1) MOIBUXHOCTEN 3JEKTPOHOB U JIbl-
POK; 2) KBAHTOBOM €MKOCTH; 3) COIIPOTUBICHUI CTOKA
Y MCTOKA Y BO3MOXHOI'O X Pa3Inyus, MOJIy4eHO yA0B-
JIETBOPUTEIFHOE COIIACOBAaHME C BKCIEPUMEHTAJb-
HBIMU JAHHBIMU JJIS1 Psiia TIepeJaTOYHbIX XapaKTepuc-
tuk ITIT'T. [TokazaHa HEOOXOAUMOCTb MCTIOJIb30BAHUS
CaMOCOTIJIaCOBAaHHOIO pacyeTa ISl HaXOXACHUS dJIeK-
TPOCTAaTMYECKOTO MTOTEHIIMAIa B UCCIeTyeMOM IpHoo-
pe. Jlist yyera COMPOTUBJIEHUI CTOKAa M MCTOKa TPU
MOZACIMPOBAHNM TIEPEIATOYHBIX XapaKTepUCTUK MPU-
MEHEH MeTOJ AMXOToMUHU. [TponimocTpupoBaHo Baxk-
HOE BJIMSHUE CONMPOTUBJICHUI CTOKA M MUCTOKA Ha Ie-
peaaTouyHble BOJIbT-aMIlepHble XapakTepuctuku 1T,
IIporpamma, peanusylolast Mone/b, BKJIIOUEHA B CHUC-
TeMy MOJEJIMPOBAHUS HAHORJIEKTPOHHBIX YCTPOUCTB
NANODEV.

Paboma evinonnena é pamxax Tocyoapcmeenuoii npo-
epammuvl HayyHuix uccredosanuli "Koueepeenyus" Pec-
nybauxu beaapyce.
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Simulation of Transfer Characteristics of Dual-Gate Graphene Field-Effect

Transistors
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A simplified combined self-consistent model of the field-effect transistors based on a monolayer graphene (GFET) was developed
Jor calculation of their transfer characteristics. As an example, the characteristics of a dual-gate GFET at various drain voltages
were calculated. A good agreement was obtained between the simulation results carried out with the use of the proposed model and
the experimental data.

The model is based on the equations of the quantum diffusion-drift model and it allows one to calculate the characteristics of
the transistors on a monolayer graphene with various gate dielectrics. A number of important factors can be taken into account in
the model, namely: 1) mobilities of electrons and holes; 2) quantum capacity; 3) resistances of the drain and the source and their
possible difference. The important influence of these resistances on the transfer IV-characteristics of GFET is illustrated. The pro-
gram that implements the model, is included in the nanoelectronic devices simulation system NANODEYV.

Keywords: field-effect transistor, monolayer graphene, transfer IV-characteristic, combined model, simulation
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Introduction

A promising direction in the high-frequency nano-
electronics is development of the devices on the basis of
carbon nanomaterials [1]. An intensive research goes
on for development of the models of such devices, with-
out which their development and optimization and,
consequently, wide introduction in practice are impos-
sible. Unfortunately, development of the models is a
long and labor-consuming process, especially in case of
construction and realization of highly-adequate numer-
ical models [2]. At the same time the simple (compact)
models, unfortunately, are not characterized by the
necessary universality. Thus, the previously developed
by us high-effective simplified models of the graphene
field effect transistor (GFET) [3—7] are expedient for
calculation of their output characteristics. Simulation
of the transfer characteristics of GFET is more difficult.

The given article presents a description of the de-
veloped model of the dual-gate field transistors on the
basis of a single-layer graphene. This model can be used
for calculation of the transfer IV-characteristics of such
transistors, and its possibilities are illustrated.

Model

The proposed model, just like the models presented
in [3—7], was developed on the basis of the quantum
diffusion-drift model [8, 9]. According to the classifi-
cation [9—11], it can be classified as the combined
model, because it is a combination of the physical and
electrical models.

Let us consider this model.

At the first stage the quantum capacity of the model
is calculated according to the simplified formula [12]:

Cp= s, (1)
n(n VF)

where ¢ — electron charge; 1 — Planck constant di-
vided by 2n; Vp= 100 m/s — Fermi velocity.

After that, the capacities of the gates are calculated
according to the following formula:

C.C;
— q~in
Ce C,+ Gy’ 2

where C;, — the capacity formed between the gate and
the graphene layer.
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Then, just like in the models described in [6, 7], the
electrostatic potential of V'is calculated in a self-con-
sistent way with application of the iterative method. At
that, the following formulas are used [12, 13]:

Cgt( Vtgf Vth — Va) + Cgb( Vbeff — Va) .

V= 3)
Cgt + Cgb +a Cq
a=—1 (4)
2 21,2
14
(kTin(4))*
3
c,= 2L, (5)
n(n VF)
where Cg,, Cgb — capacities of the top and back gates;

o — capacity coefficient (o = 0,5 at g|V| > kT); Vig—
voltage on the top gate; Vbeﬁ’_ effective voltage on the
back gate; V,go — Dirac voltage on the top gate; V —
electrostatic potential of the channel; V, varies within
the range from 0 up to V,,; V., — full voltage drop in
the channel; K — Boltzmann constant; 7' — tempera-
ture of the environment.

A recalculation of the values is carried out in a self-
consistent way, till the variation of the electrostatic po-
tential in the channel reaches the set level.

At the second stage on the basis of the obtained elec-
trostatic potential in the channel the effective mobility
of the charge carriers in graphene p is calculated, taking
into account the mobilities of the electrons and the
holes [13]:

.
2
www%““%+ qzﬂV
_ 3(n VF) n(n VF) A
(n(kT)z +q2V2+A2]J1+ &2
3Vp'  w(mVp’ (kTIn(4))*

2

X ——s, (6)
m+V

where p, and p, — mobilities of the electrons and the
holes, accordingly; A — heterogeneity of the electro-
static potential; # and m — agreement parameters of the
model.




The total charge density of the graphene sheet of Q
is determined in accordance with the following [14]:

2 3.2 2
0= qn(kT) + 4 V™ +gA ] (7)
2 2
3(m VF) (N VF)
In order to find the drain current, the formula from

the quantum diffusion-drift model, namely [3—7], is
used:

Vch
W[ wodv
0

Id:
L+

- , (8)
| Hav
0

sat

where W — channel width; L — channel length; V,, —
saturation velocity.

The saturation velocity is calculated with account of
scattering on the optical phonons on the basis of the
model of [15]:

"';E’ if ’Qnet| < q|pcrit|

2

Vsat = 2gQ Jn(n VF) |Qnet‘ B (1_1(_2)2 )
2 bl

TN VF| Qnet| 9 2

if |Qnet’ > q‘pcrit

bl

_11Q
Perit — 2_1_[:(717)7 (10)

where p,,;, — critical density of the charge carriers;
0,; — density of the charge carriers in the channel
(Qyer = |ochV|); nQ — effective energy of the optical
phonons.

We should point out that, if the quantum phenom-
ena and the voltage drops in the drain and the source
areas are not taken into account, then V., =V, (V,; —
the voltage applied to the drain relatively to the source),
while formula (8) leads to a traditional diffusion-drift
model, used by many authors (sometimes with modifi-
cations and corrections) during calculation of the drain
current of GFET.

The problem with calculation of the transfer IV-char-
acteristics of GFET is in the necessity to calculate the
drain current of /; at a fixed drain voltage V. There are
no problems only, when the resistances of the drain R,
and the source R are not taken into account, that is,
when R; = R, = 0 [3, 6]. In the opposite, real, case
(when R, and R, are not equal to 0), in order to take
into account the voltage drops on these resistances, it is
necessary to recalculate the current of drain 7, in order
to get a fixed voltage on drain V,, that is, to apply the

optimization method. We used a relatively simple
method of dichotomy, which was quite satisfactory in
more complex problems of a multidimensional nu-
merical simulation of the fragments of silicon VLSI
[16, 17].

The block diagram of the calculation is presented in
fig. 1. The division of the section [a, b] is continued till
its length becomes less than the set value of eps (K| —
also an empirical parameter). That means that at a var-
iation of the voltage on the gate we get such drain cur-
rent /, at which voltage V,,,,, will remain approxi-
mately constant, if the resistances of the drain and the
source are taken into account. In the algorithm the
drain current is recalculated in the sequence, consid-
ered above, with account of the new integration limits.
At the final stage, after /; is found, the voltage on the
top gate is recalculated with account of the voltage drop
on the resistance of source R, that is Vi, = Vi, + R,

The proposed model allows us to obtain a good
agreement with the experimental data, because the
electrostatic potential in the channel and the quantum
capacity are calculated in a self-consistent way. As a
rule, the parameters of the model in agreement between
the calculations with the experimental data are the re-
sistances at the drain of R;and the source of R, and al-
so 4 and m in the effective mobility (6).

The programs realizing the proposed model are in-
cluded in NANODEYV system for simulation of the na-
noelectronic devices [18—20], being developed in
BSUIR since 1995 and intended for PC.

Simulation results

With application of the proposed combined model,
the transfer characteristics of the dual-gate GFET on a
single-layer graphene were obtained. The calculations
were carried out for a room temperature. The figures
present the results for the drain current density for con-
venience of comparison with the experimental data.

Fig. 2 presents a cross-section of the dual-gate
GFET on the basis of a single-layer graphene on a
SiO,/Si substrate. The back gate of the dual-gate GFET
is separated from the channel by a SiO, dielectric with
thickness of 300 nm. The Al,O5 layer with thickness of
15 nm is the dielectric of the top gate. The length of the
channel L = 5 um, and the other parameters of GFET
are presented in [21]. The characteristics are calculated
with account of the electron and hole conductivities.

Fig. 3 illustrates comparison of the simulation re-
sults obtained with the use of the proposed model with
the experimental data [21] at different drain voltages.
Curve I corresponds to V,; = 1,1 V; curve 2 —
V,=0,85V;curve 3— V;0,6V; 4— V,;=0,35V.
We should point out that a good agreement of the sim-
ulation results using parameters # = 0,1 m2/(V-s),
m = 0,063 V2, R; = R, = 30 Q with the experimental
data [21] was obtained.
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Fig. 4 presents the transfer characteristics of GFET
at different resistances of drain R, and source R,. The
calculations were done at the drain voltage V; = 0,6 V.
We should point out that with an increase of the resist-
ance the drain current falls. The results illustrate im-
portance of accounting of the resistances of drain R,
and source R, for simulation of the transfer IV-charac-
teristics of GFET.

Conclusion

With the use of the developed combined model of
the dual-gate field graphene transistors, the transfer
characteristics of the devices were investigated at vari-
ous drain voltages. The model is developed on the basis
of the equations of the quantum diffusion-drift model
and it allows us to calculate characteristics of the tran-
sistors on a single-layer graphene with various subgate
dielectrics. According to the joint accounting in the
model of several important factors, namely: 1) mobili-
ties of the electrons and the holes; 2) quantum capacity;
3) the drain and source resistances and their possible
difference, a satisfactory agreement with the experi-
mental data for a number of the transfer characteristics
of GFET was obtained. It was demonstrated the neces-
sity of the use of a self-consistent calculation for finding
of the electrostatic potential in an investigated device.
The dichotomy method was applied for accounting of
the drain and source resistances during simulation of the
transfer characteristics. The important influence of the
drain and source resistances on the transfer [V-charac-
teristics of GFET was illustrated. The program realizing
the model is included in the NANODEYV system for
simulation of the nanoelectronic devices.

The work was done within the framework of the Con-
vergence State Program of the Scientific Research of the
Republic of Belarus.
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IAEKTPOMATHUTHOE MOAEAUPOBAHUE NMAA3MOHHDIX
METAAANYECKUX PELLETOK AASAl ®OTOINPOBOAAWNX AHTEHH

[Tlocmynuna 6 pedakyuro 31.05.2018

IIpogederno uccaedosarue 63aumooeiicmeuss A1A3ePHbIX UMNYALCO8 (PeMMOCEKYHOHOU OAUMENbHOCMU ¢ NAA3MOHHOU Memaniu-
UecKoi peulemKoll ¢ NOMOUWBIO INEKMPOMACHUMHO20 MOOCAUPOBAHUS MeMOJOM KOHeYHbiX daemenmos. [lokazano, umo 6 obracmu
Kpaee memanna nia3mMoHHOU peuiemKku Habadaemces pesKoe ycuieHue S1eKmpuieckozo noas, bl36aAHH0e 030YicOeHUeM NOBepX-
HOCIMHbIX NAAZMOHHbIX MO0, NPU IMOM MAKCUMYM HANPANCCHHOCMU AeKMPUHECcK020 NOASL 3A8UCUM OM 8blCOMbL NAAZMOHHOZO0
anexkmpooa awmennsl. TIokazano, 4mo UCNOAb306aHUE NAA3MOHHOU PEUEemKU C bICOMOL NAAZMOHHO20 2aekmpoda 100 wm npu-
B00UM K YBEAUHCHU) MAKCUMYMA HANPSIJICCHHOCMU 31eKMPU1ecK020 noas 6 3 pasa npu Aa3epHol HaKauke ¢ 0aunou 6oanbl 800 Hm

U 6 2 pasa npu Aa3epHoll Hakauke ¢ 0AuHol oanvl 1,03 mxm.

Karoueeuvie caoea: mepacecepuyoeoe usny4eHue, (j)omonpoeoaﬂwue AHMEHHbl, N1A3MOHHbIEe AHMEHRHbL, N1A3MOHHAA peulemKka, on-

MuKo-mepazcepuoeasi KOHeepcus

BBenenne

®oromnposonsime aHTeHHB (PIIA) mmpoko uc-
MOJIB3YIOT B COBPEMEHHBIX CHUCTEMax TepareploBOi
(TT'11) creKTpOoCKONMU W BU3yaIu3alluu IS Tiepeaadn
AMITYJIbCHOTO W HempepbiBHOro TI'n curHana [1—6].
Cpenu npouyrx MCTOYHUKOB TT1I U3TydyeHUs] OHU pa-
0O0TalOT Mpy KOMHATHOM TeMmIiepatype U UMEIOT LIK-
pOKMIA CIieKTp reHepauuu usaydyeHus no 4...5 Tl
OnHako y cOBpeMeHHBIX TpamulimoHHbIX PIIA 3¢-
(eKTUBHOCTb MPeOOpa30BaHUs ONTUUYECKOIO U3Iydye-
HUS1 (PEeMTOCEeKYHIHOrO Jiazepa B 3JEKTPOMAarHUTHbBIC
konebanusa Tl nuamaszoHa IMO-IpeXXHEMY OCTaeTCs
HEBBICOKOI (~10_5...10_4) [1, 2].

Haubonee ycrieiiHbIM METOAOM TOBBILLIEHUS 3¢-
(beKTUBHOCTH ONTUKO-TEPAreploBOii KOHBEPCUU SIB-
JISIETCSI UCIIOJIb30BaHUE METAJINUECKUX TIa3MOHHBIX
peiretok [4]. B paborax [7, 8] OblIO BriepBhIe TeOpe-
TUYECKU T0Ka3aHO, YTO MCITOJIb30BaHKE PELIETOYHOMI
CTPYKTYPhl MOXET 3aMEeTHO YBEJIUYUTb WHTEHCHUB-
HocTh reHepauyu TI' u3aydeHus 3a cyeT BO30YKIS-
HUSI TIOBEPXHOCTHBIX IJIa3MOHHBIX MoA. B pa6ote [9]
9KCIIEPUMEHTAJIbHO NIpoAeMOHCTpUpoBaHo B 50 pa3
6osee cuwibHOe TI' M3nyyeHHE MIa3MOHHOIO (OTO-
MPOBOJSIIET0 SMUTTEPA 10 CPAaBHEHUIO C aHAJIOTWY-
HBIM (DOTONPOBOMASIIMM SMUTTEPOM O€3 TJIa3MOHHBIX
3JIeKTpOA0B. Takke MoKa3aHO, YTO YyBCTBUTEIbLHOCTh
obHapyxenus TI'1 murazamMmoHHOTO OTONPOBOISIIETO
nerekropa B 30 pa3 Bbllle MO CPaBHEHUIO C aHAJIOTUY-
HbIM (POTOMPOBOSILIMM IETEKTOPOM 0€3 MIa3MOHHbIX

KOHTaKTHBIX 3JeKTpoaoB. Ilo3zxe B padorax [10, 11]
ObUIO BKCMEPUMEHTAIBHO MPOJAEMOHCTPUPOBAHO yBE-
JIMYEeHWEe BBIXOAHOM MoIUHOCTA TT'Ll M3nydyeHus 10
3,8 MkBT npu ontmyeckoit Hakauke 240 MBT B nua-
nazoHe 0,1...5,0 TT'w 3a cyeT MCHIOJL30BaHMS ILIA3-
MOHHBIX HAHOAHTEHH, (POPMUPYEMBIX Ha MOBEPXHOCTU
¢oronpoBogHUKA, a B paboTe [12] aBTOpHI JOOMINCH
PEKOPAHOM Ha CEroAHSIIHUN JeHb 3(PPEeKTUBHOCTU
npeoOpa3oBaHUsl ONTUYECKOIO H3JIYYEHUST B Tepa-
repuosoe ~7,5 % n MmourHoctu reHepauunu 105 MxBT
3a CYET MCIIOJIb30BAHUS TPEXMEPHBIX IIJIa3MOHHBIX
a5eKTponoB. TakuM oOpa3oM, MpUMEHEHHE TOAOOHBIX
CTPYKTYp NPUBOIUT K OoJiee 3(pheKTUBHOMY MpPeod-
pa30BaHUIO ONTUYECKOTO M3JIYYEHMSI B TepareploBoe
U3JTyYeHUe MO CPAaBHEHUIO C TPAAULIMOHHBIMU KOHCT-
PYKIMSIMMA.

B HacTosei paboTe ObLIO IMPOBEAESHO UCCIea0Ba-
HUE OTKJIMKA TUIA3MOHHOW METAJUIMYECKOM PELIETKUA
a1 OITA Ha ocHoBe SI-GaAs mpu BO3ACHCTBUM Ha
Hee JIa3epHbIMU UMITYJIbCaMU (PEMTOCEKYHIHOMN M-
TEJbHOCTU C IMOMOILbIO 2JIEKTPOMATHUTHOTO MOJEIM -
pOBaHMSI METOJOM KOHEUHBIX BJIEMEHTOB.

Mexanu3mMbl BO30YXKICHHS
MOBEPXHOCTHBIX MJIA3MOHHBIX BOJH

IMToBepxnocTHBIE T1a3MoHHbIe BOJHEL (ITI1B), nnmn
TUIa3MOH-TIOJIIPUTOHBI, — 3TO CBSI3aHHBIE KOJIeOaHUsI
BJIEKTPOMATHUTHO BOJIHBI U TJIOTHOCTU 3JIEKTPOHHO-
ro rasza (cBOOOIHEIX 3J1eKTpoHOB) [13—16, 18]. T1I1B
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pACIIPOCTPAHSIIOTCS BIOJb TPAaHULBI MEXAY IBYyMs
cpelaMu U CYLLECTBYIOT B KaXI0l U3 HUX, OJHA U3 KO-
TOPBIX SIBJISIETCS ONTUYECKH aKTUBHOM. [1pu aTOM T1y-
ouHa npoHukHoBeHUs1 nonst I1I1B B moBepxHOCTHO-
aKTUBHYIO Cpely 3HAYUTEJIbHO MEHBbIlle, YeM B Heak-
tuBHy10. Kak npasuio, I1T1B pacnpocTpaHsioTcs: Ha
rpaHuIe MeTaJUl/IU3JeKTpUK. MeTaan HeoOXomuM
JUJISL CYILIECTBOBAHUSI 3JIEKTPOHHOM IJIa3Mbl, a JU2JIEKT-
PUK — JIJISI TOTO, YTOOBI CBSI3aTh 3JICKTPOHHYIO IIa3My
C 3JIEKTPOMarHUTHBIM TIOJIEM, T. €. C 0ObEMHON CBe-
TOBOI BOJIHOM.

DneKTpoOMarHuTHbIe MojsA, cBsi3aHHble ¢ IIT1B,
CUJIbHO JIOKaJIM30BaHbl BOJM3U TOBEPXHOCTU. DTO
00yCJIOBJIEHO TE€M, YTO BCE METOAbl BO30YKIEHUS
III1B mmeroT pe3oHaHCHBINA xapakTep (pojb pe30oHa-
TOpa UrpaeT IpaHULIa pasiesa cpel €,,/c, ), IO3TOMY Y
rpaHULIBl UMEET MECTO PE30HAHCHOE YCUJIeHWE Ha-
MNPSKEHHOCTU T10JI TNMAAIOIIEN IUIOCKOM CBETOBOM
BOJIHBI ipuMepHo B 102...103 pas [13, 15]. TITIB mo-
KET CYIIECTBOBATh TOJIbKO KaK YaCTUUYHO MPOJOIbHAS
TM-BonHa (3ommMmepdenba, 1907 r.), a mocTossHHas
pacnpoctpaHenus I1I1B ksp yepes3 AUBJIEKTpUIeCcKre
MMPOHUIIAEMOCTH 00erX Cpell 3aBUCUT OT YaCTOTHI .
OTa Tak Ha3biBaeMasl IMCIIEPCMOHHAs 3aBUCHMOCTD
OIMMCHIBAET CBOMCTBA MOBEPXHOCTHBIX IMOJISPUTOHOB
U OMpeaesisieT, B YaCTHOCTU, UX (ha30BYIO U TPYMIIO-
ByIO cKopoctHu [15]:

Emtd_ (1)

kg, =2
cNE,TEY

sp

Vcenosuem pacnpoctpaneHus IITIB sBisercs To,
YTO Cpelbl UMEIOT IUBJIEKTPUUECKYIO TPOHUIIAEMOCTh
pa3HbIX 3HAKOB:

en <0, e, > ey ()

OnTuyeckure CBOMCTBA 3JIEKTPOHHOIO rasa (Iuias-
Mbl) OTIPEAEIISIIOTCSI COOTHOLLIEHMEM YacCTOThI €ro Co0-
CTBEHHBIX KOJEeOaHWI, WJIM TJIa3MEHHON 4YacTOThlI,
YaCTOTHI 3JIEKTPOHHBIX CTOJTKHOBEHUI W YaCTOTHI CBE-
Ta U MOTYT OBbITh paCCUYMTaHbl B TPUOIMKEHUM MOACIN
Hpyne — Jlopenna [17]:

m

2
(&)
s(o) = | — 2o (3)
o +iol’

rine (o) — KOMIUIEKCHAs AUBJIeKTpUuUecKasl MpoHuIla-

€MOCTb, ® — YIJIOBas 4acCToTa, mplasm — IIa3BM€HHaA

qyacTtoTa | ® ; I — yacTora 2JIEKTPOHHBIX

plasm ~—

CTOJIKHOBEHUM; n, KOHLCHTpalud 3JICKTPOHOB

MIPOBOAUMOCTHU (CBOOOIHBIX 3JIEKTPOHOB); e — 3apsij
3JIEKTPOHA; &) — AMDJIEKTPUYECKAs NPOHULIAEMOCTD

BaKyymMa.
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3Hast KOMITJIEKCHYIO TU3JIEKTPUYECKYIO POHUIIAE-
MOCTb JUTSI HEOOXOAMMOTO OUara3oHa 9acToT, MbI MO-
JKeM OIpeNe/IUTh IoKa3aTellb IpeIOMJICHUS MaTeprua-
Jla 1 1 ero Ko3(GUIMEHT MTOMIOIEHNST O

n=n+ik= Je(0); 4)
o= %’lm(k), Q)

rae n U k — JeiCTBUTENIbHAS 1 MHUMAas YaCTU KOMII-
JIGKCHOT'O TIOKa3aTeJIsl MPeJIOMJIEHUSI COOTBETCTBEHHO;
o — KO3(hOULMEHT TOMIOLIEHUS (CM_I); ¢ — CKO-
pOCThb CBeTa.

K HacrosieMy BpeMeHH CYIIECTBYIOT 1Ba 3 PeK-
TUBHBIX MeTona Bo30yxaeHus III1B: npusMeHHbIH, B
cXeMax HapyllleHHOIO MOJIHOro BHYTPEHHETo oTpaxke-
Hus Otro mnu KperumanHa u audpakiilMOHHOE BO3-
OyxxmeHme Ha pemetkax [13—16]. JudpaknmnoHHBIE
pELIETKN paccerBalOT U3JIydYeHUE IO ONpeaeIeHHbI-
Mu yriiamu. Korga mpu HEKOTOPBIX yrjax MHajeHMs
cBeTa 0 BOJIHA OKa3bIBaeTCs HAIMpaBJIeHHOW BIOJb O-
BEpPXHOCTH, OHa IipenactanisieT codoir I1T1B [14].

Pacyer nia3sMoHHOI pemieTKn
1A GoTOoNnpoBOASIIMX AHTEHH

st BO30YXXIEeHUsI MOBEPXHOCTHBIX IJIa3MOHHBIX
BosiH B DITA OBLIO TIpeaioKeHO peaan30BaTh KOH-
TaKThl aHTEHHBI C MJAa3MOHHOU pelIeTKoi, KoTopas
MIpeaCTaBIIsIeT COO0M CUCTEMY IITHIPEBBIX 2JIEKTPOIOB,
PaCITOJIOKEHHBIX ¢ KaXmoil ctopoHsl 3a3opa PIIA, u
CITY>KUT 1151 yBennueHUs1 3(p¢peKTUBHOCTU Ipeodpa3o-
BaHUS (PEMTOCEKYHIHOTO WMMITYJIbCa B 3JIEKTpOMAar-
HUTHBIE KOJIEOaHUs TeparepLoBoro amanasoHa (puc. 1,
CM. BTOPYIO CTOPOHY OOJIOKKH). DICKTPOIBI TTa3MOH-
HOM pEelIeTKN BBIMIOJHEHBI U3 30J10Ta U JIEXAaT Ha To-
BepXHOCTU (poTonpoBoasiero ciost GaAs, a UX BbICO-
Ta BapbupyeTcst ot 20 1o 120 HM Tpu neproae pelieT-
ku ~200 HM.

OrmpeneieHne ONTUMATBLHON TeOMETPUM TUTa3MOH-
HO#l pelIeTKM ObLIO BBHIMIOJHEHO C IOMOIIbIO MOJEe-
JIMPOBAHUS METOIOM KOHEUHBIX 3JIEMEHTOB C TIpHMe-
HEHMEM COBPEMEHHOIO MPOrpaMMHOI0 00eCeYeHMS
COMSOL Multiphysics, KoTopoe ITO3BOJISIET IIPOBO-
IUTh MOMAEJMPOBAHUE IBYMEPHBIX M TPEXMEPHBIX
3JIEKTPOMArHUTHBIX TTOJIe HA OCHOBE CUCTEMBI ypaB-
HeHMi MakcBesula ¢ MCHOJIb30BaHUEM BEKTOPHBIX
rPaHWYHEIX 3JIeMeHTOB [18].

Hnst mccnemoBaHUs OTKIIMKA TUIA3MOHHOM peleT-
KU MPU BO3AEHCTBUU HA Hee Ja3epHbIMU UMITYIbCaMU
(beMTOCEeKYHIHON IIUTEILHOCTA OBIIM MCIIOIb30Ba-
Hbl 3HAYE€HUsI YaCTOTHO 3aBUCHMOTO ITOKa3aress mpe-
JiomJieHUs1 111 Au u3 pabotsl [17] mpu ajavHax BOJH
nagatoniero u3nydeHus A or 500 um mo 300 mxm. Ta-
KM 00Opa3oM BO3MOXHO MCCIIEIOBATh 3JIEKTpOMAar-
HUTHBIC TIpoliecchl B muiasMoHHO PITA He TONBKO




MpY BO3IEMCTBUM Ha Hee ONTUYECKUM H3TyYeHHEM
(X = 700...1600 1™m), HO W nipy obmyueHun T u3my-
yeHueM (A ~ 50...300 MKM), 4YTO aKTyaJbHO MPU UC-
rmonb3oBanM PIIA B KauecTBe meTeKTopa. SHAUCHMUS
rokasarejisa MpeJoOMJIeHUST IS (OTOMPOBOISIIETO
cioss GaAs ObUIM B3SITHI U3 padoTsl [19].
MoaenvpoBaHue MJIa3MOHHON pelIeTKH ObLIO pe-
aJli30BaHO B MOIEPEYHOM CEUYeHMU (XZ-TLIOCKOCTD).
IIpoxoxneHue 3JeKTPOMarHMTHOM BOJHBI 3a1aeTCS C
HCIOJIb30BAHMEM IPAHUYHBIX YCJIOBUI BXOAHOTO U BbI-
XOJIHOTO MOPTa COOTBETCTBEHHO. [TOCKOJIBKY MOBEPX-
HOCTHBIE TIIA3MOHHBIC BOJIHBI BO30YXXIAIOTCS JIWIIb
npu p-nojspusauuu (TM), BeKTOp HaIpsKeHHOCTH
MaTrHUTHOTO TIOJNS Tafgaiolleil BOJHBI IMEepPIEHINKY-
JISIpEH TIOCKOCTHM MOIEJUPOBaHUs (XZ-TMJIOCKOCTD).
151 5KOHOMMY MallMHHBIX PeCYpCOB ObLI pacCUMTaH
Y4YacTOK IJIA3MOHHOM pelIeTKM, OrpaHUYEHHBINA He-
CKOJIbLKUMU 3JieKTpomamu. Mcmonb3oBaHWe rpaHUY-
Horo ycioBusi Periodic Condition mo3BOJISIET HMpUMeE-
HUTb IOJYUYECHHBIE PE3YJIbTAaThl KO BCEH IJIa3MOHHOM
peuetke, cocrosimieid U3 ~50...100 snekrponos. s
CpaBHEHHUSI ObLJIO TaKXe IMPOBEAEHO MOAEIMPOBaHNE
TpaguoHHON PITA B Xy-IIOCKOCTH.

Pe3yabTaThl 1 HX 00CyXKIeHHE

IIpoBemeHHEBII 3JIEKTPOMAarHUTHBIN pacueT Tpaau-
LIMOHHOM M TuIa3MOHHON (PITA MeTOooOM KOHEYHBIX
sJIeMeHTOB Tpu Hakauke 800 HM Mmokasall, 4YTo B 00-
JTACTH KpaeB MeTajula TJIa3MOHHOM PeIIeTKN TIPH BhI-
cote 371ekTpoaoB 100 HM u nepuosae peietku 200 HM
(puc. 2, a, cM. BTOPYIO CTOPOHY OOJIOXKM) Habmoaa-
€TCs1 pe3KOe YCUJIeHUE DJIEKTPUYECKOTO OIS, BbI3BAH-
HOE BO30YKIeHNEM ITOBEPXHOCTHBIX TIJIA3MOHHBIX MO
[8]. Takum oOpa3om, B 00JlacTH 3a30pa MEXAY KOH-
taktamMu PITA Ha HOCTATOYHO OONBILION TLIOLIAIN
(~20 MKM2) BO3MOXHO YyBeJIMYEHUE MaKCHMyMa Ha-
MPSDKEHHOCTH 3JIEKTPUUYECKOTO TIOJIST Ha TOPSIIOK TI0
cpaBHeHUIo ¢ TpaguoHHoi @IIA (puc. 2, b). Kpome
TOr0, HEIMOCPEACTBEHHbII KOHTAKT IUIa3MOHHON pe-
meTku ¢ anekrtpogamMu PITA 1T03BOJNAET YBETUUYUTH
IJTOIIAIh KOHTAaKTa aHTEHHBI C TOM YacThIO TTOJYIIPO-
BOIHUKA, TIe MPOUCXOAUT TeHepalus HOCUTEesel 3a-
psina. OTo 0OCTOSATENBLCTBO MO3BOJIIET MaKCUMAIbHO-
My uMcity (OTOBO3OYKIEHHBIX HOCUTENIeH 3apsiia J0-
cTiub KOHTakTOoB PITA, 4TO JaeT MOMOJIHUTEJbHbBIA
BKJIaJ B 3HaueHue (otoroka [18, 20].

ITpu 5TOM MakCUMyM HaIPSLKEHHOCTH 3JIEKTpUYEC-
KOTI'O T0JIs1 3aBUCUT OT BBICOTHI IJIA3MOHHOM pelleTKU
(puc. 3). Ha rpaduke BUAHO, YTO peanmu3alus Ijia3-
MOHHOI pelieTKu ¢ BoicoToi 100 HM MPUBOIUT K yBe-
JIMYEHUI0 MaKCMMyMa HaIpsKeHHOCTU BJIeKTpUYec-
KOro 1oJjisi B 3 pa3a npu ontudyeckoit Hakauke 800 HM
U B 2 pasa mpu onTuyeckoi Hakauke 1,03 MKM Mo
CpaBHEHUIO ITIJIA3MOHHOM peleTKo BhICOTOM 20 HM.
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Puc. 3. 3aBucHMOCTb MAKCHMYMA HANPSKEHHOCTH JJIEKTPUYECKOTO
NOJISE OT BBICOTHI JJIEKTPO/IOB MJIA3MOHHOI PEIETKH NPH ONTHYECKOM
nakauke 0,8 u 1,03 Mkm

Fig. 3. Dependence of the maximum of the intensity of the electric field
on the height of the electrodes of the plasmonic grating at the optical
pumping of 0.8 and 1.03 um
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Puc. 4. CnekTp nponycKanus mjia3MOHHO# pemeTkH BbicoToii 100 am
u nepuoaoM 200 HM npu onTryeckoii Hakauke ot 0,7 xo0 1,6 MKM

Fig. 4. Transmission spectrum of the plasmonic grating with the height
of 100 nm and the period of 200 nm at the optical pumping from 0.7 up
to 1.6 um

Onnaxko narorosiieHrne Metayummsanuu 100 HM 1 6oJiee
OrPaHUYMBAETCS TEXHOJOTMUYECKUMU TPYIHOCTSIMMU.

st mna3sMoHHOM pemeTky BeicoToir 100 HM U1 11€e-
puogoM 200 HM TakxKe OBbLT MOJy4YeH CIEeKTp IpOITyC-
KaHwus (puc. 4). BugHo, 4To 1mpu HaKayke ONTUYECCKAM
U3JydyeHueM B auanazoHe MiuH BoaH 780...800 HM
IJIa3MOHHAsI pellleTka nponyckaetr 40 % manpamooniero
u3rydeHus 1 1o 60 % mpu JUTMHHOBOJIHOBOM HaKayKe
Ha 1,5 MkM. OTMETHM, UTO MPONMyCKaHWE Ha YPOBHE
60...70 % manaroiiero M3MyYeHHUSI COXpaHSIETCS M Ha
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Puc. 5. 3aBUCHMOCTb OTpPAXKEHHUS IIA3MOHHOM PENIETKH, MOKPHITOI
cnoem audjaekTpuka Al,O3 (20 HM), OT BBICOTBI 3JIEKTPOJOB IIa3-

MOHHO# pelIeTKH Npu onTHYecKoii Hakauyke 800 um

Fig. 5. Dependence of the reflection of a plasmonic grating covered with
a dielectric layer of Al,03 (20 nm) on the height of the electrodes of the

plasmonic grating at the optical pumping of §00 nm

JJIMHaAX BoJIH nopsaka 300 MKM, 4TO BaxKHO IS Je-
tekTupoBaHus T uznyyeHus.

CBolicTBa TMJIa3MOHHOM peIeTKU MOTYT 3HAUUTEJb-
HO MEHSTbCS TMPU MCIOJb30BAHWU IAaCCUBUPYIOIIETO
IUSJIEKTpUKa. Tak, HampuMmep, MOKPHITHE TUIa3MOH-
HOI CTPYKTYphI ciioeM auanekTpuka Al,Os Touu-
Hoit 20 HM MOXET YMEHbBIIUTb OTpaXkeHue MIa3MOH-
HO#t pemieTky Ha 86 % mpu BeIcoTe MeTayia 100 HM
(puc. 5).

Takum o6pa3om, 3JeKTPOMarHUTHOE MOJEIMPOBa-
HUE SIBJSIeTCSI MOLLIHBIM MHCTPYMEHTOM MPOEeKTUPOBa-
HUS ¥ ONTUMU3ALMU TOMOJIOTMH TIJIAa3MOHHBIX pelle-
ToK 1 co3gannsa PITA ¢ moBbIIIeHHON 3G (MeKTIB-
HOCTBIO ONTUKO-TepareplioBOii KOHBEPCUM.

3akimoueHue

B paborte npoBeaeHO uccienoBaHUE B3aUMOIAEUCT-
BUsI JIa3€PHBIX UMIYJIbCOB (DEMTOCEKYHIHOM JIUTEb-
HOCTHY C IUIa3MOHHON PEILIETKON C MOMOILBIO 3JICKT-
POMarHUTHOTO MOJEINPOBAHUSI METOJOM KOHEUYHbBIX
9JIeMeHTOB. [loJiyueHbl KapTUHBI pacrpeneseHust
BJIEKTPUYECKOro mojisd B TpamuinoHHou PIIA u B
miasmoHHoit PITA. [TokazaHo, 4TO B 00JIaCTU KpaeB
MeTaula TUIA3MOHHOW pPEeLIeTKU HabJI0JaeTCsl pe3Koe
YCUJIEHUE 3JIEKTPUYECKOTO I0JIsI, BBI3BAHHOE BO30YXK-
JIEeHWEeM MOBEPXHOCTHbIX MJIA3MOHHbBIX MO/, TIPX 3TOM
MaKCHUMYM HaIpsKEHHOCTU 3JIEKTPUYECKOTO T0JIS 3a-
BUCUT OT BBICOTHI IJIa3MOHHOM peleTku. Peanuza-
1M TIJIa3MOHHOM pelneTku ¢ BbicoTol 100 HM mpu-
BOJIMUT K YBEJIMYEHUIO MaKCMMyMa HaIpsKeHHOCTU
9JIEKTPUUYECKOro MoJis B 3 paza Mpu ONTUYECKON Ha-
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kauke 800 HM U B 2 pa3a IpM ONTUYECKOM HaKauyke
1,03 MKM 110 CpaBHEHMIO IUIa3MOHHOM PElIeTKON BbI-
coroit 20 mxM. OgHAKO U3rOTOBJIIEHUE MeTaIn3alluu
100 HM 1 Gosiee OorpaHUYMBAETCS TEXHOJOTMYECKUMU
TpyAHOCTSIMU. 11 IUIa3MOHHOI pelIeTKU BBICOTOM
100 oM u mepuogoM 200 HM TakXe OBLI TOJy4YeH
CIIEKTP MPOMYCKaHUsI, U3 KOTOPOro BUIHO, uTo 40 %
MagaloIIero U3TyIeHUS IIPOXOAUT UYepe3 PelIeTKY MpH
HaKaykKe ONTUYECKUM MU3TyYeHUEM B IMAlla3oHe AJIMH
BosiH 780...800 HM 1 60 % Tipu ITMHHOBOJIHOBOM Ha-
Kauke Ha 1,5 MkM. B To Xe Bpems mpoIlycKaHue Ha
ypoBHe 60...70 % mamarolero U3IydeHUs COXpaHsIeT-
¢S U Ha AJWHAaX BoJIH mopsiaka 300 MKM, 4TO BaxKHO
IUTST TETEKTUPOBAHUST TePArepIioBOTO M3ITyYEHMUSI.

Paboma evinoanena npu gunancoeoli noddepicke epau-
moe PH® No 18-79-10195 u @CHU No 130991'Y/2018.
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This work presents interaction of the laser pulses of the femtosecond duration with plasmonic gratings by means of electromagnetic
simulation, the finite element method. The author demonstrates that a sharp increase in the electric field is observed in the area of
the edges of the plasmonic lattice metal, caused by excitation of the surface, plasmonic modes. He shows that the use of a plasmonic
grating with the height of a plasmonic electrode of 100 nm leads to a 3 times increase of the maximum of the electric field strength
with the laser pumping at the wavelength of 800 nm and a 2 times increase with the laser pumping at the wavelength of 1.03 um.
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Introduction

Photoconductive antennas (PCA) are used in the
systems of the terahertz (THz) spectroscopy and visu-
alization for transmission of the pulse and continuous
THz signals [1—6]. Among other sources of THz radi-
ation they work at a room temperature and have a wide
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range of generation of radiation up to 4—5 THz. How-
ever, the traditional PCA still have a low efficiency of
transformation of the optical radiation of the femtosec-
ond laser into electromagnetic fluctuations of the THz
range (~107°...107% [1, 2].

The most successful method for increase of the ef-
ficiency of the optical-terahertz conversion is the use of
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the metal plasmonic gratings [4]. In [7, 8] for the first
time it was theoretically demonstrated, that the use of
the grating structures can increase considerably the in-
tensity of generation of the THz radiation due to exci-
tation of the surface plasmonic modes. In [9] it was ex-
perimentally demonstrated that the THz radiation of
the plasmonic photoconductive emitter was 50 times
stronger in comparison with a similar photoconductive
emitter without the plasmonic electrodes. It was also
demonstrated, that the sensitivity of detection of a THz
plasmonic photoconductive detector was 30 times
higher in comparison with a similar photoconductive
detector without the plasmonic contact electrodes. Lat-
er, in [10, 11] an increase was experimentally demon-
strated of the output power of the THz radiation up to
3.8 uW at the optical pumping of 240 uW in the range
of 0.1...5.0 THz due to the use of the plasmonic na-
noantennas formed on the surface of the photoconduc-
tor, while the authors in their work achieved a record
high up till now efficiency of transformation of the op-
tical terahertz radiation ~7.5 % and generation power
of 105 uW due to the use of the 3D plasmonic elec-
trodes. Thus, application of such structures leads to a
more effective transformation of the optical radiation
into the terahertz radiation in comparison with the tra-
ditional designs.

The given work presents a research of the response
of the plasmonic metal grating for PCA on the basis of
SI-GaAs under the influence on it of the laser pulses of
the femtosecond duration by means of the electromag-
netic modeling by the method of finite elements.

Mechanisms for excitation
of the surface plasmonic waves

The surface plasmonic waves (SPW) or plasmon-
polaritons are coupled oscillations of an electromagnet-
ic wave and density of the electron gas (free electrons)
[13—16, 18]. SPW propagate along the border between
two environments and exist in each of them, one of
which is optically active. At that, the depth of penetra-
tion of SPW field into the surface-active environment
is considerably less, than in the inactive one. As a rule,
SPW propagate along the metal/dielectric border. Met-
al is necessary for existence of the electron plasma, and
the dielectric — for connection of the electron plasma
with the electromagnetic field, i.e. with a volumetric
light wave.

The electromagnetic fields connected with SPW are
strongly localized near the surface. This is due to the
fact that all the methods of excitation of SPW have a
resonant character (the role of the resonator is played
by the section border of ¢,/e; environments), there-
fore, at the border there is a resonant strengthening of
the field intensity of a falling flat light wave approxi-
mately in 10%...103 times [13, 15]. SPW can exist only as
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a partially longitudinal TM-wave (Sommerfield, 1907),
while the constant of distribution of SPW kg, through
the dielectric permeabilities of both environments de-
pends on the frequency . This so-called dispersive de-
pendence describes the properties of the surface polar-
itons and defines, in particular, their phase and group
speeds [15]:

€,€

I (1)
cNe,tEy

A condition for distribution of SPW is that the en-
vironments have dielectric permeabilities of different
signs:

ey <0, le,l > &g 2

The optical properties of the electron gas (plasma)
are determined by a correlation of the frequency of its
own fluctuations, or plasma frequency, frequency of
the electron collisions and frequency of light, and can
be calculated in approximation of Drude — Lorentz
model [17]:
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where ¢(w) — complex dielectric permeability; o —

angular frequency; O plasm plasma frequency

2
n.e
—<£__|; I — frequency of the electron col-
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ggM,

lisions; n, — concentration of the electron conductivity

(free electrons); e — electron charge; dielectric perme-
ability of vacuum.

Knowing the complex dielectric permeability, we
can determine the refractive index of material n and its
absorption coefficient a:

i=n+ik= Je(o); “4)
o= Z?U)Im(k), Q)

where n and k — real and imaginary parts of the com-
plex index of refraction accordingly; o — absorption
coefficient (cm_l); ¢ — velocity of light.

There are two effective methods for excitation of
SPW: a prismatic one, in the schemes of broken total
internal reflection of Otto or Kretschmann, and a dif-
fraction excitation on gratings [13—16]. The diffraction
gratings propagate radiation at certain angles. When, at
certain angles of falling of light 6 a wave appears di-
rected along the surface, it becomes a SPW [14].




Calculation of the plasmonic gratings
for the photoconductive antennas

For excitation of the surface plasmonic waves in
PCA it was proposed to realize contacts of the antenna
with a plasmonic grating, which represents a system of
pin electrodes located from each side of the PCA gap,
and serves for an increase of the efficiency of trans-
formation of a femtosecond pulse into the electromag-
netic fluctuations of the terahertz range (fig. 1, see the
21 gide of cover). Electrodes of the plasmonic grat-
ings are made of gold and lay on the surface of the
photoconductive layer of GaAs, and their height
varies from 20 up to 120 nm at the grating period of
~200 nm.

Determination of the optimal geometry of a plas-
monic grating was done by means of modeling by the
method of the finite elements with application of
COMSOL Multiphysics software, which allows us to do
modeling of the two-dimensional and three-dimen-
sional electromagnetic fields on the basis of the system
of Maxwell equations with the use of the vector bound-
ary elements [18].

For research of the response of a plasmonic grating
under the influence on it of the laser pulses of a fem-
tosecond duration, the values were used of the fre-
quency dependent index of refraction for Au from
[17] at the wavelengths of the falling radiation A from
500 nm up to 300 um. Thus, it is possible to investigate
the electromagnetic processes in plasmonic PCA un-
der the influence on it of not only an optical ra-
diation (A ~ 700...1600 nm), but also of THz radiation
(A = 50...300 um), which is important for the use of
PCA as a detector. The values of the refraction index
for GaAs photoconductor layer were taken from [19].

Modeling of a plasmonic grating is realized in the
cross-section (xz plane). Passage of an electromagnet-
ic wave is set with the use of the boundary conditions
of the input and output ports, accordingly. Since the
surface plasmonic waves are excited only at p polari-
zation (TM), the vector of the intensity of the mag-
netic field of a falling wave is perpendicular to the
plane of modeling (xz plane). For saving of the ma-
chine resources, a section of a plasmonic grating lim-
ited by several electrodes was calculated. The use of
the boundary Periodic Condition allows us to apply the
received results to all of the plasmonic grating con-
sisting of ~50...100 electrodes. For comparison rea-
sons, also modeling of the traditional PCA was done
in the xy plane.

Results and their discussion

The carried out electromagnetic calculation of the
traditional and plasmonic PCA by the method of the fi-
nite elements at a pumping of 800 nm demonstrated
that in the area of the metal edges of the plasmonic

grating at the height of the electrodes of 100 nm and the
period of a grating of 200 nm (fig. 2, a, see the 21 gide
of cover) a sharp strengthening of the electric field was
observed caused by excitation of the surface plasmonic
modes [8]. Thus, in the area of the gap between the
PCA contacts on a sufficiently big area (~20 umz) it is
possible to increase the maximum of the intensity of the
electric field by an order in comparison with the tradi-
tional PCA (fig. 2, b, see the 2™ gide of cover). Besides,
a direct contact of a plasmonic grating with PCA elec-
trodes allows us to increase the area of the contact of
the antenna with that part of the semiconductor, where
the generation of the charge carriers takes place. This
circumstance makes it possible for the maximal number
of the photoexcited charge carriers to reach the PCA
contacts, which gives an additional contribution to the
value of the photocurrent [18, 20].

At that, the maximum of the intensity of the electric
field depends on the height of the plasmonic grating
(fig. 3). It is visible that a realization of the plasmonic
grating with the height of 100 nm leads to a 3 times in-
crease of the maximal intensity of the electric field at an
optical pumping of 800 nm and a 2 times increase at the
optical pumping of 1.03 um in comparison with the
plasmonic grating with the height of 20 nm. However,
manufacturing of metallization of 100 nm and over is
limited by technological problems.

For a plasmonic grating with the height of 100 nm
and a period of 200 nm also a transmission spectrum
was received (fig. 4). It is visible, that in case of pump-
ing by optical radiation in the range of the wavelengths
of 780...800 nm the plasmonic grating lets pass 40 %
of the falling radiation and up to 60 % in the case of
a long-wave pumping on 1.5 um. We should point out
that transmission at the level of 60...70 % of the
falling radiation remains on the wavelengths of about
300 um, which is important for detection of the THz
radiation.

The properties of a plasmonic grating can vary con-
siderably, when a passivating dielectric is used. Thus,
for example, covering of a plasmonic structure by a di-
electric layer of Al,O5 with thickness of 20 nm can re-
duce the reflexion of the plasmonic grating by 86 % at
the height of metal of 100 nm (fig. 5).

Thus, the electromagnetic modeling is a powerful
tool for designing and optimization of the topology of
the plasmonic gratings for development of PCA with
higher efficiency of the optical-terahertz conversion.

Conclusion

The work presents a research of the interaction of
the laser pulses of the femtosecond duration with a
plasmonic grating by means of an electromagnetic
modeling by the method of the finite elements. Pictures
were obtained of distribution of the electric field in the
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traditional PCA, and in the plasmonic PCA. It was
demonstrated, that in the area of the metal edges of the
plasmonic grating there was a sharp strengthening of
the electric field caused by the excitation of the surface
plasmonic modes, at that, the maximum of the intensity
of the electric field depended on the height of the plas-
monic grating. Realization of the plasmonic grating
with the height of 100 nm leads to a 3 times increase of
the maximum of the intensity of the electric field at the
optical pumping of 800 nm and a 2 times increase at the
optical pumping of 1.03 um, in comparison with the
plasmonic grating with the height of 20 um. However,
manufacturing of a metallization of 100 nm and over is
limited by technological problems. For the plasmonic
gratings with the height of 100 nm and period of 200 nm
a spectrum of transmission was also received, from
which it is visible, that 40 % of the falling radiation
passed through a grating at a pumping by the optical ra-
diation in the range of the wavelengths of 780...800 nm
and 60 % — at a long-wave pumping on 1.5 um. At the
same time, the transmission at the level of 60...70 % of
the falling radiation remained also on the wavelengths
of about 300 um, which is important for detection of
THz radiation.

The work was done with the financial support of RSF
grant No 18-79-10195 and FASIE grant Ne 130991'Y/2018.

References

1. Glinskiy I. A., Khabibullin R. A., Ponomarev D. S. Total
efficiency of optical-to-terahertz conversion in photoconductive
antennas based on LT GaAs and In0.38Ga0.62As, Russian Mi-
croelectronics, 2017, vol. 46, no. 6, pp. 408—413.

2. Khiabani N., Huang Y., Shen Y., Boyes S. Theoretical
Modeling of a Photoconductive Antenna in a Terahertz Pulsed
System, IEEE Transactions on Antennas and Propagation, 2013,
vol. 61, no. 4, pp. 1538—1546.

3. Lavrukhin D. V., Katyba G. M., Yachmenev A. E.,
Galiev R. R., Glinskiy I. A., Khabibullin R. A., Goncharov Y. G.,
Spektor 1. E., Khusyainov D. 1., Buryakov A. M., Mishina E. D.,
Chernomyrdin N. V., Zaytsev K. 1., Ponomarev D. S. Numerical
simulations and experimental study of terahertz photoconductive
antennas based on GaAs and its ternary compounds, Proc. SPIE
10680, Optical Sensing and Detection V, 2018, vol. 10680,
pp. 106801M (7 p.)

4. Lepeshov S., Gorodetsky A., Krasnok A., Rafailov E., Be-
lov P. Enhancement of Terahertz Photoconductive Antennas and
Photomixers Operation by Optical Nanoantennas, Laser & Pho-
tonics Reviews, 2017, vol. 11, no. 1, pp. 1600199 (20 p.)

5. Ponomarev D. S., Habibullin R. A., Yachmenev A. Eh.,
Pavlov A. Yu., Slapovskij D. N., Glinskij I. A., Lavruhin D. V.,
Ruban O. A., Mal'cev P. P. EHlektricheskie i teplovye svojstva
fotoprovodyashchih antenn na osnove InxGa; _ ,As (x > 0.3) s
metamorfnym bufernym sloem dlya generacii teragercovogo
izlucheniya, Fizika i tekhnika poluprovodnikov, 2017, vol. 51, no. 9.
pp. 1267—1272 (in Russian).

658 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 11, 2018

6. Bugaev A. S., Glinskij I. A., Pushkarev S. S., Lavru-
hin D. V., YAchmenev A. Eh., Habibullin R. A., Ponomarev D. S.
Razrabotka materialov i fotoprovodyashchih antenn na ih osnove
dlya generacii i detektirovaniya impul'snogo i nepreryvnogo ter-
agercovogo (THz) izlucheniya, Nano- i mikrosistemnaya tekhni-
ka, 2017, vol. 19, no. 5, pp. 294—302 (in Russian).

7. Catrysse P. B., Veronis G., Shin H., Shen J. T., Fan S.
Guided modes supported by plasmonic films with a periodic ar-
rangement of subwavelength slits, Applied Physics Letters, 2006,
vol. 88, pp. 031101 (4 p.)

8. Hseieh B.-Y., Jarrahi M. Analysis of periodic metallic na-
no-slits for efficient interaction of terahertz and optical waves at
nano-scale dimensions, Journal of Applied Physics, 2011, vol. 109,
pp. 084326 (6 p.)

9. Berry C. W., Wang N., Hashemi M. R., Unlu M., Jar-
rahi M. Significant performance enhancement in photoconduc-
tive terahertz optoelectronics by incorporating plasmonic con-
tact electrodes, Nature Communications, 2013, vol. 4, pp. 1622
(10 p.)

10. Yardimci N. T., Yang S.-H., Berry C. W., Jarrahi M. Te-
rahertz Radiation Enhancement in Large-Area Photoconductive
Sources by Using Plasmonic Nanoantennas, Proc. Conference of
Lasers and Electro-Optics, 2015, San Jose. CA. May 10—15.

11. Yardimci N. T., Jarrahi M. 3.8 mW terahertz radiation
generation over a 5 THz radiation bandwidth through large area
plasmonic photoconductive antennas, IEEE MTT-S Internation-
al Microwave Symposium, 2015 (2 p.)

12. Yang S.-H., Hashemi M. R., Berry C. W., Jarrahi M.
7.5 % Optical-to-Terahertz Conversion Efficiency Offered by
Photoconductive Emitters with Three-Dimensional Plasmonic
Contact Electrodes, IEEE Transactions on Terahertz Science and
Technology, 2014, vol. 4, pp. 575—58]1.

13. Poverhnostnye polyaritony. Elektromagnitnye volny na
poverhnostyah i granicah razdela sred, eds. V. M. Agranovich,
D. L. Mills, Moscow, Nauka, 1985, 525 p. (in Russian).

14. Bonch-Bruevich A. M., Libenson M. N., Makin V. S.,
Trubaev V. V. Surface electromagnetic waves in optics, Optical
Engineering, 1992, vol. 31, no. 4, pp. 718—730.

15. Genet C., Ebbesen T. W. Light in tiny holes, Nature, 2007,
vol. 445, no. 7123, pp. 39—46.

16. Libenson M. N. Poverhnostnye ehlektromagnitnye volny
opticheskogo diapazona, Sorosovskij obrazovat. Zhurn., 1996,
no. 10, pp. 93—98.

17. Ordal M. A., Long L. L., Bell R. J., Bell S. E., Bell R. R.,
Alexander R. W., Jr., Ward C. A. Optical properties of the met-
als Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the
infrared and far infrared, Applied Optics, 1983, vol. 22, no. 7,
pp. 1099—1120.

18. Burford N., El-Shenawee M. Computational modeling
of plasmonic thin-film terahertz photoconductive antennas,
Journal of the Optical Society of America B, 2016, vol. 33, no. 4,
pp. 748—759.

19. Kischkat J., Peters S., Gruska B., Semtsiv M., Chash-
nikova M., Klinkmiiller M., Fedosenko O., Machulik S., Ale-
ksandrova A., Monastyrskyi G., Flores Y., Masselink W. T.
Mid-infrared optical properties of thin films of aluminum oxide,
titanium dioxide, silicon dioxide, aluminum nitride, and silicon
nitride, Applied Optics, 2012, vol. 51, pp. 6789—6798.

20. Lepeshov S., Gorodetsky A., Krasnok A., Toropov N.,
Vartanyan T. A., Belov P., Alu A., Rafailov E. U. Boosting Te-
rahertz Photoconductive Antenna Performance with Optimised
Plasmonic Nanostructures, Scientific Reports, 2018, vol. 8,
no. 6624, pp. 1—7.




N ATEPUAAOBEAYECKME

U TEXHOAOTUYECKME OcHOBbI MHCT

SCIENCE OF MATERIALS

AND TECHNOLOGICAL BASICS OF MINST

YAK 661.571.1 + 539.23 + 621.3.049.771 + 681.586

DOI: 10.17587/nmst.20.659-675

B. 10. BacuibeB, 1-p xuM. Hayk, npod., e-mail: vasilev@corp.nstu.ru,
HoBocubupckuii rocynapcTBEHHbIM TEXHUUECKUI YHUBEPCUTET, 3aM. TeH. aupekropa OO0 "CudbUC",

r. HoBocubupck

TEXHOAOIUU NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AAl MUKPODSAEKTPOHUKNU U MUKPOCUCTEMHOM TEXHUKM.
YACTDb 5. NAASMOAKTUBUPOBAHHDIE MPOLECChHI

B PEAKTOPAX LIMKAMYECKOTO AEMCTBUS

Ilocmynuna ¢ pedaxyuio 22.05.2018

B uacmu 5 0630pa npoananuzupogarsvi cocmosanue u HanpaeAeHus pa3eumus MexHoA02Ul NOAYYeHUs MOHKUX NAEHOK HUmpuoa
kpemuus (TITHK) 045 MuKposaneKkmpoHHbIX U MUKDPOCUCIEMHBIX NPUAOICEHUL NPU NAA3MEHHOU AKMUBAUUYU UCXOOHbIX PeazeHmos
6 PeaKmopax YUKAU4ecko2o 0eticmeusi ¢ nocae008amenbHO-UMNYAbCHbIM HANYCKOM UCXOOHbIX peaceHmo8. [11a3moaKxmusuposan-
Hoe HUu3KomemnepamypHoe amomuo-caoegoe ocadcoenue (IIA-ACO) nozeonsem noaywame TIIHK npu memnepamypax Huoice
500 °C u3z npexypcopos Heopeanu4eckou (CUAaHbL, XA0PHPOU3B00HbIE CUAAHOB, AMUHbL) U OP2AHUMECKOU NPUPOObL 015 COBPEMEHHBIX
MUKPO- U HAHOINEKMPOHHBIX MeXHOA0UT. XapaKkmepucmuKky nOKpuimull omee4arom mpe6ogaHusm no cocmagy U ceolcmeam, 6
uacmuocmu, TITHK umerom nu3kue ckopocmu pacmeopenus 6 3CUOKOCMHbIX Mpagumensx Ha 0CHo8e mopucmosoiopooHol Kuc-
snomot. Konghopmuocms pocma noxpuimuii npu [1A-ACO 3nauumenvHo npesviuiaem makogyto 045 npoueccos noayuenus TIHHK &

NPOMOYHbBIX NAASMEHHbIX peaKkmopax.

Karoueevie caosa: Humpua KpemMHUs, MOHKUe NAeHKU, N1a3MeHHAas akmueauus, amomHo-Cc/10e60e ocawcaeﬂue, npomo4Hbsvle pe-
aAKmopbol, UHmezpanbHsvle MUKpOCxXemobl, MUKPOCUCMEMHAA MEeXHUKA

BBenenune

B paborax [1, 2] mpoaHaJIuM3MpoOBaHO COCTOSIHUE
TEXHOJIOTUI ToJTydyeHUsT TOHKUX IuieHoK (TII) Hutpu-
na kpemHus (HK) nias nmpumeHeHMsI B TEXHOJIOTHSIX
uHTerpanbHbix Mukpocxem (MMC) 1 HaHO- U MUKpPO-
anekTpoMexaHuueckux cuctem (MOMC). B pabote
[1] paccMOTpeHBI MPOLIECChHl XUMUYECKOTO OCaXKIACHUS
n3 razoBoit asel (XOTI'D wim CVD) npu Temmepaty-
pax (T 650...850 °C B peakTOpaX HM3KOIO J1aBJIEHUS
nporoyHoro Tuna (PH/ wau Low Pressure Chemical
Vapor Deposition, LPCVD) ¢ Tepmuueckoii akTrBa-
Yel XUMUYECKNX peaKInii aMMOHOJIM3a (peaknu C
ammuakoM, NH3) MCXOAHBIX KpeMHHICOAepKaIIUX
pearenToB (SiHy, SiCly u SiH,Cl,). B pa6ore [2] npo-
aHaJIM3UpPOBaHbl TexHouoruu nojydyeHus1 TITHK B
peaKTopax MUKJIMIeCKOTO AeMCTBUS C ITOCIeIOBaTeIb-
HO-VMMIYJIbCHBIM HAIyCKOM HCXOAHBIX XMMUYECKUX
peareHTOB (Ha3bIBaeMBIX "TIpeKypcopamMu’”, "Tipemiiec-
TBEeHHUKAMHU") B TeUeHHUE UMIYJIbCOB OIMpeaeeHHOMI

JJIATEJBHOCTU . B pexumMe aTOMHO-CJI0€BOrO OCaX-
neaust (ACO) mpu temmepatypax 300...650 °C cko-
pocCTb HapaliMBaHusi W cocTapiisiia MEHEE MOHOCJIOSI
3a OAWH LMK ocaxaeHus. O0a pacCMOTPEHHBIX Me-
ToJa mo3BoJstoT noayvyars TITHK, 6au3kue mo cocra-
By K crexuomeTpudHbiM SizNy (C-TITHK), 4yro orse-
yaeT cooTHomeHuwo Si/N = 0,75.

B yactsix 3 u 4 oG3opa [3, 4] npoBeaeH aHaIU3
COCTOSIHMSI WM HaIpaBJIeHUU pPa3BUTUSL TEXHOJOTMI
nojiyueHusi Hu3koremnepatypHboix (<400 °C) TII B
MNPOTOYHBIX PEAKTOpax C IUIA3MEHHON aKTUBALMEM.
ITnasmoxumuueckoe ocaxaeHue (I1XO) mosBossier
JIOCTUTATh BLICOKMX CKOpOCTei HapalluBaHusl [3], on-
HaKoO P HU3KOH TeMIlepaTtype GOpMHUPYIOTCST HECTE-
XMOMETPUUHBIE MaTepuasibl, 0003HAYeHHbIE aBTOPOM
"KpeMHMUI-a30T-BOIOPOJACOAEpKAlle TOHKUE TIJIeH-
k" (KAB-TIT). OcHOBHBIM HekeIaTeTbHBIM IS TeX-
Hosoruu KomrmoHeHToM KAB-TII siBasieTcst Bogopon
¢ cyMMapHOU KoHIeHTpamuei 10 40 aT. %, KOTOpBIiA
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YXYIOILIAaeT TaKhe TeXHOJOTMYECKM BaKHBIE CBOMCTBA
IJIEHOK, KaK MJIOTHOCTb, CKOPOCTb PACTBOPEHUS U T.J.
HUcnonp3zoBanue mpu I1XO Tak Ha3pIBaeMOM IIJIa3MBbI
Boicokoil moTHocTu (IIBIT) obGecneuynBaeTr B pasbl
MEHBIIWI U TPUEeMJIEMO HU3KUIA TSI TEXHOJIOTUU YPO-
BEHb COJEP>XaHUSI BOAOPOAA, CYLIECTBEHHO OOoJblIne
IUTOTHOCTHU TUICHOK W MEHbIIINE CKOPOCTU pacTBOpE-
Hus [4].

Opnako HeycTtpanumoi mpobiemoit I1XO, B Tom
yuciae ¢ IIBII, sBasieTcs HenmpuemaeMoO HU3Kask KOH-
(GOPMHOCTh HU3KOTEMITEpATyPHBIX MJ1a3MOaKTUBUPO-
BaHHBIX MOKpHITUi (<50 %) B cpaBHEHUU C TAaKOBOU
st BeicokoTeMmnepatypHbix C-TITHK, monydyeHHBIX
IIpu TepMHUYeCKN akTuBHpoBaHHBIX XOI'®d (okomno
100 %) [5]. Ilon KOH(MOPMHOCTbIO B MPOCTEMIIEM U
HauOoJiee MPUHSITOM Cilydyae MoapasyMeBaeTcsl OTHO-
meHne (%) TOMIWHBI TOKPBITHS Ha GOKOBOM TTOBEPX-
HOCTHM CTYIIEHBbKM pelibe(pa K TaKOBOI Ha IJIOCKOM
BepxHeil moBepxHOCTU. [ yaydineHUs: KOH(OpM-
HOCTH OCaXIeHHUS U (DOPMUPOBAHUS 3aTIOJTHEHHBIX
MaTepuajaoM 3a30pOB B pesibede CIO0XKHBIX CTPYKTYD
puOOPOB MCIIOJIBL3YIOT MeToAbl 1 anmapatypy I1XO ¢
IIBII, coueraromue mpouecchl ocaxaeHus TII u ee
OJTHOBPEMEHHOI'O TpaBjJeHMs (paclblIEHUsI) B MpPO-
ecce pocra. Kpome TOro, HemocTaTkom IMpOILIECCOB
ITXO c IIBII sBnsgeTcss HexXelaTeaIbHO CHJIBHOE BO3-
JIeMCTBUE TIJIa3Mbl Ha MPUOOPHI.

ITocTranoBka 3ana4 00630pa

J1st perieHrs1 0003HAYEHHBIX BhILLIE IIPOOJIEM B Psi-
Jle OTHOCHUTENIEHO HeJaBHUX 10 BpeMEHU ITyOIMKAIINIA,
Harpumep B paborax [6—9], mpeanokeHo UCIOIb30-
BaTh HU3KoTeMmneparypHbiii MeTton ACO c¢ "mpsmoit”
WM "yIaleHHOI" TIJIa3MeHHOM aKTUBAIle OMHOTO U3
peareHToB (manee — I[TA-ACO). Peakropsl ¢ [TA-ACO
SIBJISIIOTCSL  peakTopaMM LMKJIMYECKOro JeHCTBMS, B
KOTOPBIX MUMITYJBCHBIN HAITyCK pPeareHTOB IPOMCXO-
IUT corjacHo oOuieit uaeconorun ACO; mpu 3TOM
onuH u3 peareHToB (s ciaydast TITHK ato 1ubo am-
MUaK, J1u00 a30T) MOJAETCS B peakTop aKTUBUPOBAH-
HbIM. BKiloyeHue IIa3MEHHOTo paspsiia BO3MOXHO
WA cpa3y B Hayaylle MUKJIA, WA CIYCTS HEKOTOPOE
BpeMs TTocjIe Hayasia HaIlycKa peareHTa; Ipy 3TOM aK-
THUBUPOBAHHEIN peareHT MOXET IOJaBaThCs TePBBIM
I10 OYepeIN B IIUKJIE OCaXKIEeHMs, KaK TT0OKa3aHO B IIPH-
Mepe Ha puc. 1.

Tematuka ACO sBisgeTcs OYeHb IHOIYISIPHON B
TTOCTIeMHEE BPEMS B CBSI3M C BOCTPEOOBAHHOCTBIO Me-
ToAA IJISl pellieHUsT BCe BO3PACTAIOIIMX 110 CJIOKHOCTU
3agay texHoyiornu co3manus TI1. B HacToseit pado-
Te TIPOBEJCH aHAIN3 MyOJIMKALIMIA TT0 TEeMATUKE TTOJTy-
yeHus aktuBupoBaHHoro ACO TITHK B peakTopax
IUKJIMYECKOTO ACHCTBHS TIPU HU3KOM TeMmIiepaType C
KCIIOJIb30BaHUEM MCXOIHBIX BEILIECTB PA3TUYHOM TIPU-
poabsl. OcoOeHHOCTh IMyOJMKALMOHHON aKTUBHOCTU
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1

Onun nukn ocaxnaenus (One process cycle)

Puc. 1. [Ipuvep TMIMYHOI BpeMeHHOI (7) qMarpaMMbl OMKJIA MJIa3-
MoakTuBupoBaHHoro ACO ¢ HCHO/Ib30BaHHEM TOJIBKO NPOLYBKH
HHEPTHBIM ra30M: / — UMITYJIbC a30TCOMIEPXKALLIETO peareHTa; 2 — aK-
TUBaLMsI a30TCOAEPKALIETo peareHTa ria3MeHHbIM BO30YXXIeHUEM
(3alITPUXOBAHO); 3 — MMITYJIbC MPOAYBOYHOIO ra3a; 4 — UMITYJIbC
npexKypcopa (npenuiecTBeHHUK). [IpumeyaHue: Hayauo 3TanoB / 1
2 MOXET He COBMauaTb BO BpeMEHU

Fig. 1. An example of typical (time t) diagram of the cycle of the plasma-
activated ALD process with an inert gas purge: 1 — pulse of the nitrogen-
containing reactant, 2 — activation of the nitrogen-containing reactant
by plasma excitation (shaded), 3 — pulse of the purge gas, 4 — pulse
of the precursor injection. Note: the beginnings of the Ist and the 2d stages
may not coincide

st ciaydass ACO TITHK cocrout B TOM, 4TO TepMU-
YeCKM aKTUBUPOBaHHOE ((haKTUUYECKU — BBICOKOTEM-
nepatypHoe) ACO TITHK wuccinenoBaaock B OCHOBHOM
B MIEPBOM JECITUICTUM [2], a MIa3MOAKTUBUPOBAHHOE
ACO — Bo BrOpoMm aecsituietun 2000-x rogos. B moc-
JIeAHUE TOAbl U3JAHO HECKOJbKO OO030PHBIX IMyOJIu-
Kauuii mo aktuBupoBaHHbIM ACO TIIHK [10, 11].
HecmoTpss Ha Hanuuue U UCIOJb30BaHUE MTPOMBIILI-
JieHHoro obopyaoBanus mis ITA-ACO, stor MeTon
s noaydyenust TITHK, mo-Buaumomy, eine HeJib3s
OTHECTH K 3peJIbIM TEXHOJIOTUSIM B CPABHEHUHU C T1O-
ayyeHueM TITHK B mporounwsix PHJI [1] mnau npm
I1XO0 [3].

enpio paboOTHl SBISIETCS aHAJIM3 U O0OOILIEHME
BKCIIEPUMEHTAIbHBIX PE3YIbTATOB 1O BO3MOXKHOCTSIIM
W HaIpaBJICHUSIM HCCIEIOBAaHUIA, OIpeaeeHUe BO3-
MoxxHocTteit Metoma [TA-ACO, paccMoTpeHre 0COOeH-
HOCTEl ero arnmnapaTrypHoOil peaju3alliM U OCHOBHBIX
pe3ylbTaTOB UCCJAENOBAaHUI 3TOr0 MeTOJa B CpaBHeE-
Huu ¢ TITHK, oxapakrepn3oBaHHEIX B padoTtax [1—4].

Kpatkuii 0030p 0OCHOBHBIX THIIOB PEAKTOPOB
I naasmoaktusaposanHoro ACO

Cxembl peakTopoB 1y ITA-ACO B ueiroMm OJM3KHu
K TaKOBBIM ISl TUIA3MEHHBIX PEaKTOPOB, MPUBEICH-
HbIM B pabotax [3, 4], 1 1oka3aHbl Ha puc. 2, a—d, a
WX TIOAPOOHOE OMMUCaHKE W MTPUMEPHI MPOMBIIILIEHHBIX
peakTopoB MOTYT ObITh HaiIeHbI B cChUiKax [7, 8, 12].
Kak nmpaBujio, Takue peakTophbl SIBJISIOTCS peakTopaMu




WHIVBUAYaJbHOrO THMIIA (Ha OOHY MomIoxky). Ilep-
BYIO KOHCTPYKIIMIO peakTopa (puc. 2, a) XxapakTepu-
3YIOT TUIIOM PEAKTOPA C IIa3MOM MPSIMOTO AECHACTBUS,
III11 (direct plasma), yTo niogpasyMeBaeT IJIa3MEHHOE
XUMMYeckoe ocaxaeHue u3 naponoii ¢assl (PECVD)
HETNOCPEICTBEHHO B 00J1aCTH MOMIOXKKU. B aTOM ciy-
yae EeMKOCTHO-CBSI3aHHasl IUIa3Ma TeHEpUpYyeTcs C
yacToTOi 06bIyHO 13,56 MI'y Mexay nIByMs mapai-

Puc. 2. VYnpouieHHble CXe€Mbl OCHOBHBIX THIIOB PEaKTOPOB ISt
ITA-ACO: a — nipsAMoOro IeiCTBUS TUIa3Mbl; b — MIPSIMOTO IEUCTBUS
C IIOTIOJTHUTENIBHOM CETKOM; ¢ — C yOaJeHHON IuIa3Moii; d — MUK~
POBOJIHOBOM C YCWJIEHHEM DaguKajllaMU; e — OOBEMHBIN peakTop.
O06o3HaueHusT: [ — BBOI MPEKypCOPOB; 2 — BBOJ IJ1a3MO00Opa3ylo-
IIETOo Tra3a; 3 — O0TKauka; 4 — 3JIeKTPO/l, COBMEILEHHBII C Ta3opac-
MpeaeuTeIbHBIM YCTPOMCTBOM; 5 — CeTKa; 6 — IM3JIEKTpUuecKas
TpyOa ¢ KaTylkoi; 7 — MUKPOBOJIHOBOW Pe30HATOp; § — yCTpOIic-
TBo BY BO30ykIeHwMs 11a3Mbl aMMHUaKa, 1M0IaBaeMoro B 3a30p MeXK-
Iy TIOJUTOKKaMU

Fig. 2. Simplified designs of the plasma-activated PA-ALD reactors: a —
direct plasma; b — direct plasma with an additional grid; ¢ — with a
remote plasma; d — microwave radical-assisted; d — batch reactor.
Definitions: 1 — injection of the precursors; 2 — injection of plasma-
activated nitrogen-containing gas, 3 — pumping-out of the reaction by-
products; 4 — electrode combined with the gas mixture showerhead; 5 —
grid; 6 — dielectric tube with a coil; 7— microwave resonator; 8 — high-
frequency device for excitation of ammonia plasma introduced into the
gap between the wafers

JIEIBHBIMU 3JIEKTPOIaMU B TaK Ha3bIBAEMOM ITHMOII-
HOM peakTtope. ['a3bl BBOJAT B peakTop JuUbO yepes
TOJIOBKY AYIIEBOTO paclpeleIMTeIbHOTO YCTPOMCTBA
(showerhead), 1160 cOOKY B 3a30p MEXIY BJIEKTpOAa-
Mu. PabGouee paBneHue cocraBisieT OOBIYHO COTHU
racKajieif, HO MOXeT OBITb W Ha TOPSIIOK MEHBIIIE.
IIpu pasmelieHMy B 00JaCTU IIa3Mbl JOIIOJHUTENb-
HO#l ceTku (puc. 2, b) moiyryyaercs: "TpUoOaHAST KOHCT-
pyKLuYs", TIO3BOJIAIONIAS 3aKIIOUUTh TUIAa3My MEXIy
BEPXHUM 3JIEKTPOIOM U CETKOI TaK, YTO IMTOBEPXHOCTh
OCaXkIleHUsl TUIGHKW He KOHTaKTUPYET C aKTUBHOM
TUTa3Moi. DTO HECKOJBKO CHUXKAET TUIOTHOCTh pamy-
KaJIOB M MOHHBIX TTOTOKOB K MOBEPXHOCTH MOTOXKHU.

TpeTnio pacrpocTpaHeHHYIO KOH(MUIYpaLIMIO peak-
topa [TA-ACO, npuBeneHHYIO Ha pucC. 2, b, Ha3bIBAIOT
peakTopoM ACO c ymaneHHoi#i miasmoit, YII (remote
plasma). I1pu 5TOM B OTJIMYHE OT PEaKTOPOB MEPBOro
TUMA, JUISI KOTOPBIX KOHIIEHTPALMM aKTUBHBIX YaCTHII
MOTYT CHIKATBCS 10 HyJISA B HAIpaBJICHUM K TTOBEPX-
HOCTH TOIJIOXKHM, 3[eCh IJIa3Ma MPUCYTCTBYEeT OTHO-
CHUTEJIbHO HEHAJIEKO OT TOBEPXHOCTU ITOMIOXKU, M,
TaKiM 00pa3oM, MOTOK PaaAMKaJlOB K IOIJIOXKE Ha-
MHOTO BEIIIIE, YeM UTS TIPEIBIAYIIeTo THIA peakTopa.
B Ttakux cucremax (opMHpoBaHUE ILIa3Mbl MOXET
OBITh 1O TUIY PEaKTOPOB C WHIYKTUBHO-CBSI3aHHOMU
mna3moit (inductive coupled plasma, 1CP, reactors), c
CBY m1a3Moit Ha OCHOBE JIEKTPOHHO-LIUKIIOTPOHHO-
ro pe3oHaHca DLIP (electron-cyclotron plasma, ECR), ¢
MUKPOBOJIHOBOW TIa3Mo#t (microwave plasma rectors).
BaxkHO OTMETUTh, YTO MapaMeTphl MIa3Mbl M TTOIIOX-
K1 B TaKUX PEaKTOpPaxX MOTYT U3MEHSThCS HE3aBHUCH-
MO, pacIIUpsist BO3BMOXHOCTH BapbMPOBaHUS XapaKTe-
puctukamu npoueccoB ITA-ACO. YpoBeHbs pabouero
JaBjieHud P; B TaKMX peakTopax COCTABJSET IMOPALKA
JIECATKOB-COTEH IMaCKaJICH.

B xoHcTpykumu peakropa I[TA-ACO, npuBeaeHHO-
ro Ha puc. 2, d, MUKPOBOJHOBOI MCTOYHMK IJIa3MbI
coemmHeH ¢ peakTopoM Wit XOI'®D ¢ oOBIYHON Tep-
MUWYECKON aKTUBAllMe MOMJOXKU. DTOT TUIl ILa3-
MeHHoOM akTuBanuu ACO Ha3bIBaloOT "yCHJICHHBIN pa-
aukanamu” ("radical-enhanced”). I1omoGHbIE CUCTEMBI
Yale BCETO MCITOJIb3YIOT KaK BCTPOCHHBIE B YCTAHOB-
ku XOI'd/T1XO/I1XO ¢ IBIT g1 04UCTKU CTEHOK
pPEakTOpOB TIOC/IE OCAXIEHUS IyTeM IUIa3MEHHOTO
TpaBJICHMSI.

IMpenmymecreamu [TA-ACO sBasiorcst [7] pac-
IIUPEeHUE SKCIIEPUMEHTAIBHBIX YCIOBUI TONydeHUS
MaTepuajoB ¢ 3alaHHBIMM CBOWMCTBAMU, B TOM YMCIIE
3a CYET pacIIMpeHUS] BO3MOXHOCTEM BBIOOpA IIPEKYP-
COPOB HEOPraHWYECKOW M OPraHUYEeCKON TMPUPOIBI,
MTOBBIIICHNE CKOPOCTH OCaXKIECHUS MPU MTOHMKEHHBIX
TeMnepaTtypax (MepcreKTUBHBIMUA CUMUTAIOTCS MeHee
500 °C), ynyulueHne CBOMCTB MOKphITUil 1 T.A. K He-
JIOCTaTKaM HEOOXOAMMO OTHECTU MpoOJeMbl C KOH-
(opmMHOCTBIO TTOKpbITUM TUIeHKamu Tipu [TA-ACO Ha
pa3BuroM peabepe UMC.
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Ilonyyenue TITHK c¢ ucnosb3oBannem
HEOPraHUYeCKHX MpeKypcopoB

HccnenoBaHHBIE TIPEKYpPCOPHI HEOPTAHWYECKOMU
MIPUPO/IBI BKJIIOYAIOT B ce0s1: MoHOcunaH SiHy [13, 14]
1 ero mnpousBoaHoe HeoneHtacwiaH (SiH3),Si [15];
tpucwinnaMuH (SiH3z);N [15—19] u ero nmpousson-
Heie [20]; ximopcoaepxaiue cuiaanbl [21—29]. Kpart-
KH€ YKUCJIEHHBIE TaHHbIE U3 OIyOJMKOBAHHBIX UCCTIE-
JIOBAaHUI CBEIEHBI B TAOJIMUIIY.

IIA-ACO u3 cuaanos. I1NA-ACO u3 MoOHOCHIaHA
MMPOBOIWJIOCh Ha TIpeABapHUTENIbHO 00paboTaHHYIO
IJIa3MOM a30Ta MOBEPXHOCTh KPEMHUSI, HA KOTOPOI,
110 MHEHUIO aBTOPOB, (popMHUpOBaiach TEPMUHUPO-
BaHHAas a30TOM ITOBEPXHOCTh — MOHOCJIOM a30Ta ¢ aK-
TUBHBIMU CBSI3sIMU. HachlllieHre Mo aKTMBUPOBAHHO-
MY a30Ty UMEJIO MECTO IPU UMITYJIbCE IJIUTETbHOCTHIO
6osee 60 c. I[Ipu Hanmycke SiH, mpoucxonut ero mpu-
coeguHeHMe K a3oTy ¢ obpa3oBaHueM Si—N u N—H
cesseil. I[lpu cienyoouiemM LHUKIIE Halycka IJIa3MOaK-
TUBUPOBAHHOTO a30Ta IPOMCXOINUT yIaJIeHUE CBSI3ei

N—H u ux 3amemenue Ha cBsa3u Si—N. Iloaygae-
Mbl€ IUIEHKH 000TrallleHbl KpeMHUEM, U MPU 3TOM 00-
HapyXUIM MeXaHWYeCKue HaIpSKeHUs CKaTus —
810 MIla, mnoTHOCTH 2,5 r/CM3 W IOKa3aTeJb MIPEJTOM-
neHust n = 1,75.

Hnst TIA-ACO u3 HeomeHTacujaHa [15] ormeTum
JIOBOJIbHO OOJIBIIYIO JJIUTEIbHOCTh UMITYJbCOB ILIA3-
MOaKTUBMPOBAHHOIO a3zoTa (CM. TabOJully), MpUYeM
Jaxe npu aiaureabHocTy 30 ¢ He IOCTUraeTcsl Hachl-
IIEHWEe CKOPOCTU OCaxKAeHMSs (IIPU 3TOM IOKa3aTesb
npejomiaeHus: cauxaercs: ¢ 2,14 go 2,07). Ilnenku
OoOHapyXMBaaud OJM3KUI K CTEXMOMETPUM COCTaB,
MaJjible KOHLIEHTpaluu yriepoaa U kuciaopoaa (<1 u
<3 at. % coorBeTcTBeHHO). Ha KOHIIEeHTpaLMio BO-
Jopoaa BIMSJa MOIIHOCTh Intasmbel: mist 275 °C u
MolrHocTel miaasMbl 250 u 750 BT KoHLeHTpauuu
Boxopoaa (ar. %) M IUIOTHOCTH TUIEHOK (r/cMm3) co-
crapasuid 11 u 2,21, 23,5 u 1,86 cOOTBETCTBEHHO.
g BHITpaBIEHHBIX B KPEMHHMU CTPYKTYp IIUPUHOMN
0,25...2,0 MKkM ¥ rnyouHo#t 5,45...11,8 MKM yCTaHOB-
JIEHO, YTO JUINTETBHOCTh UMITYJTbCA a30Ta M MOIITHOCTD

Pe3ymbraTel uccaenosanmii pocta TITHK B nukimyeckux mpomeccax ¢ y4acTHeM HEOPraHHYeCKHX NMPEeKypcopoB
Results of Investigation of SNTF in cycle type of reactors with the use of inorganic precursors

JIureparypa PeareHThl Tumn peakropa T,°C Py, Ta t,c W, HM/UMKI Si/N
Ref. No Reactants Reactor type T,°C Py Pa t,s W, nm/cycle
[13, 14] Sli\i“ Diregggsma 250...400 130...520 015905 0,025...0,2 1,2
[15] (511;32)451 Diregggsma 250...300 32 2.}3 0 0,14 0,88
(13] (51113132)31\1 Diregnpilzsma 230...300 32 2.}30 0.12 o
[16, 17] (81\11?/31){32]\] Direggisma 300...400 520 B 0,14...0,21 0,89
[18, 19] (Siﬁg;N ;gnztgfcrzln 50...400 40 032 0,06 0,75
[23] NSTI{EZHZ zgn;?fcr;) 350 — — 0,024 0,8...1
[24] Siﬁﬁih e 1 350...400 - - 0,1 -
[25] Siﬁﬁilz e 1 350...500 - - - -
[26,27] Siﬁﬁilz e 400...600 _ _ _ _
[28] S;fﬁié Diregggsma 350...450 ~9 g(s) 0,12 0,58
[29] NsiiClIflz Diregggsma 300 — — 0,5..0,11 —
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IJIa3MEHHOTO pa3psna He BIUSUIM Ha KOH(MOPMHOCTD
ocaxneHus. [1pu 3ToM B 11eJJ0M KOH(OPMHOCTb MOX-
HO CUMTATh HEYIOBJIETBOPUTEIbHOM, MTOCKOJIbKY, Ha-
puMep, IJIsT BeChbMa IPOCTOM CTPYKTYPHI C IIUPH-
Hoii 0,35 MKM Ha riayouHe Bcero 1,3 MKM (B Iepecye-
T€ Ha aCMEeKTHOE OTHOLLIEHUE 3TO COCTaBJIsIeT Beero 3,7)
KOH(MOPMHOCTb IUIEHKU COCTaBJIsLIa Bcero okojo 31 %.

IIA-ACO u3 amunoe. B cepuu pador [15—20] aB-
TOPbl YeThIpEX PazIMYHBIX TPYIN MCcaeaoBaTe e
u3ydyanu Bo3MoxHocTb nosydyeHuss TITHK c¢ yuac-
THEM aMMHOB M TIpeXJe BCEro TpUCUIMIaMMHA
(SiH3)3N, B cocTaB KOTOPBIX BXOAMUT aTOM a30Ta, Ha-
MIpSIMYIO CBSI3aHHBIN ¢ aTomMaMu KpeMmHus. [lo maH-
HbIM pab6ot [15—17] mnotHoctes TITHK cocraBmsiia
oKoJio 2,8 F/CM3, CKOpPOCTU PaCTBOPEHUS B KUIKOCT-
HBIX TPABUTEJISIX ObLIM B HECKOJIBKO pPa3 MEHbBIIIE, YeM
TakoBble misi 00bluHbIX KAB-TII, nonydyeHHBIX Mpu
I1XO. Haubonee nHTEpEeCHBIMU IPEACTABIISIOTCS MO-
MTBITKY OXapaKTepr30BaTh KOH(MOPMHOCTh OCAXKICHMS
TITHK Ha TpaH3UCTOPHBIX CTPYKTYpaX AJISI KCIIOJIb30-
BaHWS TUIEHKW B KadecTBe creiicepa. M3 mpuBemeH-
HBIX TAHHBIX BUAHO, YTO, HECMOTPS Ha BeCbMa ITPOCThIE
o opMe TPaH3UCTOPHBIE CTPYKTYPHI, UX COMMKEHME
Ha war ot 240 go 120 HM NPUBOAUIIO K YXYALICHUIO
koHpopmHOcTH TTA-ACO TITHK Ha 20...30 %. D10,
TEM He MeHee, ObUIO CYIIECTBEHHO JIydllle B CpaBHE-
HUU ¢ 00buHbIM TTXO.

ABTOpHI pa6oT [18, 19] ycTaHOBUIM ONTUMAaJIbHOE
OKHO IIpol1iecca ¢ MPUMEPHO MOCTOSTHHON CKOPOCTHIO
B mHTepBaje Temieparypbl 250...350 °C (cMm. Tabnm-
1y). ITo coctaBy TITHK Ob111 6JU3KM K CTEXMOMET-
PUYHBIM, XOTS W WMEJIW TIOKa3aTeNlb IPEJIOMIICHUS
1,75...1,8 u comepxanu 13,4...8,1 at. % Bomopona co-
OTBETCTBEHHO. YCTAHOBJICHO, YTO M3MEHEHHWE MOIII-
HocTtu BTpoe (ot 100 mo 300 Br) mamo BO3MOXHOCTh
MIPUMEPHO B 3 pa3a MOHU3UTH CKOPOCTh PACTBOPECHMS
TITHK.

B pa6ote [20] uccnenoBanbl TITHK, nmomyyeHHBIE
M3 TIPOM3BOIHBLIX TPUCWIMIAMWHA (ITyTeM 3aMeHBI B
UCXOAHOM TipeKypcope rpynn SiH; rpynnamu qume-
THJIAMMHOMETUJICHITHAJT WUTH TpuMeTricvin). M3 tpex
CHHTE3MPOBAHHBIX TPEKYpPCOPOB B KauyecTBe IepcC-
nektuBHoro s [TA-ACO TITHK 0w1u1 BEIOpaH pea-
rent ¢ 6pyrro-dopmynoi (CoH,gN3Sis): ouc(aume-
THJIAMAHOMETHJICYUTU ) TPUMETWICUIUIaMuH. s
ocaXkIeHUs UCIOJIb30BaH PeakTop MPsIMOTO ACCTBUS,
TeMmriepatypa ocaxaeHusi cocrtapisiaa 250...400 °C,
nasieHue okoio 80 I'a, IIMTeTbHOCTh UMITYJIBCOB Mpe-
Kypcopa 1...9 ¢, a m1a3sMoakTMBUPOBAaHHOIO a30Ta —
4...15 c. B atux pexumax TITHK umenn oTHouieHue
Si/N oxomo enuHuE 1 # = 1,97. KoHIleHTpamms yr-
Jiepoaa MpU YBEJTUYEHUU MOILIHOCTH TJIa3Mbl B Tpe-
nenax 100...200 Bt u Bblllie Bo3pacTaja B Ipejesnax
0...5 ar. %. I[1pu 3TOM TaKXKe Bo3pacTayia KOHIICHTpa-
LM Kuciopona B npedenax 7...11 ar. %, 4To aBTOpPbI
OOBSICHUJIM OKHCJIEHHEM OOOralleHHbIX KpeMHUEM

TITHK nHa Bo3myxe mocie mpoluecca. s cTpyKTyphl
mmpuHoii 0,071 mxMm 1 rryouHoii 0,375 MKM co ciierka
HAKJIOHHBIMU CT€HKaM1 KOH(GOPMHOCTD Ha TTOJIOBU-
He TIyOMHBI olieHeHa Ha ypoBHe 73 %. B 0630ope [10]
TaKXXe MOXHO HalTH KpaTKue TabJUYHbIC CBENEHUS O
nonbITKax ucrnojb3oBaHus mist [TA-ACO uHBIX opra-
HUYECKMX aMUHOCWJIAHOB B IIPSIMON WM yIAJIECHHOM
II1a3Me a30oTa M aMMMaka: OHC-IU3TUIaMHHOCHJIAH
(bis(diethylamino)silane), Tpuc-guMeTHIaMUHOCWIAH
(tris(dimethylamino)silane) u ap. OcobeHHOCTSIMU
npoueccoB [TA-ACO u3 3Tux NpeKypcopoB ObLIN He-
MpreMJIEMO HU3KHME CKOPOCTHM HapaluBaHUSA (COTHIC
JIOJIM HAaHOMETpa 3a 1IMKII), a TaKXKe 3HaueHue MokKa-
3areis mpexomiaeHus n = 1,7...1,8.

1I4-ACO u3 xaopcuranoe. XpOHOJIOTMYESCKU TIep-
BBIM OBUT MCCIIEIOBAH TTPOMBIIIUICHHBI peareHT -
xnopewnan SiH,Cl,. K coxanenuto, npuBeneHHbIE B
JTepaType JaHHbIe o npoiieccax pocta npu [TA-ACO
ouyeHb orpaHmueHHbl. B pabGorax [21, 22] aBTOpamu
MpUBEIEHBI Pe3yJbTaThl UCCICIOBAaHUI TUICHOK, T10-
JIyYEHHBIX B 3KCIEPHMMEHTAJbHBIX peakTopax WHIAM-
BUAYaJIbHOTO TUIIA C YAAJICHHBIM MCTOYHNKOM TIJIa3-
MbI IMyTeM HUTPUAM3ALUM TJIa3MON aMMUaKa TOHKOM
IJICHKW KPEeMHMS, BBIPAIIEeHHOM TP TEPMOAKTHUBH-
poBaHHOM nuponmn3e auxiaopcwnada npu 750 °C. Ipu
3TOM TTofaya aKTMBMPOBAHHOTO aMMMaKa OblIa mmep-
BOIl B LIMKJIE, 3aTE€M CJieloBaja UMITYJIbCHAsI MPOIYB-
Ka peaktopa cMecbio No—H, u nanee nopasasics um-
MyJbC AUXJIOpcuiaHa. Pe3ynbraTsl uccieaoBaHuUit Py -
BeICeHHBI B Tabulie, a 60j1ee NoapoOHO paCCMOTPEHEI B
pabore [2], Toe mpoBeneHO MPSIMOE CpaBHEHME C pe-
synbratamu pocta TITHK npu tepmuueckoii akTuBa-
uuu npouecca ACO c¢ yuyactuem SiH,Cl,. 3nech otme-
tM, yto noaydaembie TITHK umenn n = 1,6...1,85,
[O] ~2..7 aT. % (OOBACHEHO BO3MOXHBIM pACITBI-
JICHMEeM KBaplIeBbIX CTEHOK TeHepaTopa ILIa3Mbl),
[H] ~ 13 at. %, [Cl] ~ 0,5 aT. %. ABTOpHI pPabOTHI
[23] npoBenu cpaBHeHue TIIHK, monydyeHHBIX Ipu
IMTA-ACO wu3 SiH,Cl, u KpeMHUIAOPraHNYECKHUX CO-
eIMHEHUN C YyJYacTHEeM ILJIa3MOAKTUBUPOBAHHBIX aM-
MMaka, a30Ta, Bogopoaa. HekoTopble maHHBIE IO TIPO-
Leccy ¢ IMXJI0PCUIaHOM IPUBEACHBI B Tabiulie, Oosee
TMOAPOOHO Pe3yabTaThl PACCMATPUBAIOTCST HITXKE.

B cepuu pabot [24—27] uccnenoBaHust IPOBEACHbI
B TIPOMBIIIIIEHHBIX OOBEMHBIX peakKTopax, KOHCTPYK-
tuBHO aHanornuyHeix PHJI (LPCVD) (cMm. puc. 2, e),
HO paboTallIMUX LUKINYecKUM obpa3zom. Takue pe-
aKTOPhbl JOMOJHUTENBHO OCHAILlEHbl YCTPOCTBaMU
YOAJIEHHON BBICOKOYACTOTHOM IJIAa3MEHHOW aKTUBa-
LIMY TI0JJaBaeMOI'o B peakTop aMMuaka (0003HaYeHbI
"Oobemublii ¢ YII" mim Remote Plasma Batch
Reactor, RPBR). OcaxneHre npoBoAWIOCh LIUKIAMU
u3 SiH,Cl, npu temmneparype <500 °C. dakrnyec-
KMX JaHHBIX O TpOllecCe PocTa MIEHOK OYeHb MaJlo,
YUCIIEHHBIE JaHHBIE O Tpolleccax MPUBEACHBI B Ta0-
Jmie. ABTOpHEI paboThl [25] B MHTEpBaje TeMIiepaTyp
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350...500 °C obOHapyKuIu JMHEHHOE U3MEHEHHE TLUIOT-
HOCTH TIJIEHOK B uHTepBajie 2,5...2,75 F/CM3 U KyIIO-
JIoOOpa3HOe M3MEHEHUE MEeXaHWUYECKUX HampsKeHUI
cxatus ¢ MakcumyMoMm ~ 13 MIla npu Temmepartype
oko10 450 °C. B paborax [26, 27] oLleHUBaI BO3MOX-
HocTh ucrnionb3oBaHus [TA-ACO TITHK B kauectBe
Matepuaja cneicepa mis rexHonorun MUMC ¢ mpoek-
THO-T€XHOJIOTMYECKUMU HOpMaMmu 28...32 HM. AKTU-
BUPOBAHHBIM aMMHUaK TakKe TMOoJaBajcs IEepBbIM B
LukJe ocaxneHus. [TokazaHo, YTO CKOPOCTHU PacTBO-
peHusi B pa3baBieHHON (DTOPUCTOBOAOPOIHOMN KUC-
note (Diluted HF, DHF) akcrioHeHLIMaIbHO CHIXa-
I0TCSI C POCTOM TeMIIepaTypbl OCAXKAEHUSI B MUHTEpBaJie
400...600 °C. HccnemoBaHa TakxXe KOH(MOPMHOCTh
OoCaxXIeHUST Ha TPAH3UCTOPHOM CTPYKTYype, KOTopas
cocraBisia 100 % misg omMHAPHOTO W IBOWHOTO IIIa-
roB (pitch), B TO BpeMs Kak Ipu ucnojib3oBaHuu [1XO
KAB-TII xongopmuoctu cocrasisuin 60 u 87 % co-
OTBETCTBEHHO. OTMETUM MHTEPECHBIN Pe3yabTaT IMpH-
MEHEHMSI BMECTO IUXJOpCcuIaHa MpeKypcopa MOHO-
xnopeunana SiH;CI [27]. Okasanock, yro TITHK u3
9TOr0 peareHTa MMeeT MPUMEPHO BABOE MEHbIINE
ckopoctu pactBopeHusi B DHF, uTto cBuaeTenbCTByeT
B TIOJIb3Y MX OOJIBIIIEN TUIOTHOCTH.

Hccnenosanus [28, 29] npoBeaeHbI C UCNOIb30Ba-
Huem osuromepa Si)Clg ¥ MIa3MOaKTUBUPOBAHHOTO
amMmmaka. B pabore [28] mos3a Si2C£6, oaBaeMoro B
peakTop nepBbiM, coctabisiia 8« 10° L (L — enuHuna
U3MEPEHUs JIPHTMIOp, paBHas 1 * 107% mm pT. CT.*C,
T. €. NPOU3BEIeHUE NaBleHus P, Ha [UIMTEIbHOCTb
UMIIyJbca peareHra f). st TeMiiepaTypbl OCaXKIeHUs
400 °C B KAB-TII o6HapyxeHo 23 at. % Bogopona, B
ocHoBHOM B Buge N—H rpymm, » = 1,9, mioTHOCTh
2,5 r/CM3. ITpucyTcTBHE XJlOpa OLIEHEHO Ha YpOBHE
MeHee 0,1 ar. %. O6oraieHne TICHKHA 1O a30Ty aB-
TOpPbl OOBSICHUIU TIpUCyTcTBUEeM B Heil N—H rpymm.
Koudopmuocts pocta TITHK Ha cTpykType ¢ HaKIOH-
HbIMU CTEHKAaMM M 3a30pOM B HMXKHEH 4acTU OKOJIO
0,1 mxMm, BricoTO#t 0,5 MKM ObLIa IMPAKTUYECKU WS-
ajibHOM. ABTOpPBI [29] UCMOJB30BAIM MPOTOYHbBIN pe-
aKTOp C XOJIOJHBIMU CTeHKaMU (traveling-wave reactor,
HCIIOJIb30BaHHBIM B CaMBIX TEPBBIX MCCIEIOBAHUIX
ACO [30]), monmoaHUTEIbHO OCHAIlEHHBIN TIa3MEH-
HbIM McTouHUKOM. Kpome npekypcopa Si,Clg, 103a Ko-
TOpPOro BapbUpoBaJlach B mpeaenax | - 10...5- 107 L,
WCIOJb30BaJIM aMMHUaK C (UKCHUPOBAHHON [T030i1
1-10° L, a Takke mia3my azoTa Iepe HaIlyCKOM Ipe-
Kypcopa. Takum o00pa3omM, LUKJ OCaKIAEHUSI COCTOSLI
He W3 OOBIYHEBIX IBYX, a M3 TpeX 3TaIlOB: MPeKyp-
CcOp/aMMUaK/aKTUBUPOBAHHBIM 30T, MpPUYEM I10CIe
KaXJIOTO M3 3TanoB OblJIa MpoayBKa aproHoM. Ilpm-
MeHeHMe 1asMbl azota (100 Br, 200 ITa, 50 c¢) gano
BO3MOXHOCTb IMPUMEPHO BIBOE YBEJIUYUTH CKOPOCTD
ocaxaeHuss — ot 0,05 no 0,11 HM/IUKIT — ¥ TaKuUM
00pa3oM CHM3UTH 103y MPeKypcopa MOUTH Ha MOPSIIOK.
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OcaxneHnue ¢ UCIOJIb30BAHHEM
OPraHMYeCcKuX NPeKypcopoB

CoBokynHOCTh nyonukauumii [23, 31—35] npexn-
CTaBJISIET HA HACTOSIILIMI MOMEHT BpEMEHHM Pe3yJibTa-
Thl HauboJiee 0OBEMHBIX UCCAEA0BAHNI BO3MOXHOC-
™ noaydenus1 TITHK ¢ yyactuem ITA-ACO u3 Guc-
TpeT-0yTuaaMMHOCUIaHA (NHtC4H9)2SiH2 (3apy-
OexXHbII TepMUH U abOpeBuatypa bis(tertiary-butyl-
amino)silane, BTBAS). TIpekypcop npeacrasisieT co-
00i1 GeCUBETHYIO XHUIKOCTh IUIOTHOCTBIO 0,82 r/CM3
ipu 20 °C ¢ Temmeparypoit kurenust 167 °C mmpu HOp-
ManbHbIX ycioBusix. Jns TTA-ACO wucnonb3yercst
yIajeHHas T1a3Ma aMMHaKa, a30Ta U BOIOpoaa B pe-
aktope ¢ MCII monrHocthio 600 BT 1 yacTtoToit Bo3-
oyxneHus 13,56 MI'n. HauGonee MHTepeCHBIMU pe-
3yabTatTaMu nyoaukauuii [23, 31—35] MOXHO cuM-
TaTh CJleayIOlIUeE.

1. B pabote [23] npoBeneHO CpaBHUTEIbHOE UCCIe-
noBaHue Koppensiiuu wtotHocty TITHK u ckopocTeii
WX pacTBOpeHUs1 B pasbaBiieHHO# Bomoit 100:1 ¢ro-
pUcToBOIOpPOAHON KUcoTe. [lieHKH mosydanu B pe-
aktope ¢ MCII, aHaJOTMYHOM OIMCAaHHOMY BBIIIIE,
npu MoiwHocTH 300...400 BT 1 Temnepartype ocaxmie-
Hug 350 °C. B kauecTBe MCXOOHOIO OPraHUYECKOTO
MpeKypcopa MCITOIb30BaH TPUC-TPUMETIIAMUHOCH -
naH [(CH3),N];SiH, nng cpaBHeHuUs uccnen0Baiy He-
opranuueckue npekypcopsl SiH,Cl, u Tpucunmiammuy
(SiH3);N. B kayecTBe BTOPOro a3oTcoaepKallero pe-
areHTa MCITOJTb30BaJIH TIJIa3MOAKTUBUPOBAHHEIE CMECH
azora, aMMMHaKa 1 Bomopoja. B 1iesom Bce uccieno-
BaHHBIC BApMAHTHI IIPEKYPCOPOB OMMCAHBI IMHEWHOU
3aBMCHMMOCTBIO B MHTEpBaJie CKOPOCTU PACTBOPECHMS
0,2...9,0 um/MuH u motHoctu TITHK 2,9...2,3 F/CM3.
B cocrase Bcex Tunos TITHK He Ob110 0OHapykeHO
yIiaepoaa, OMHAKO B aHOMAaJIbHO BBICOKMX KOHIIEHTpA-
LIMSIX TIPUCYTCTBOBaJ Kuciopon — oT 7 mo 22 ar. %.
XOTS MCTOYHUK KHUCJIOpPOAa aBTOpaMM HE OOBSICHEH,
MOXHO IMPEANOJOXUThb, YTO OKUCICHUE HECTEXUOMET-
puuHbIX TIT MOXeT MPOMCXOAUTH Ha BO3AYXE YXKe MocC-
Jile U3BJIeYyeHus o0pasloB M3 peakropa. Ha Takyio
BO3MOXHOCTb, B YaCTHOCTH, YKa3bIBAJI aBTOPHI paboT
[20, 36].

2. PocToBble OCOOEHHOCTU HCCIeA0BaHbl B pabo-
Tax [31—34]. OTmMeueHo, YTO B clIydyae MCIOJIb30BaHUS
TUIa3Mbl Bojopozcoaepxaiux coenmHennii (NH;, H,)
MPOMCXOIUIO OJOKMPOBAaHME aKTMBHBIX MECT IOBEP-
XHOCTH (TepMWHHMPOBAHMWE), BEI3BIBAIOIECE CHUXKCHUE
CKOPOCTU ocaxaeHus. [Ipy MCIoNMb30BaHUM a30THOM
IJ1a3Mbl TOCTUTAINCh MAaKCHUMaJIbHBIC 3HAYEHUSI CKO-
POCTH OCaXICHUS.

3. ABTOpHI paboThl [32] oTMeTUIN BIUSIHUE Mapa-
MeTpa "BpeMs TipeObiBaHus" (residence time, t, C) B Ka-
Mepe IJIa3MEHHOTO MOTOKa Ha CKOPOCTh OCAXKIEHMS U
coiictBa TITHK u Ha3Banu oOHapyXeHHbI 3deKT
MOBTOPHBIM ocaxneHueM (redeposition). BennuuHy




OIpeNessIM KaK OTHOIIIEHHE M3BECTHOTO 00beMa pe-
aKTOpa K U3BECTHOMY OOBbEMHOMY PacXomy Ira3MoaK-
TUBUPOBAHHOTO ra3a yepe3 peakrop. D¢ ¢eKT IOBTOP-
Horo ocaxaeHust Habmogaau npu t = 0,1...0,9 ¢. Cytb
a¢dekTa, Mo MHEHUIO aBTOPOB, 3aKJII0Yalach B TOM,
YTO TP OOJBIINX T, T.€. IPU MEUICHHOM IBIKCHUN
MJ1a3MOaKTUBUPOBAHHOIO Ta3a B peakTope, MpOaAyK-
THI peakIM¥ MOTJIM ToIafgaTh O0OpaTHO B TUTA3My, na-
Jiee pacnajaasich U MOBTOPHO OCAXIAsCh B PaCTYIIYIO
IJIEHKY. B yacTHOCTH, TIpy BO3pacTaHUM T B MHTEP-
Bane 0,1...0,9 ¢ mpoucxoaunau cieayollde U3MeHe-
HUSI: TIOKa3aTellb MPEJIOMJICHUST CHIDKAJICS B MHTEepBaJIe
1,95...1,72, KoHLIEHTpanu Kuciaopoaa — 2,5...5 at. %,
yrnepona — 0,5...1,5 at. %, a CKOPOCTU XUIKOCTHOTO
pacTBOpPEHMS BO3pacTany B 4 pasa.

4. C poctom Temnepatypsl B uHtepBaie 100...500 °C
CKOPOCTb HapalllMBaHUsI CHMWXajlach B IIpeaeiax
0,09...0,015 HM/LIMKI TIpU JUIMTEIBHOCTU LIMKJIA OKO-
7o 17 ¢; B 3TOM Xe OMamna3oHe TeMIlepaTyp XapakKTe-
puctuku TITHK cocrapmsum: n = 1,63...1,96, cooTHO-
menne Si/N = 0,37...0,66, KOHIIEHTpalIUs yIJIeponaa
CHMXaach ¢ 25 mo 2 ar. %, a KOHILIEHTpaIus BOIO-
poma — ¢ 11 mo 5 ar. %. YBennueHWe MINTETBHOCTH
WMIIyJbCa IJ1a3Mbl a30Ta B MHTEepBaJe 1...15 ¢ mpuBo-
IIAJI0 K HEKOTOPOMY CHMXXEHUIO CKOPOCTH HapalrBa-
HUS B MPUBEICHHBIX BbILIE Mpeieaax, U3MEHEHUIO KOH-
LIEHTpalK yriepoga B uHtepsaie 18...8 ar. % u Bo3-
pacranuio cootHomeHus Si/N B nHTepBaie 0,4...0,62.
IIpu sToM B TII He3aBUCUMO OT yCIOBUI pocTa 00-
HapyXeH KHUCIIOPOJ ¢ KOHIIEHTpallneit okoio 5 aT. %,
HWCTOYHUKOM KOTOPOTO MPU3HAHBI KBAPLIEBbIE CTEHKU
peaktopa. KauectBo TITHK ompenensercss Temmepa-
Typoit ocaxaeHus: Bbilie 500 °C maeHKU OJU3KMU K
CTEXHOMETPUUYECKHM T10 COCTaBY M OCHOBHBIM CBOMCT-
BaM. BcTpauBanue yrnepona B TITHK onucaHo B BU-
ne dopmupoBanus cBa3eit Si—C u C—N [34]. OTMme-
THM, YTO 3TO COOTBETCTBYET 3aKJIIOUEHUIO aBTOPOB
pa6oTthl [37] o HackleHHBIX yriepoaoMm TITHK, mo-
JIY4EHHBIX TIPA TePMOAKTUBHUPOBAHHOM aMMOHOJIN3¢
9TOrO XK€ peareHTa. JleliCTBUTENbHO, JTaHHbIN MIPEKyp-
cop (NHtC4H9)ZSiH2 U3ydaay MPUMEPHO NeCSTUIe-
THE aBTOPhI paHee LIMTUPOBAHHBIX pabOT B LIEJSIX TO-
nyyenus mieHok TITHK B PHJI o peakuuu ¢ aMmu-
akoM npu temieparypax Huxe 600 °C. B yacTHOCTH,
aBTOPBI TTOKa3ajii, YTO B CPAaBHEHUU C TPATAUIIMOHHO
HCTIONIB3YEMBIM ITUXJIOPCWIIAHOM TIpUMEHEHUEe opra-
HUYECKOro IpeKypcopa Mpu TPUEMJIEMOM YpPOBHE
ckopocreir ocaxaeHus 0,4...3,0 HM/MUH U HEOAHO-
POAHOCTH TOJIIMHBI TIOKPHITHS Ha moajoxkax 200 Mm
OYEBUIHO MPUBOAIN K TOSIBIICHUIO B TIJICHKAX YTJIe-
pona (okojio 7 ar. %), BCTpPOSHHOIO B MaTPUILy MaTe-
pHaja BMECTO a30Ta, M K IISITUKPATHO OOJIbIIIEMY CO-
JIepxXaHuwo Bogopoaa (mo 15 at. %).

Cpasnenne nponeccos ACO
¢ apyrumu npouneccamu noaydenua TITHK

PazBuTue mpoueccoB MojgydyeHMs] TOHKUX TUIEHOK
WIET HEOTPBIBHO OT pa3BUTHS TPUOOPOB MUKPO- 1 Ha-
HO2JIEKTPOHUKU U MOMC, B KOTOpPBIX UCIOJb3YIOT
WO TUIAHUPYIOT K MCIIOJBb30BAaHUIO B TOM YMCIE U
MaTepuaibl noa ooumM HazBaHuem TITHK. Drto, Ha-
npuMep, oObSICHSIET, UYTO MPOLECChl TEPMOAKTUBUPO-
BaHHoro ACO (manee — TA-ACO) B OCHOBHOM MHC-
cnepoBanu Ha pybexe 2000-x romoB, B TO BpeMsl KakK
npouecchl [TA-ACO MHTEHCMBHO Hayalu U3ydyaTb Ha
pyoexe 2010-x romoB, KOrma IpOEKTHO-TEXHOJIOTH-
yeckue Hopmbl UMC pocturim 45 HM u MeHee. Co-
BEpILIEHCTBOBAHUE TEXHOJOTMM B IIEJIOM TpebOoBajo
MEHBIIIEH TONIMHBI TOHKUX TUIEHOK BCeX TUIIOB. [1pn
9TOM KJIIOUEBBIM MapameTpoM Jroboro Buga ACO sB-
JisieTcsl KOH(POMHOCTb OCaXIEeHMUSI.

ABTOp BbIOpajl JBa HalpaBleHUs] CpPaBHEHUS
nHdpopmannu no IMA-ACO TITHK: ¢ mpoueccamu
TA-ACO [2] u ¢ npouieccaMy HU3KOTEMIIEPATyPHOTO
TU1Ia3MOAKTUBUPOBAHHOIO OCAXIEHUSI B MPOTOYHBIX
peaktopax (ITXO) [3, 4]. DrajoHOM [IJisI CpaBHEHUS
apisitorcst  crexuoMmerpudeckue TITHK (C-TITHK),
MoJydyaeMble TIPOMBIIIJIEHHBIM METOIOM ITyTeM aM-
MOHOJIM3a INXJIOpCUIaHa B peaKTopax MMOHUKEHHOTO
JaBJICHUS.

Cpasénenue ocnoenvix xapaxmepucmux TA-ACO u
II4-ACQO. B oboux ciaydasix Mo XapaKTepu3aluu IIpo-
1IECCOB TIPUBEICHO OYEHb MaJIO DKCIEPUMEHTAIBHBIX
JIAHHBIX, TeMIIepaTypHbIC 3aBUCUMOCTH OLICHEHEI BCe-
ro JIMIlIb B HECKOJBKUX padoTax, a ONMyOJMKOBaHHbBIE
pe3yNBTaThl, KaK MPaBUJIO, TIPEICTABIEHBI OTIETbHBI-
MM TpyINamu, pa3BUBAIOLIMMU CBOE HalpaBlieHUe, U
He TIOATBEPXIEHBI IPYTMMHU aBTOpaMM, KakK, HaIlpH-
Mep, 3To ObLIO A1 npoueccoB noiaydyenuss TITHK B
PH/I B 1970...1990-x romax.

B pa6ote [2] o coBokynmHOCTU OKojio 10 mybau-
Kalui ObLJI0 YCTaHOBJIEHO, 4To TeMneparypy TA-ACO
MoxHO cHu3UTh Ha 200 °C u Oojiee OTHOCUTEIbHO
MMPOMBIIIUIEHHOTO TIpOoIecca aMMOHOJIM3a TUXJIOPCH-
naHa (~700 °C). ITpu aTOM aBTOp XOTeJ ObI OTMETUTH
HEIaBHO OITyOJIMKOBAaHHYIO NMAaTeHTHYIO 3asiBKY [38]
koMnanuu Applied Materials, Inc., B kotopoiit TA-ACO
¢ yyactuem SiCly u azorcogepXallux peareHTOB 3a-
aisuioch B auamnasoHe 600...725 °C, T.e. Bcero Ha
50...100 °C Huxe oobekTa cpaBHeHUs. I1pu 3TOM ypo-
BeHb KOHIICHTpallMU Bojopona cocTaBmsit 10 ar. %
st 600 °C u camxanca go 6 at. % nipu 700 °C. K co-
JKaJIEHUI0, B yOJIMKALUIX, PACCMOTPEHHBIX B paboTax
[2] u [38], He ObLIO NMPUBEAEHO KOHKPETHBIX Pe3yJib-
TaTOB 00 YJy4llIeHUU KOHGOOPMHOCTH IS TPOLIECCOB
TA-ACO B cpaBHeHMU C TMpoleccaMu IOJyUYEHUS
C-TITHK B mpoOTOYHBIX peakTopax HM3KOIO JaBJie-
Hus1. TakuM o6pa3oM, MOXKHO JOCTaTOYHO HETPOTH-
BOPEYMBO CUMTATh, YTO U3BECTHBIE MPOILIECCHI C Tep-
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MUYeCKOM aKkTuBaLueii [1, 2] 10BOJbHO OJM3KM 1O Xa-
paKTepUCTHMKAM TMPOIIECCOB, MO COCTaBY U CBOMCTBAM.

OpHako MpuBeAeHHbIEe B TaOnuMie padoTHI [2] DaH-
Hele mo npoueccaM ACQO ykazaau Ha aHOMAaJIbHO
Oosplle O3Bl MPEKYypCOPOB, MCITOJIb30BAHHBIC IS
MOJIYYEHUS IIPUEMIEMOI CKOPOCTHU ocaxaeHus (B [38]
TaKUX JAHHBIX HET BOOOIIE). 3HAUEHUS IIPUBEICHHBIX
JI03 peareHToOB Jajyd BO3MOXHOCTb aBTOPY IMPOBECTHU
KOJIMUYECTBEHHYIO OLIEHKY MOTeHUMaIbHON 3(pdeK-
TUBHOCTH TpolieccoB TA-ACO mist Tpou3BOICTBA.

7151 OLIEHKY TTOPSITKOB BEIMYMHBI U JOCTATOYHOCTH
no3 peareHtoB Tpu [TA-ACO B cpaBHeHuu ¢ TA-ACO
aBTOPOM TIPUHSTHI CJEIYIOIINE MCXOMHBIC TaHHBIC:
IUIOTHOCTb cTeXuomerpuyeckoro SisNy — 3,17 r/CM3
(o paxkTy OoTIMYaAeTCs] B MEHBIIIYIO CTOPOHY), MOJIie-
KyJsapHaa Macca SisNy — 140, rulactuHa — auameTp
200 MM (rmomanb — 314 CMz), yCpeIHEHHasi CKOPOCTh
HapaiwubaHus 0,2 uM/uuki (0,2 - 1077 cm/uukn). Ilo
3TUM JaHHBIM olleHKa oobeMa TITHK, obpa3oBasiiie-
rocsi Ha MOJIOXKE 32 ONMH LIMKJI IIPOLIecca, COCTaBIsIeT
~7-1078 CM3/L1MKJ1, w2+ 107 r, Wi ~9 + 1016 mo-
nexyn/uuki. C yueToM peallbHbIX OTKJIOHEHUI OT TpU-
HSATBIX 3HAYEHWH B CTOPOHY YMEHBIIEHUSI CKOPOCTHU
OCaxkIIeHMs BIUIOTb 10 OMHOTO IOPSIIKa, PeaJbHOIO OT-
KJIoHeHUs IUIOTHOCTU TII B MEHBIIIyI0 CTOPOHY M T.1.,
MOXHO MIPUHSITH, UTO 3HAYCHUE ~10"7 MOJIEKYJI/IINKIT
111 oopazytouierocs 3a ukia TITHK BnosHe oTBevyaer
OITyOTMKOBAHHBIM 3KCITEpUMEHTATLHBIM JTaHHBIM.

[na oleHKM XapaKTepUCTUKU WMMITyJIbCa IIpe-
Kypcopa B COOTBETCTBUM C M3BECTHHIM YpaBHEHHEM
MenneneeBa — KnanelipoHa npumeM o0beM MHIU-
BUIYaJIbHOTO peakTopa ~3 s, ra3oBYIO MOCTOSIHHYIO
62,3 MM pT. CT.* a3 - momp KT TeMmIieparypy
ocaxnenuss 400 °C (700 K), naBieHue B peakTope
100 MM pT. cT. (MO JaHHBIM [2] MCIOJAB30BaAIU N0
500 MM pr. cT.). OLieHKa YKCIa MOJIEKYJ B UMITYJIbCE
JIIS yKa3aHHBIX BEJIUUMH JaeT ~7 * 102! MoJieky. Jas
JI03bI MpeKypcopa B oauH J3HIrMIop (L) onieHka yucia
Mostekya cocrasisier ~7 - 1013 monekyn (To ecTh B
pacCYMTaHHOM BBIILIE UMITYJIbCE A03a OyIeT ~ 108 L).
HMcxons u3 npuBedeHHBbIX BbILIE OLIEHOK, s (op-
mupoBaHus omHoro MoHociosa TITHK HeoOxomuma
J103a MpeKypcopa Ha YPOBHE ~10* L, yTto nmpumepHO
Ha 4—5 MOpsSAKOB MEHbIIE MPUBEACHHBIX B MyOIn-
KallusIX 5KCIepUMEHTAIbHBIX 03 MPEKYPCOPOB IPU
TA-ACO. IlpoBeaeHHas olleHKa MO3BOJSIET 3aKJIIO-
YUTh, YTO 3((HEKTUBHOCTb UCTIOIb30BAHUS TTPEKYPCO-
poB nipu TA-ACO (nosist ipekypcopa, nepelieaiero B
TII, or KoIMUYECTBa MpeKypcopa, I0JaBaeMOro B pe-
aKTOp) COCTaBJISIET COThbIE AOJM MPOLIEHTa, YTO Oe3y-
CJIOBHO, HeTmpuemyieMo JIJisl MpousBoacTBa. Jist cpas-
HEHUsI: COTJIaCHO JaHHBIM aBTopa 3(P(EKTUBHOCTH
MMPOMBILIJIEHHOTO Mpoliecca aMMOHOJM3a JIUXJIOP-
cuwnana B PHJI coctaBnsier okosio 5 % [39], a mnsa
npoueccoB [1XO — Ha nopsinok Beie. Heooxomumo
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orMeTuTh, uto i ITA-ACO HeoOXomuMMbIe ITO3BI
MPEKYPCOPOB OKa3bIBAIOTCS HAa HECKOJbKO TMOPSIKOB
MEHbIIIE€, YTO CBUIETEIbCTBYET O O0JblIeit 3¢ heKTUB-
HOCTHU TaKHX MPOLIECCOB.

Cpasnenue ocnoenvix xapaxmepucmux IIXO u
II4-ACO. TlocKONBbKy CYMTAeTCs, 4YTO IIPOILECCHI
ITA-ACO patoT BO3MOXHOCTb CHM3UTb TEMIIEpPaTypy
"okHa ACO" Ha HEeCKOJIbKO COTEH TIpagycoB, TO 3TOT
TeMIIepPaTypHBIM MHTEePBAJI MOManaeT B MHTEPBaJl TeM-
rneparyp, xapaktepHsbiit ajs npoueccos I[1XO u ITXO
¢ TIBII. IMpuHuunuanbHbiM oTanuuem ITA-ACO ot
MJ1a3MOAKTUBUPOBAHHBIX TTPOIIECCOB B IIPOTOYHBIX Pe-
aKTOpax SBJISIeTCS OYEeHb HU3Kasl, Ha MOPSIKN MEHb-
1€, CKOPOCTb OCAXIEHUSI B CPAaBHUMBIX TeMIIepaTyp-
HbIX UHTepBaiax. OnHAKO OOIIMI TPeHA K YMEHbIIe-
HUIO TOJIIIMH TIJICHOK JISI COBPEMEHHBIX TEXHOJIOTUIA
JI0 YPOBHSI HECKOJIbKMX JIECATKOB HAHOMETPOB OIlpe-
JIeJICHHO CIJIaXKMBAET 3TOT HEAOCTATOK. B To ke BpeMst
KOH(MOPMHOCTh HeKOTOphIX TMpoueccoB [IA-ACO B
cpaBHeHun c¢ I1XO cyuiecTBEHHO JIydllle, YTO I1OI-
TBEp:KAEHO aBTopamu pabdor [16, 17, 20, 26—28]. Kpo-
M€ TOTO, IO COCTaBYy TaKMe IUIEHKH MPUOIKAIOTCI K
CTEXMOMETPUIHBIM.

ITpoueccu [TA-ACO B HacTosiiee Bpems, I10-BU-
IVMOMY, IajieKy OT MPU3HAHUS MX 3pEIbIMU U HAXO-
ISTCS B pa3BUTUU. ABTOP XOTE€J OBl OTMETUTH CJIeIy-
IOIlIMie OCHOBHBIC TEHACHIIMM TaKOTO pa3BUTHS. [lep-
Bas — MOWCKOBAas aKTUBHOCTH B TUTAHE TIPEKYPCOPOB,
He coJepXkallluX XJiopa u yrjaepoaa. Bropast — ucrnosb-
30BaHNE PEaKTOPOB "MPSAMOro AEHCTBUL", T. €. C eM-
KOCTHBIM BO30YXXIAEHUEM IJIa3Mbl, — HauboJiee Ipo-
CTHIX M (PaKTMYEeCKN WACHTUYHBIX TPOMBIIUICHHBIM
peakTopaMm I1XO. 3mech HEOOXOOMMO OTMETUTH, YTO
MIPUMEPHBIN YpOBeHb HeoOXomuMbIx 103 Ipu [TA-ACO
peanusyeTcsl Ipu OTHOCUTEIbHO JUIMTEJbHBIX BpeMe-
HaX MMITYJbCOB PEAreHTOB, JOCTUTAIOIIUX IECSITKOB
ceKyHa (cM. TabJjMlly), YTO BIIOJIHE COIIOCTaBHMO C
BpemMeHaMmu mpolieccoB I1XO. MoXHO NpearnonoXuTh,
YTO XOPOIIIO U3BECTHHIE (1 00Jiee MelleBbie) MIa3MeH-
HbI€ PEaKTOPHI MPSIMOTO ACUCTBUSI MOTYT OKa3aThCsI XO-
polUMM BapuaHTOM peanusauuu mpoueccos [TA-ACO
MIPUMEHUTEIbHO K HuszkoremneparypHbiMm TITHK
VIOBJIETBOPUTEIBHOTO KAYeCTBa.

B kauecTBe akTyajbHON MpPOOJEMbI IJIs1 IOBBILIIE-
HUS IIpousBoauTeabHOCTH mpoleccoB ITA-ACO aBrop
OTMETUJI Obl MOMCK MyTeid 00pabOTKM MOBEPXHOCTU
JIJISI TIOBBILIEHUST CKOPOCTH ocaxneHus. Takue pabo-
Thl, B YACTHOCTH, MO3BOJISIOT MPEANOJOXUTb UCITOb-
30BaHME aKTMBMPOBAHHOIrO a3ora [29] miau Bomopoaa
[40]. OnHako oOpaboTKa BHYTPEHHUX ITOBEPXHOCTEM
CJIOXXHBIX peJibeoB IMPUOOPOB, OYEBUAHO, ITOTPEOyeT
KCITOJIb30BaHNS MHTEHCUBHBIX ITOTOKOB aKTHWBUPO-
BaHHBIX YacTUll, T. €. YBEJIWYEHUs] BO30OYyXKIalolIei
9HEPTUM, CIOCOOHON MPUBECTU K HEMPUEMIJIEMbIM Ha-
pYLIEHUSIM B MpUOOpax.




3akioueHune

I11a3MOaKTUBUPOBAaHHOE  HU3KOTEMIIEPaTypHOE
ACO nosponser noaydats TITHK npu Temnepatypax
Hike 500 °C u3 nmpeKypcopoB HEOPraHUYECKON Mpu-
ponbl (CUJIaHbI, XJIOPIMPOU3BOAHbBIE CUJIIAHOB, AMUHBI).
XapaKTepUCTUKM MOKPHITUI OTBEYalOT TPeOOBaHUSIM
npousBoactsa UMC, obecrieunBast mpreMeMbIe CKO-
pPOCTH HapalllMBaHMSI MU HU3KHE CKOPOCTU pacTBOpeE-
HUSI B XKUJKOCTHBIX TPABUTEJISIX HA OCHOBE (PTOPUCTO-
BOAOPOAHON KUCIOTh. KOH(MOPMHOCTD pocTa MOKPHI-
it npu ITA-ACO 3HaYUTETBLHO MPEBbBILIAET TAKOBYIO
a7 ITXO. ABTop xoTes Obl OTMETUTh CASAYIOIINE TEH-
neHuuu pas3putus poueccoB [TA-ACO. IlepBas TeH-
JIEHIIMsI — TOMCKOBAsl aKTUBHOCTD B IJIaHE MPEKypCo-
POB: TIepCNEKTUBHBIMU SIBJISIIOTCSI TIPEKYypCOphl opra-
HUYECKUI TTpUpobl, mo3Bostoiue moaydats TITHK
C XapaKTepUCTUKAMU, TIPUEMJIEMbIMU JJISI COBPEMEH -
HbIX MMKPO- U HAHO3JIEKTPOHHBIX TeXHOJI0ruii. Bmec-
T€ ¢ TeM HEOOXOOMMO OTMETHUTb, UYTO, HECMOTPS Ha
MHOTOJIETHUE Y MHOTOKPATHbIC MOMBITKY BHEIPEHMSI
OpraHMYeCKHUX IPeKypcopoB B mpousBoacTtBo TII, mx
CcKOpee MOXHO CUMTaThb HEYAaBLIMMMCS B ClIydyasix,
KOTIa UMEIOTCS TIpUeMIIEMbIe TIPEKYypCOPbl HEOPTaHU -
YyecKoi npupoabl. Bropast TeHaeH1us — UCIoab30Ba-
HHUE peaKTOPOB IMPSMOTo IEeUCTBUS — Haubosee Mpo-
CTBIX M, (DAKTUUYECKM, UACHTUUYHBIX MPOMBILIJIEHHbBIM
knaccuyeckuM peakropaM I1XO. TpeTbsa TeHASHIUS —
MOUCK MyTell 00pabOTKMU MOBEPXHOCTU JJISI MOBBILIE-
HUSI CKOPOCTU OCaXKIeHUsI.
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In [1, 2] the present state of the technologies for ob-
taining of thin films (TF) of silicon nitride (SNTF) for
application in the technologies of the integrated micro-
circuits (IC) and nano- and microelectromechanical
systems (MEMS) is analyzed. Part [1] is devoted to
consideration of the processes of chemical deposition
from the gas phase (CVD) at (7,) 650...850 °C in the
low pressure reactors of the flow type (Low Pressure
Chemical Vapor Deposition, LPCVD) with a thermal
activation of the chemical reactions of ammonolysis
(reactions with ammonia, NHj3) of the initial silicon-
containing reagents (SiH,_ SiCl, and SiH,Cl,). Part [2]
contains analysis of the fechnologies for obtaining of
SNTF in the cyclic-type reactors with sequentially
pulsed injection of the initial chemical reagents (called
"precursors”, "predecessors") during pulses of certain
duration 7. In the mode of the atomic-layer depo-
sition (ALD) at 300...650 °C the rate of growth W was
less than one monolayer per one cycle of deposition.
Both of the considered methods allow us to receive
SNTF, close by their composition to stochiometric
SisNy4 (S-SNTF), which corresponds to the correlation
Si/N = 0.75.

In parts 3 and 4 of the review [3, 4] an analysis was
done of the present state and directions for develop-
ment of the technologies for obtaining of low-temper-
ature (<400 °C) TF in the flow reactors with plasma ac-
tivation. Plasma-enhanced chemical vapor deposition
(PECVD) allows us to reach high rates of growth [3],
however, at a low temperature the non-stoichiometric
materials are formed dubbed by the author as "silicon-
nitrogen-hydrogen containing thin films" (SiNH-TF).
The main technologically undesirable component of
SiNH-TF is hydrogen with the total concentration up
to 40 at. %, which worsens such technologically impor-
tant properties of the films as density, rate of dissolu-
tion, etc. Use of the so-called high density plasma
(HDP) during PECVD ensures a many times lower and
acceptable for the technology level of the content of hy-
drogen, an essentially higher density of the films and
lower rates of dissolution [4].

However, an ineradicable problem with PECVD,
including HDP, is an unacceptably low conformality
of the low-temperature plasma-activated coatings
(<50 %) in comparison with that of the high-temper-
ature S-SNTF, received at the thermally activated
CVD (about 100 %) [5]. In the elementary and most
widely acceptable sense "the conformality” means cor-
relation (%) of the thickness of a coating on the lateral
surface of a step of the relief to that on a flat top sur-
face. For improvement of the conformality of deposi-
tion and formation of the material-filled gaps in the
relief of complex structures of the devices, the meth-
ods and equipment of PECVD with HDP are used,
combining the processes of deposition of TF and its si-
multaneous etching (sputtering) in the course of the

growth. Besides, a drawback of PECVD processes with
HDP is a strong undesirable influence of plasma on
the devices.

Statement of problems of the review

For solving of the above problems, the authors of
a number of relatively recent publications, for example
in [6—9], suggested to use the low-temperature meth-
od of ALD with a "direct" or "remote" plasma activa-
tion of one of the reagents (hereinafter, PA-ALD).
Reactors with PA-ALD are the reactors of the cyclic
type, in which a pulsed injection of the reagents occurs
according to the general ideology of ALD; at that, one
of the reagents (in case of SNTF it is either ammonia,
or nitrogen) is injected into the reactor activated. The
plasma charge can be turned on either at once, in the
cycle beginning, or after a while, after injection of a
reagent; at that, the activated reagent can be injected
first in the deposition cycle, as is shown in the example
in fig. 1.

The subject of ALD is very popular in connection
with a high demand for the method as a solution to the
problems of increasing complexity involved in develop-
ment of TF technology. In the present work an analysis
is done of the publications on the subject of reception
of activated ALD SNTF in the cycle-type reactors at a
low temperature with the use of the initial substances of
various nature. A feature of the publication activity for
the case of ALD SNTF consists in the fact that the
thermally activated (actually — high-temperature)
ALD SNTF were mainly investigated in the first decade
[2], while the plasma-activated ALD — in the second
decade of 2000s. In recent years several survey publi-
cations on the activated ALD SNTF [10, 11] were pub-
lished. Despite availability of the industrial equipment
for the PA ALD, this method for obtaining of SNTF,
apparently, still cannot be considered a mature tech-
nology in comparison with reception of SNTF in the
flow LPCVD [1] or at PECVD [3].

The aim of the work is analysis and generalization
of the experimental results concerning the opportuni-
ties and directions of the research, estimation of the
possibilities of the method of the PA-ALD, the fea-
tures of its hardware realization and the basic results
of the research in comparison with SNTF presented in
[1—4].

A brief review of the basic types of the reactors
for the plasma-activated ALD

In general the designs of the reactors for the
PA-ALD are close to those of the plasma reactors, pre-
sented in [3, 4] and are shown in fig. 2, a—d, and their
detailed description and examples of the industrial re-
actors can be found in [7, 8, 12]. As a rule, such reactors

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 11, 2018 669




are the reactors of individual type (per one wafer). The
first design of the reactor (fig. 2, a) is typical for a re-
actor with plasma of direct action (direct plasma),
which envisages plasma chemical deposition from the
vapor phase (PECVD) directly in the area of the wafer.
In this case the capacitance-coupled plasma is usually
generated with the frequency of 13.56 MHz between
two parallel electrodes in the so-called "diode reactor”.
The gases are introduced into a reactor either through
the showerhead, or from one side, through the gap be-
tween the electrodes. Usually, the working pressure
equals to hundreds of pascals, but can also be about
10 times less. If an additional grid is placed in the area
of plasma (fig. 2, b), we get a "triode design", allowing
to keep plasma between the top electrode and the grid
so, that the surface of deposition of the film will not
contact the active plasma. This somewhat reduces the
density of the radicals and the ion flows to the wafer
surface.

The third widespread configuration of a PA-ALD
reactor presented in fig. 2, c is called "ALD reactor with
remote plasma". In this case, unlike in the reactors of
the first type, for which concentration of the active par-
ticles can decrease down to zero in the direction to the
wafer surface, here, plasma is present quite near the wa-
fer surface, and thus the flow of the radicals to the wafer
is much more higher, than for the reactor of the pre-
vious type. In such systems plasma can be formed like
in reactors with the inductive coupled plasma, 1CP), in
reactors with a microwave frequency electron-cyclotron
plasma, ECR, and microwave plasma rectors. It is im-
portant to point out, that the parameters of the plasma
and the wafer in such reactors can change independ-
ently, expanding possibilities for variation of the char-
acteristics of PA-ALD processes. The level of the work-
ing pressure (P,) in such reactors equals to some tens
or hundreds of pascals.

In the design of the PA-ALD reactor presented in
fig. 2, d, the microwave source of plasma is connected
to the reactor for CVD with a usual thermal activation
of the wafer. This type of ALD plasma activation is
called "radical-enhanced". Such systems are most fre-
quently used as embedded in CVD/PECVD/PECVD
installations with HDP for cleaning of the walls of the
reactors after a deposition by plasma etching.

The advantages of PA-ALD are [7] expansion of the
experimental conditions for obtaining of the materials
with the set properties, including due to expansion of
the possibilities for selection of the precursors of the in-
organic and organic nature, increase of the rate of dep-
osition at the lowered temperatures (at temperatures
less than 500 °C they are considered the most promis-
ing), improvement of the properties of coatings, etc.
Among the drawbacks are the problems with the con-
formality of coatings by films at PA-ALD on a devel-
oped relief of IC.
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Obtaining of SNTF with the use
of the inorganic precursors

The investigated precursors of the inorganic nature
include monosilane SiH, [13, 14] and its derivative ne-
opentasilane (SiH3),Si [15], trisilylamine (SiH;);N
[15—19] and its derivatives [20], chlorine-containing
silanes [21—29]. Brief numerical data from the pub-
lished research works are presented in the table.

PA-ALD from silanes. PA-ALD from a monosilane
was done on a silicon surface preliminary processed by
plasma of nitrogen, on which, according to the authors,
the surface terminated by nitrogen — a monolayer of
nitrogen with active bonds, was formed. Saturation by
the activated nitrogen took place at a pulse with dura-
tion more than 60 s. When SiHy is injected, it connects
to nitrogen with formation of Si—N bonds and N—H
bonds. At the next injection cycle of the plasma-acti-
vated nitrogen the N-H bonds are removed and re-
placed with Si—N bonds. The received films are en-
riched with silicon, at that, the mechanical stress of com-
pressive type of — 810 MPa, the density of 2.5 g/cm3 and
the refraction index » = 1.75 were observed.

For PA-ALD from neopentasilane [15] we should
point out a rather long duration of the pulses of the
plasma-activated nitrogen (table), at that, even in case
of duration of 30 s the saturation of the rate of depo-
sition is not reached (thus, the refraction index decreas-
es from 2.14 down to 2.07). The films demonstrated a
composition close to the stoichiometry, and small con-
centrations of carbon and oxygen (<1 and <3 at. %, ac-
cordingly). The concentration of hydrogen was influ-
enced by the power of plasma: for 275 °C and plasma
power of 250 and 750 W the concentration of hydrogen
(at. %) and the density of films (g/cm3) were 11 and
2.21, and 23.5 and 1.86, accordingly. For the structures
etched in silicon with the width of 0.25...2.0 pm and
depth of 5.45...11.8 um it was discovered, that the du-
ration of a pulse of nitrogen and power of the plasma
discharge did not influence the conformality of the dep-
osition. At that, in general, the conformality can be
considered unsatisfactory, because for example, for a
rather simple structure with the width of 0.35 um at the
depth of only 1.3 um (recalculated for an aspect rela-
tion, it is only 3.7) the conformality of the films was on-
ly about 31 %.

PA-ALD from amines. In [15—20] the authors from
four various groups studied a possibility of obtaining of
SNTF with the use of amines and, first of all, trisi-
lylamine (SiH3);N, the composition of which includes
an atom of nitrogen directly connected with atoms of
silicon. According to [15—17], the density of SNTF
was about 2.8 g/cm3 , the rates of dissolution in the lig-
uid etchants were a little bit less, than those for the reg-
ular SINH-TF received at PECVD. Most interesting
are the attempts to characterize the conformality of




SNTF deposition on the transistor structures for the
use of a film as a spacer. From the presented data it
is visible, that despite the very simple by their form
transistor structures, their rapprochement per a step
from 240 down to 120 nm led to a deterioration of the
conformality of PA-ALD SNTF by 20...30 %. Never-
theless, that was essentially better in comparison with
regular PECVD.

The authors of the works [18, 19] established the op-
timal window of the process with approximately con-
stant rate within the range of 250...350 °C (table). By
their composition SNTF were close to the stoichio-
metric ones, although had the index of refraction of
1.75...1.8 and contained 13.4...8.1 at. % of hydrogen,
accordingly. It was established, that roughly a triple in-
crease of power from 100 up to 300 W provided a
chance to lower the rate of dissolution of SNTF ap-
proximately in 3 times.

In [20] SNTF are investigated, received from the
derivatives of trisilylamine (by replacement of SiHj
groups in the initial precursor by the groups of dimeth-
ylaminomethylsilyl or trimethylsilyl). Out of the three
synthesized precursors a reagent was chosen as a
promising one for PA-ALD SNTF with the gross-for-
mula (CyH,gN3Si3): bis(dimethylaminomethylsilyl)
trimethylsilylamine. For deposition a reactor of direct
action was used, the temperature of deposition was
250...400 °C, pressure — about 80 Pa, duration of pulses
of the precursor — 1...9 s, and of the plasma-activated
nitrogen — 4...15 s. In those modes SNTF had a cor-
relation of Si/N of about a unit and » = 1.97. The con-
centration of carbon in case of variation of the plasma
power within 100...200 W and over increased within the
limits of 0...5 at. %. At that, the concentration of oxy-
gen also increased within 7...11 at. %, which the au-
thors explained by oxidation of SNTF, enriched by sil-
icon, in the ambient air after the process. For the
structure with the width of 0.071 pm and the depth of
0.375 um and with slightly inclined walls the confor-
mality at the half of the depth was estimated at the level
of 73 %. In [10] it is also possible to find brief tabular
data concerning the attempts to use for the PA-ALD
the other organic aminosilanes in direct or remote plas-
ma of nitrogen and ammonia: bis(diethylamino)silane,
tris(dimethylamino)silane, etc. The specific features of
processes of PA-ALD from these precursors were un-
acceptably low rates of growth (100-th fractions of a na-
nometer per a cycle), and also value of the refraction
index of n = 1.7...1.8.

PA-ALD from chlorosilanes. Chronologically, the in-
dustrial reagent of dichlorosilane (SiH,Cl,) was inves-
tigated first. Unfortunately, the data available in liter-
ature concerning the growth processes at PA-ALD are
very limited. In [21, 22] the authors present the results
of the research of the films received in the experimental
reactors of individual type with a remote source of plas-

ma by nitridization of ammonia by plasma of a thin sil-
icon film, grown at the thermal-activated pyrolysis of
dichlorosilane at 750 °C. At that, injection of the acti-
vated ammonia was the first in the cycle, followed by a
pulse purge of the reactor by a mix of N,—H, and then
followed a pulse of dichlorosilane. The results of the re-
search are presented in the table and in more detail in
[2], where a direct comparison is done with the results
of growth of SNTF at the thermal activation of ALD
process with the use of SiH,Cl,. Here we point out that
the obtained SNTF had n = 1.6...1.85, [O] =2...7 at. %
(which is explained by a possible sputtering of the
quartz walls of the plasma generator), [H] = 13 at. %,
[Cl] ~ 0.5 at. %. The authors [23] compared SNTF, re-
ceived at PA-ALD from SiH,Cl,, and the organic-sil-
icon compounds with the use of the plasma-activated
ammonia, nitrogen, and hydrogen. Certain data con-
cerning the process with dichlorosilane are presented
in the table, in more detail the results are considered
below.

A series of publications [24—27] present the results
of the research done in the industrial batch reactors
similar to LPCVD by their design (see fig. 2, e), but
working in the cyclic mode. Such reactors were addi-
tionally equipped with the devices of the remote high-
frequency plasma activation of ammonia supplied to
the reactor (Remote Plasma Batch Reactor, RPBR).
The deposition was done in cycles from SiH,Cl, at
<500 °C. The actual data concerning the process of
growth of the films are very few, the numerical data
about the processes are presented in the table. In the
range of 350...500 °C the authors [25] found a linear
variation of the density of films within the range of
2.5...2.75 g/cm3 and a dome-shaped change of the
compressive mechanical stress with a maximum of
~13 MPa at about 450 °C. In [26, 27] a possibility was
estimated of the use of PA-ALD SNTF as a spacer ma-
terial for IC technology with the design-technological
nodes of 28...32 nm. The activated ammonia was also
the first to be supplied in the deposition cycle. It was
demonstrated, that the rates of dissolution in a diluted
hydrofluoric acid (Diluted HF, DHF) exponentially
decreased with the growth of the temperature of depo-
sition within the range of 400...600 °C. The conformal-
ity of deposition on a transistor structure was also stud-
ied and it was equal to 100 % for the unary and double
pitches, while at the use of PECVD SiNH-TF the con-
formalities were 60 and 87 %, accordingly. Let us note
an interesting result of application of the precursor of
monochlorosilane SiH;Cl instead of dichlorosilane
[27]. Tt turned out, that SNTF from this reagent had
approximately twice smaller speeds of dissolution in
DHF, which testified in favor of their higher density.

Research works [28, 29] were done with the use of
oligomer Si,Clg and plasma-activated ammonia. In the
work [28] the dose of Si,Cl¢ supplied to the reactor first
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was 8+10° L (L stands for Langmuir, a unit of meas-
urement equal to 1+ 107 mm of mercury * s, that is, a
product of pressure P, for duration of the pulse of the
reagent 7). For the temperature of deposition of 400 °C
in SINH-TF the author discovered 23 at. % of hydro-
gen, mainly in the form of N—H groups, n = 1.9, den-
sity 2.5 g/cm3. Presence of chlorine was estimated at
the level less than 0.1 at. %. The authors explained the
film enrichment with nitrogen by the presence of N—H
groups in it. The conformality of SNTF growth on the
structure with the inclined walls and a gap in the bot-
tom part of about 0.1 um and height of 0.5 pm was
practically ideal. The authors [29] used a flow reactor
with cold walls (travelling-wave reactor, used in the
very first research works of ALD [30]), additionally
equipped with a plasma source. Besides Si,Clg precur-
sor, the dose of which varied within the limits of
1-10°...5 - 107 L, ammonia was used with the fixed
dose of 1-10° L, and also a nitrogen plasma before in-
jection of the precursor. Thus, the deposition cycle
consisted of not usual two stages, but of three stages:
precursor/ammonia/activated nitrogen, at that, after
each of the stages there was a purge by argon. Applica-
tion of the nitrogen plasma (100 W, 200 Pa, 50 s) pro-
vided a chance to approximately double the rate of dep-
osition from 0.05 up to 0.11 nm/cycle and, thus, to
lower the dose of the precursor by almost an order.

Deposition with the use of the organic precursors

The whole set [23, 31—35] presents the results of the
largest research works of the possibility of reception of
SNTF with the use of the PA-ALD from bis(tertiary-
butylamino)silane, BTBAS, (NH'C4Hy),SiH,. A precur-
sor is a colorless liquid with the density of 0.82 g,/cm3
at 20 °C with the temperature of boiling of 167 °C in
normal conditions. For PA-ALD they usually use re-
mote plasma of ammonia, nitrogen and hydrogen in the
reactor with ICP with power of 600 W and frequency
of excitation of 13.56 MHz. The following results of
publications [31—35] may be regarded as the most in-
teresting.

1. In [23] a comparative research was done of the
correlation of SNTF density and rates of their dissolu-
tion in the hydrofluoric acid diluted with water in pro-
portions 1:100. The films were received in a reactor
with ICP, similar to the one described above, at the
power of 300...400 W and deposition temperature of
350 °C. As the initial organic precursor, tris-trimethy-
ilaminosilane [(CH;3),N];SiH was used, for compari-
son reasons, the inorganic precursors SiH,Cl, and tris-
ilylamine (SiH3);N were investigated. As the second
nitrogen-containing reagent, the plasma-activated
mixes of nitrogen, ammonia and hydrogen were used.
In general, all the investigated versions of the precur-
sors were described by a linear dependence within the
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range of dissolution rate of 0.2...9.0 nm/min and
SNTF density of 2.9...2.3 g/cm3. In all the types of
SNTF no carbon was discovered, however, there was
an abnormally high concentration of oxygen in it —
from 7 up to 22 at. %. Although the source of oxygen
was not explained by the authors, it is possible to as-
sume, that an oxidation of the non-stoichiometric TF
can occur in the ambient air already after unloading of
the samples from the reactor. The authors, in particu-
lar, mentioned such a possibility [20, 36].

2. The growth features were investigated in [31—34].
It was pointed out, that in case of the use of plasma of
the hydrogen-containing compounds (NH;, H,) a
blocking occurred of the active places of the surfaces
(termination), causing a decrease of the deposition rate
The maximal values of the deposition rate were
reached, when the nitrogen plasma was used.

3. The authors [32] noted the influence of the resi-
dence time parameter (t, s) in the plasma flow chamber
on the rate of deposition and properties of SNTF, and
called the discovered effect "a redeposition”. The value
of t was defined as the relation of the known volume of
the reactor to the known volume consumption of the
plasma-activated gas through the reactor. The effect of
redeposition was observed at t = 0.1...0.9 s. According
to the authors, the essence of the effect consisted in the
fact that at big t, i.e. at a slow movement of the plasma-
activated gas in the reactor, the reaction products could
get back to plasma, then they disintegrated and were re-
peatedly deposited on the growing film. In particular, at
an increase of t in the range of 0.1...0.9 s the following
changes occurred: the refraction index decreased in the
range of 1.95...1.72, the concentration of oxygen —
2.5...5at. %, of carbon — 0.5...1.5 at. %, while the rates
of liquid dissolution increased 4 times.

4. With the growth of temperature in the range of
100...500 °C the rate of growth decreased within
0.09...0.015 nm/cycle at duration of a cycle of about
17 s; in the same range of temperatures the SNTF
characteristics were: n = 1.63...1.96, correlation
Si/N = 0.37...0.66, the concentration of carbon de-
creased from 25 down to 2 at. %, and the concentration
of hydrogen — from 11 down to 5 at. %. An increase
of duration of a plasma pulse of nitrogen in the range
of 1...15 s led to a certain decrease of the rate of growth
within the limits presented above, to variation of the
concentration of carbon in the range of 18...8 at. % and
to an increase of correlation Si/N in the range of
0.4...0.62. At that, irrespective of the growth condi-
tions, oxygen was discovered in TF with the concen-
tration of about 5 at. %, the source of which was rec-
ognized as the quartz walls of the reactor. The quality
of SNTF is determined by the deposition temperature:
if it is over 500 °C, the films are close to the stoichi-
ometric by their composition and basic properties.
Carbon embedding in SNTF is described in the form




of formation of Si—C and C—N bonds [34]. We
should point out, that this corresponds to the conclu-
sion of the authors [37] about saturation with carbon
of SNTF received during a thermally activated ammo-
nolysis of the same reagent. In fact, the given precursor
(NH'C,4Hy),SiH, was studied during a decade earlier
by the authors of the works quoted above for the pur-
pose of reception of SNTF films in LPCVD by reaction
with ammonia at the temperature below 600 °C. In par-
ticular, the authors demonstrated, that in comparison
with the traditionally used dichlorosilane, application
of the organic precursor, at the acceptable level of the
deposition rates of 0.4...3.0 nm/min and uniformity of
the thickness of coating on the wafers of 200 mm, ob-
viously led to occurrence in the films of carbon (about
7 at. %) of the embedded into the matrix material in-
stead of nitrogen, and to a 5 times higher content of hy-
drogen (up to 15 at. %).

Comparison of ALD processes
with the other processes for reception of SNTF

Development of the processes for obtaining of the
thin films goes alongside with the development of the
devices of the micro- and nanoelectronics and MEMS,
which use or intend to use, also the materials known
under the common name of SNTF. This, for example,
explains that the processes of the thermally activated
ALD (further, TA-ALD) were basically investigated at
the turn of ZOOOth, while the intensive studies of
PA-ALD were begun at the turn of 2010s, when the 1C
technology nodes reached the level of 45 nm and less.
Improvement of the technology as a whole demanded
a smaller thickness of the thin films of all types. At that,
the key parameter of any kind of ALD was the confor-
mality of the deposition.

The author selected two directions for comparison
of information concerning PA-ALD SNTF: with
TA-ALD processes [2] and with the processes of a low-
temperature plasma-activated deposition in the flow re-
actors (PECVD) [3, 4]. The standard for comparison
are stoichiometric SNTF (S-SNTF) obtained by the in-
dustrial method of ammonolysis of dichlorosilane in the
low pressure reactors.

Comparison of the basic characteristics of TA-ALD
and PA-ALD. In both cases, very few experimental data
concerning the characteristics are available, the tem-
perature dependences are estimated only in several
works. The published results, as a rule, are presented by
the separate groups developing their own directions,
and the results are not confirmed by the other authors
as, for example, it was with reception of SNTF in
LPCVD in 1970s...1990s.

In [2] according to about 10 publications it was es-
tablished, that the temperature of TA-ALD could be
lowered by 200 °C and more, compared with the in-

dustrial process of ammonolysis of dichlorosilane
(~700 °C). At that, the author would like to mention
the recently published patent application [38] of Ap-
plied Materials, Inc., in which TA-ALD, employing
SiCl, and the nitrogen-containing reagents, was an-
nounced in the range of 600...725 °C, i.e. only by
50...100 °C lower than the object of comparison. At
that, the level of concentration of hydrogen was 10 at. %
for 600 °C and it lowered down to 6 at. % at 700 °C.
Unfortunately, the publications considered in [2] and
[38] did not present concrete results about improve-
ment of conformality for TA-ALD in comparison with
the processes of reception of S-SNTF in the flow re-
actors of low pressure. Thus, we have enough grounds
to consider that the known processes with the thermal
activation [1, 2] are rather close by characteristics of the
processes, composition and properties.

However, the data presented in the table and in [2]
concerning the ALD processes point to the abnormally
large doses of the precursors used for achievement of an
acceptable rate of deposition (in [38] such data are not
available at all). The values of the presented doses of
the reagents provided an opportunity for the author to
undertake a quantitative estimation of the potential ef-
ficiency of TA-ALD processes for an industrial pro-
duction.

For estimation of the values and sufficiency of the
doses of the reagents at PA-ALD in comparison with
TA-ALD the author accepted the following initial data:
density of the stoichiometric SiN, — 3.17 g/cm? (in
fact, it is less), molecular mass of Si;N, — 140, wafer—
diameter of 200 mm (area — 314 cm®), averaged rate
of growth — 0.2 nm/cycle (0.2 1077 cm/cycle). Ac-
cording to these data, estimation of the volume of
SNTF formed on the wafer per one cycle of the proc-
ess equals to ~7- 1078 cm3/cycle, or 2-107° g, or
~9-10'0 molecule/cycle. Taking into account the real
deviations from the accepted values towards reduction
of the rate of deposition down to one order, the real de-
viation of TF density to the smaller value, etc., it is pos-
sible to assume, that the value of ~10'7 molecule/cycle
for SNTF formed per a cycle corresponds well to the
published experimental data.

For estimation of the characteristic of an pulse of
the precursor in accordance with the known Men-
deleev — Clapeyron equation we will accept the vol-
ume of an individual reactor as ~5 dm3, the gas con-
stant — 62.3 mm of mercury - dm3 - mol - K71, dep-
osition temperature — 400 °C (700 K), pressure in the
reactor — 100 mm of mercury (according to data in
[2], the used pressure was up to 500 mm of mercury).
Estimation of the number of molecules in a pulse for
the above values gives a value of ~7 - 102! molecules.
For a dose of the precursor of one langmuir (L) the
estimation of the number of molecules equals to
~7+10'3 molecules (which means that in the pulse, cal-
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culated above the dose will be ~108 L). Proceeding
from the estimations presented above, the precursor
dose, necessary for formation of one monolayer of
SNTEF is at the level of ~10* L, which by 4 or 5 orders
less, than the data presented in the publications on the
experimental doses of the precursors at TA-ALD. The
presented estimation allows us to conclude that the ef-
ficiency of the use of the precursors at TA-ALD (the
fraction of the precursor transferred into TF from the
quantity of the precursor injected into the reactor)
equals to only hundredth parts of percent, which, no
doubt, is insufficient for production. For comparison:
according to the author’s data, the efficiency of the in-
dustrial process of ammonolysis of dichlorosilane in
LPCVD is about 5 % [39], and for PECVD — about
an order higher. It is necessary to point out that for
PA-ALD the doses, necessary for the precursors, turn
out to be by several orders less, which testifies to a high-
er efficiency of such processes.

Comparison of the basic characteristics of PECVD
and PA-ALD. Since it is considered, that PA-ALD
processes give a chance to lower the temperature of "the
ALD window" by several hundreds of degrees, this tem-
perature interval gets into the interval of the tempera-
tures, characteristic for the processes of PECVD and
PECVD with HDP. The basic difference of PA-ALD
from the plasma-activated processes in the flow reac-
tors is a very low, by orders less, rate of deposition in
the comparable temperature intervals. However, the
general trend for reduction of the thickness of the
films for the modern technologies down to the level of
several tens of nanometers definitely smoothes this
drawback. At the same time, the conformality of certain
processes of PA-ALD in comparison with PECVD is
essentially better than it was confirmed by the authors
[16, 17, 20, 26—28]. Besides, by composition such
films come closer to the stoichiometric ones.

Now, the PA-ALD processes, apparently, are far
from being recognized as mature and still developing.
The author would like to note the following basic trends
in such development. The first one is the search activity
for the precursors, not containing chlorine and carbon.
The second one is the use of the reactors of "direct ac-
tion", that is, with a capacitive excitation of the plasma,
the simplest reactors, which are actually identical to the
industrial reactors of PECVD. Here, it is necessary to
point out, that an approximate level of the necessary
doses at PA-ALD is realized at rather long durations of
the pulses of the reagents, reaching tens of seconds (see
the table), which is quite comparable with the duration
of the PECVD processes. It is possible to assume, that
the well-known (and cheaper) plasma reactors of direct
action can turn out to be a good variant for realization
of the PA-ALD processes with reference to the low-
temperature SNTF of the satisfactory quality.
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As a topical problem for increasing the productivity
of the PA-ALD processes the author would mention a
search for the ways of the surface processing for in-
creasing the rate of deposition. Such works, in partic-
ular, allow us to expect the use of the activated nitrogen
[29] or hydrogen [40]. However, processing of the in-
ternal surfaces of the complex reliefs of the devices will
obviously demand the use of the intensive flows of the
activated particles, i.e. an increase of the exciting en-
ergy, capable to cause unacceptable infringements in
the devices.

Conclusion

The plasma-activated low-temperature ALD allows
us to receive SNTF at temperatures below 500 °C from
the precursors of an inorganic nature (silanes, chlorine
derivatives of silanes, amines). Characteristics of the
coatings meet the requirements of IC manufacture, en-
suring acceptable rates of growth and low rates of dis-
solution in the liquid etchants on the basis of hydrofluo-
ric acid. The conformality of the growth of coatings at
PA-ALD considerably exceeds that of PECVD. The
author would like to mention the following trends in
development of the PA-ALD processes. The first trend
is the search activity concerning the precursors: prom-
ising are the precursors of organic nature, allowing us
to obtain SNTF with the characteristics acceptable for
the modern micro- and nanoelectronic technologies.
At the same time, it is necessary to point out, that de-
spite the long-term and repeated attempts to introduce
the organic precursors into TF production, it is pos-
sible to consider them failed in the cases, when ac-
ceptable precursors of the inorganic nature are avail-
able. The second trend is the use of the reactors of di-
rect action — the simplest and, actually, identical to
the industrial classical reactors of PECVD. The third
trend is the search for the ways for processing of the sur-
face for an increase of the rate of deposition.
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ABYX3OHHbIE TA30BbIE CEHCOPbI HA TTOAAOXKAX Al,O4
C TOHKONAEHOYHbIMAN YYBCTBUTEAbHbIMU DAEMEHTAMU
M3 OKCHNAA XEAE3A

Ilocmynuna 6 pedaxyuro 01.06.2018

Ilpedcmaesaenst pesyrvmamol Uccae008aHUS MOHKUX NAEHOK OKCUOA Jceae3a Ha NOOA0JICKAX U3 AHOOH020 OKCUOA AMOMUHUS
U U3VYeHUs UX ea304YBCMBUMENbHbIX C8OUICME HA 6a3e 08YX30HHbIX ceHcopos. Tlienku okcuda dcene3a noayueHvl OKUcCAeHuem npu
memnepamype 580 °C naenku memania, npeosapumenbHo cQopmMupoBanHol 6aKyyMHbIM PACHbIACHUEM MUWEHU U3 Jicese3a Huc-
momoi 99,95 macc. % 6 cpede apeona. Mopghoaoeus nogepxHocmu, XUMU4eCKUuli cCOCmae nPUn08epXHOCMH020 A0S U (Pa306blli
cOCmas NOAY4eHHbIX 00pa3u08 UCCALA08ANUCy MEMOOAMU PACMPOBOU INEKMPOHHOU MUKDOCKONUU, DeHMeeHOBCKOU (homodneK -
MPOHHOU CNeKMPOCKONUU U peHmeeHoepaghuueckoeo (hazoeoeo anarusa. lazouyecmeumenvrsle cOUCMBA CEHCOPOB C UYECMEU -
MeAbHbIMU 2NeMEeHMAaMU HA 0CHOGe NAeHOK OKCUda jcene3qa UsyyeHvl 8 UHmepease memnepamyp 4y8cmeumenbHoix d1eMeHmos
om 20 0o 500 °C 6 noeepouHbix 2a308bix CMECAX, codeprucauyux 6000poo u meman 6 konuenmpayusax 0,8 u 1,0 06. % coomeemcm-
6enHo. [lanHble KOHUEHMPayuu 3Ha4UumenvHo Hudce é3pvisoonacruix: 4,0 06. % oaa Hy u 4,4 06. % dna CH, Ilpusedens: mem-
nepamypHole 3a8UCUMOCU 2A304YBCMEUMENbHBIX CEOUCME NAEHOK OKCUOA Jicese3a U onpedeneHbl ONMUMANbHble pabouue mem-
nepamyput 05 demexmuposanus memana (190 °C) u eodopoda (60 °C). Onucanvl KOHCMPYKUUS O8YX30HHO20 CEHCOPA HA OCHOBE
N00A0JCKYU U3 AHOOHO20 OKCUOA ANOMUHUS U MemOOUKa pacuema napamempos moHKONAEHOYHbIX HAePeGamenbHbiX I1eMEHMO08 €20
Haepesaemvix 30H. [Ipuseden mexnonroeuueckuil npoyecc coO30anus OBYX30HH020 CEHCOPA U NPOOEMOHCMPUPOBAHBL NPEUMYULeCEa
UCHOAB306AHUS ANTOMOOKCUOHOU mexHoaoeuu. [lokasana 603MOICHOCMb NPUMEHEHUs 08YX30HHO20 CEHCOPA HA OCHOB8e NAEHOK OK-
cuda jceneza 045 CeNeKMUBHO2O 0emeKmupo8aHus MemaHa u 6000po0a 6 2a308biX CMeCAX Nymem CPAGHEHUs CUSHAN08 Om 08YX
YY8CMBUMENbHBIX INEMEHMO08, PAOOMAWUX NAPAIIeabHO NPU PA3HOU pabouell memnepamype.

Karoueevie caoea: 08yx30HHbLI CEHCOP, NOONONCKU U3 AHOOHO20 OKCUOA ANOMUHUSL, MOHKUE NAEHKU 0KCUOa Jceaesa, aocopo-

Yus, 4y8CMEUMeAbHOCMb, 8000p00, MemaH

BBenenue

KomnakTHbIe M HeIoporue ITOJyIPOBOIHUKOBBIE
CEHCOpHI HAIIA LIMPOKOE MPUMEHEHHE BO MHOTUX
00J1aCTSIX TIPOMBIIIJIEHHOCTHA, OXpaHbl OKpYXKaIoIIeit
cpenbl U B 6bITY. COBpeMEHHBIE Ta30BbIE CEHCOPHI OC-
HOBaHBI Ha MCHOJb30BAHUU TOHKMX IIJICHOK Ta30-
YYBCTBUTEIbHBIX MAaTepUAIOB, CPOPMUPOBAHHBIX XU-
MudeckuMu (3o0Jb-renib, CVD) [1] unu pusnueckumu
(ocaxneHue B BakyyMme) [2, 3] MeTogaMu Ha JU3JIEKT-
pudeckux nomajoxkax [4]. OCHOBHBIM HEZOCTaTKOM
CYIIECTBYIOIIMX Ta30BbIX CEHCOPOB SIBISIETCS HU3Kasl
CEJIEKTUBHOCTb, TaK KaK IOCTATOYHO CJIOXHO H3r0-
TOBUTH TOJYIIPOBOIHUKOBBII YYBCTBUTEIBHBIN 3JI€-
MEHT, B3aUMOJECUCTBYIOLIUI TOJIBKO C OMHUM COEIU-
HeHueM [35].

B uengx yaydiieHUs] XapaKTEpUCTUK TTOIYIIPOBO/I-
HUKOBBIX Ta30BbIX CEHCOPOB (CEJEKTUBHOCTHU, UyBCT-
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BUTEIBHOCTU, CTAOMJILHOCTU TapaMeTPOB) UCITOJIb3Y-
IOT HECKOJIBKO OCHOBHBIX OAX0a0B. 11 obecrieueHust
oosiee 3(pHeKTUBHOTO B3aMMOICUCTBUS OINPEAEISIeMOrO
KOMIIOHEHTA Ta30BOM CMECH C UYYBCTBUTEILHBIM CJIOEM
CeHCOopa, CHUXXEHUS BIWSIHUSI CUTHAJIOB OT MOOOYHbBIX
KOMIIOHEHTOB, TIPUCYTCTBUE KOTOPBIX B aHAJIM3UPYeE-
MO cMecH MPOAUKTOBAHO YCIOBMUSIMU 3KCIUTyaTalluU
ceHcopa (Kak MpaBUIO, COAEPXKAIIMX OJMHAKOBBIE
XUMUYECKUE 3JEMEHTbI, HO OTIMYAIOIIMECS XUMMU-
YeCKMM COCTaBOM), W YBEJIMWYEHUSI OBICTPOIAEICTBUS
CeHcopa MPOBOAUTCS BHIOOp ONTHUMAaJbHOI paboueii
TeMIepaTypbl U pexumoB Harpesa [6, 7]. C nemnbio
MOBBICUTH YYBCTBUTEJIBHOCTD K JETEKTUPYEMOMY Ta3y
CO3IalI0TCSI MHOTOKOMIIOHEHTHbBIE Ta304yBCTBUTEIb-
Hble MaTepUalibl © HAHOKOMIIO3UTBI, TIPOBOJIUTCS Jie-
TMpOBaHUWE YYBCTBUTEJIBHOIO CJI0S OJIATOPOIHBIMU
Metaiamu [8, 9]. B mociaenHue aecsITUIETUST LLIMPOKO




HCCIIEAYIOT MYJIbTUCEHCOPHBIE CUCTEMBI (TaK Ha3bIBa-
€MBblil 2JIEKTPOHHBII HOC) HA OCHOBE MaTPUIL CEHCO-
pOB ¢ pasznuyHbiMU Tapamerpamu [10], cmocoOHbIe
aHAJIM3UPOBAThb MHOTOKOMIIOHEHTHbIE Ta30Bble CMECHU
Pa3IMYHOTO COCTaBa M CEJIEKTUBHO IETEKTUPOBATH Ta-
3bl B IPUCYTCTBUM MOCTOPOHHUX MpuMeceid. B Takux
CHCTeMaX HU3Kasl CeJeKTHMBHOCTH OTHEIBHO B3SITOTO
MOJTYTIPOBOAHMKOBOIO CEHCOpAa CTAHOBUTCS TPEUMY-
1IECTBOM, TaK KaK aHaJIU3UPYyeTCs He OTKIIMK KaxJ0-
0 YyBCTBUTEJIHHOTO 3JEMEHTAa II0 OTACIBHOCTH, a
CyMMapHbIii "00pa3", MoJy4YeHHbIH OT MaTpULbl CEH-
COpPOB, B KOTOPOM ITAaHHBIE OT BCEX DJIEMEHTOB OO -
HSIOT IPYT Apyra.

MyJbTHCEHCOPHBIE CUCTEMBI SIBJISIOTCS Haubosee
MMepCIEeKTUBHBIM HampaBJIeHUEM IS CO3MaHUS TOP-
TaTUBHBIX Ta30aHATM3aTOPOB, CITOCOOHBIX OMPEIAETUTh
COCTaB MHOTOKOMIIOHEHTHBIX cMeceil ra3oB. OmHaKo
nepen pa3paboTuMKkaMu IOJOOHBIX CUCTEM BCTaeT
mpobiemMa merpamgalidy ImapamMeTpoB MaTPHUIl CEHCO-
pPOB TIpU UTMTEIBHOM 3KCcIuTyaTauuu. s KaXmoro
13 YYBCTBUTEJbHBIX 2JIEMEHTOB MaTPULIbl XapaKTepPHbI
CBOSI CKOPOCTh M OMpelnesIeHHbI MeXaHu3M aperida
mapaMeTpoB, UTO CJCAyeT YUYUThIBATh IPU 0OpabOTKe
cyMMapHOro curHajia. OQ4eBUIHO, YTO Y JIEMEHTOB,
BBITTOJTHEHHBIX U3 OMHOTO MaTepuaia U Mo OTHOM TeX-
HOJIOTUM C pa3HBIM YPOBHEM M TUIIOM JICTMPOBAHUS,
M3MEHEHMS TTapaMeTpOB OYAYyT MPOUCXOIUTh CXOXKUM
0o0pa3oM, CHUKAsl YMCJIO OLIMOOK MPU aHaIu3e CocTa-
Ba razoBoii cmecu [9]. B cBsg3u ¢ HEOOXOAMMOCTBIO
YMEHbILEHUs BIMSHUS MPOLIECCOB Jerpagallii U CHU-
JKEHUS 9HEPTOIOTPeOICHNS TTepCIeKTUBHBIM HaIlpaB-
JICHHUEM COBEPIIEHCTBOBAHUSI MPUOOPOB "3JIEKTPOH-
HBII HOC" ABNISIeTCS (POpMUpOBaHME MATPUIILI CEH-
COpPOB U3 OMHOTUITHBIX YYBCTBUTEJIBHBIX 3JIEMEHTOB
Ha enuHoil mominoxke [11]. B aToM ciyyae ceHCoOpbl
WMEIOT OOWH THUI BEIXOMHOTO CUTHAJA, a yIIpaBJIcHHE
ra304yBCTBUTEJbHBIMU CBONCTBAMM OCYIIECTBIISICTCS
ITyTeM BapHalliy COCTaBa M CBOMCTB Ira309yBCTBUTEIb-
HOro MaTepuasia, a Takxke TeMmIepaTypbl U peXMMOB
HarpeBa paboueit oonactu. C 3TOM TOYKM 3peHMST Ha-
nbosee MpeaOYTUTEIbHBIM SIBJSETCS UCIIOIb30BaHUE
B Ka4eCTBE TUDIIEKTPUIECCKON MOMITOXKKIA MaTepHajIoB,
OTJIMYAIOIIMXCS BEICOKOW TEPMOMEXAaHUUYECKOM TTPOoY-
HOCTBIO, TAKMX KaK OKCHJI aroMuHUS [12].

B pa6ore [13] moka3aHbl HOBbIE BO3MOXHOCTH yBE-
JIMYEHUS CeJIEKTUBHOCTH ra30BOTO CEHCOpPa Ha OCHOBE
TOHKOW TUIEHKM OKCHMJA MeTajlla Ha MOMJOXKEe U3
AHOTHOTO OKCHIIA ATTOMUHUS 3a CYET MCIIOTBb30BAHMS
JIBYX paboumx objacteil (30H), GYHKUMOHUPYIOLIMX
IIpu pa3Hoi TeMmneparype. @opMupoBaHUe ABYX U 60-
Jiee paboumx 30H CeHCcopa Ha OJHOM MOMI0XKe (Ha Ofl-
HOM KPHUCTaJUIe) TaKKe ITO3BOJISICT CHU3UTH DHEPTO-
MOTpebeHNEe CEHCopa 3a CUET YMEHbIIECHUs TTapa3uT-
HBIX 3JIEKTPOCONPOTUBICHUI.

Llenbio HacToOsIIEl pabOTHI SBISIETCS pa3paboTKa
JIBYX30HHBIX aICOPOLIMOHHO-PE3UCTUBHBIX CEHCOPOB
C TOHKOTUICHOYHBIMU YYBCTBUTEJIbHBIM 3JIEMEHTAMU

Ha OCHOBE OKCHUIA Xeje3a, c(pOpMUPOBAaHHBIMU Ha
MOUTOKKE M3 aHOTHOTO OKCHMIA aJIIOMUHUSI, U MC-
cjleI0BaHUE UX [apaMeTPOB U ra304yBCTBUTEIbHBIX
CBOICTB IIPH pa3HBIX TeMIIEpaTypax.

KoHcTpyKuusi IByX30HHOTO ceHCopa

[ns petieHUs1 TpoOJeMbl JETEKTUPOBAHUS OTAEb-
HBIX Ta30B B CMECSX, COAEPKAILIUX HECKOJIBKO KOMIIO-
HEHTOB, OKAa3bIBAIOIINX BIMSIHUE Ha 3JIEKTPOPU3N-
YyecKue mapaMeTphl ra304yBCTBUTEIbHBIX MaTEPUAJIOB,
HEoOXOIUM CEHCOp, CITOCOOHBIN BBIOCINTH CUTHAIBI
OTIEIbHBIX NIeTEKTUPYEMBIX Ta30B B 00ILIEM BHIXOJHOM
curHane. Takoi pe3yabTaT MOXET ObITb TOCTUTHYT C
HCIIOJIb30BAaHMEM MAaTPHUIIBI CEHCOPOB, MHAYe TOBOPS,
JETEKTUPOBAHUE KOMIIOHEHTOB CMECH Ta30B OCYILECT-
BJISIETCS TIyTeM aHaju3a JAHHBIX OT HECKOJBKHMX Ta-
pajuieJIbHO paboTaIOIIUX YYBCTBUTEIbHBIX 2JIEMEHTOB.
ABTOpamMu TpemIokKeHa KOHCTPYKIIUS ceHcopa (puc. 1)
C IByMs MapaJiieIbHO pabOTaIONIMMU YyBCTBUTEb-
HBIMU 00JIACTSIMU M MACHTUYHBIMA TOHKOIIJICHOYHBI-
MM YYBCTBUTEJIBHBIMU 3JIEMEHTAMM Ha TU3JIEKTPUIEC-
KOI TOJUIOXKKE, BBIITOJTHEHHONH M3 aHOAHOIO OKCHAA
amomuHusg (AOA) [13].

[Be pabouue obnacT ceHcopa C(POpMUPOBAHBI B
BHUJIe KOHCOJICH M ¢ TIOMOIIBIO JIOKATU3YIOINX 00J1ac-

Puc. 1. JIByx30HHblii cencop: /| — audekTpuyeckast MoMIoXKKa U3
Al,O3; 2 — paboune 001acTi CEHCOPa C METATIOOKCUIHBIMU UYBC-
TBUTEJbHBIMU 3JIEMEHTaMU, CUCTEMaMU MH(MOPMAIIMOHHBIX 3JIEKT-
POJIOB M HarpeBaTesisiMi; 3 — TOHKOIUIEHOYHBIE TOKOTPOBOISIINE
JIOPOKKH M3 CIUIaBa HUXPOM; 4 — KOHTAKTHBIE TUTOILAAKN CUCTEMbI
MHGOPMALIMOHHBIX 2JIEKTPOIOB; 5 — KOHTAKTHbIE TUIOLIAAKU Ha-
rpeBaTeieil; 6 — CKBO3HbIE LIEJIH sl OTAeIeHUsT pabounx obacTeit
OT MaccuBa MOJIOXKU

Fig. 1. Dual-zone sensor: 1 — dielectric substrate of Al,03; 2 — working
areas of the sensor with metal oxide sensitive elements, information
electrode systems and heaters; 3 — thin-film conductive paths made of
nichrome alloy; 4 — contact areas of the information electrode system,
5 — contact pads of heaters; 6 — slots for separating working areas from
the array of substrate
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TU HarpeBa CKBO3HBIX IleJiell OTHaeJeHbl OT MacCuBa
IUBAEKTPUUECKON MOMIOXKKU. B pabounx o061acTsx
mwiomanbo 2,0 X 2,9 MM Ha OOHOM M3 CTOPOH IIOJ-
JIOXKU C(POPMUPOBaAHbI IJIEHKU Ta304YBCTBUTEIBHOTO
MaTepuajga U HaHeCeHbl TOHKOILJIECHOYHbIE 3JI€MEHThI
cuCTeMbl MH(OPMALIMOHHBIX 3JIEKTPOIOB, IIpeIHa3HaA~
YEHHBIX 1JIS1 U3MEPEHUS DJIEKTPUUECKOTrO COMPOTUB-
JIEHUSI IUIEHKM IIOJYIIPOBOJHMKA, a Ha OPYroil CTO-
pOHE TOIJIOXKHW BBIMOJIHEHBI HarpeBaresu. PaszHuiia
TeMmimeparyp padbouunx objacTeil ceHcopa obecrieunBa-
€TCs OTJIMYAIOIIMMUCS MapaMeTpaMu JeKTPUIECKOTO
COMPOTHUBJIEHUS] HArpeBaTeJIbHBIX 3JIEMEHTOB, UTO 3a/1a-
eTcsl TOJILLIMHOM TJIEHKU M KOH(pUTypalueil MeaHapa.
KoHcTpykumst u reomeTprueckrie padMepbl MeaHapa
HarpeBaTess JOJKHBI YUMTHIBATh pa3Mephbl padoueit
o0jacTu, pacrnojioXkeHWe BbIBOJOB M TEXHOJIOTUYEC-
K1e OCOOCHHOCTM HaHEeCEHUS ITUIEHKU MeTajuia.

ComnpoTuBiIeHWe HarpeBaTeJss TIpM  KOMHATHOM
TeMIIepaType

L
R=PL (1)
dh’
rae p — yIAeJIbHOE COIPOTUBIIEHUE MaTepuala Harpe-
BaTensd;, L — obuias JiMHa MeaHapa HarpeBaTens; d —
HIMPpHUHA IUVICHKKW Harpe€BaTeJid, h — TOJIIMWHA IIJICHKN
HarpeBaTesIs.

CrnenyeT yuyuTbiBaThb TeMIIEpaTypHbI Ko3hhu-
LIMEHT BJIEKTPUUECKOTO COMPOTUBICHUS o MaTepuasia
HarpeBaTebHbIX 3JEMEHTOB. YEJIBbHOE 3JIEKTPUYEC-
KO€ COIMPOTHUBIIEHUE TIPU pabodeil TeMreparype

p = po(l + (T —20°C)), (2)

€ po — YAEJIbHOE CONPOTUBJIEHNE MaTepuala Harpe-
BaTessl Tpu KoMHaTHO# Temnepatype (20 °C).

TonyHa NMJIEHKU OrpaHMYeHA TEXHOJOTMYECKU-
MU BO3MOXHOCTSIMU 110 (hOPMUPOBAHUIO OTHOPOTHOM
MPOBOJSILIEH MIEHKA MeTajla U Oblla BRIOpaHa B MH-
tepBasie 0,2...0,5 MKM, 4TO OOYCJIOBJIEHO OrpaHuyYe-
HUSIMU TEXHOJIOTMU BaKYyMHOTO OCaXIeHUs 1o Ghop-
MUPOBAHUIO METANIMYECKUX TIJICHOK C BOCIPOU3BO-
IAUMBIMU TTapameTrpamu. Lllvpunaa mieHkn meaHapa d
MOXET OBITh paccuuTaHa mo opmyiie

d= 71——9_%7 , (3)

pacu 0
rae P — pacueTHass moTpe0bsseMasi MOIHOCTb, COOT-
BETCTBYIOLLAs 3aJlaHHOI paboueil Temneparype; Py, —
yIeJNbHasg MOLIHOCTb pacceuBaHud (MU HHUXpoMa
Py=1 Br/cm?); hpacy — PACUCTHASI TOJLMHA [ICHKH.

TakuMm oO6pa3omM, pacyeTHas JJIMHA MeaHIpa

pacu

L= Bpild; (4)

L L. (5

pacu ¥
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VYuutheiBasg ¢opMy MeaHApa U TeXHOJIOTHIO (op-
MMPOBaHUSI TOHKMX TUICHOK IMyTEM OCaxkIeHUs yepes
MAacKH, 3JIEKTPUUECKOE COIPOTUBJICHWE HarpeBaTess
Ooymet

2ml +(L-3d)2m—-1) goom—1
- P 115 (2m—1)
R d( T Y’ j ©

Iie m — 4YKCIO BUTKOB MEaHIpa; /| — JUIMHA BUTKA
MeaHjpa; /, — LKYpuHA BUTKA MeaHpa; d — LIMPUHA
BETBM HarpeBaTeJIbHOIO 3JIeMEHTA.

B uensix cooTBETCTBUS YCJIOBUSAM BKCIUTyaTalluy U
9HepronoTpedaeHusT 6a30Bass KOHCTPYKIIMSI CEHcopa
MOXET OBITh MOAMMUIIMPOBAHA MYTeM W3MEHEHUS
pa3Mmepa, ¢popMbl (KOH(PUrypalun) U 4uciaa padouymx
obnacreit. Crienmduaeckass HaHOIIOPUCTasl CTPYKTypa
mwieHKu AOA 10o3BoJISIET MOJIy4YaTh MOIJOXKM C ITij1a-
HApHBIMU U OOBEMHBIMU 3JIEMEHTAMM CJIOXKHON KOH-
(urypanuu merogamu otoautorpaum U KUAKOCT-
HOTO TpaBJIeHUsI C MPELIM3MOHHON TOUHOCThIO (KJIMH
TpaBieHust <0,01 nmpu ToJILIMHE TOJIOXKU J0 COTEH
MukpomeTpoB) [12]. Tlpeneasl MUHMATIOpU3ALUU Pa-
Oouux obyactell ceHcopa OompenesaeHbl KOMIPOMMUC-
COM MEXIY TEXHOJOTMYECKUMU BO3MOXKHOCTSIMU IO
(opMUpPOBaHUIO Ta30YYBCTBUTEJIbHBIX 3JEMEHTOB C
BOCIIPOM3BOAMMBIMM TIapaMeTpaMUd M TePMOMEXaHM-
YECKMMMU CBOMCTBAMU IUANEKTPUUECKON OCHOBBI CEH-
copa. Mcrmonb3oBaHre aHOMHOTO OKCHIA aJTIOMUHUS
JlaeT BO3MOXHOCTb CO3IaHUsI HarpeBaeMoii 00JacTu ¢
TUIOLLAAbIO TTopsiaka 1 MM? U HUBKMME TOTEPSIMU TeTI-
JIOTBI, YTO COTIOCTABMMO ¢ MMHUMAJIbHBIMU TTOLIAMIS -
MU 00JlacTeil, IpUBEAECHHBIMU B JIUTEpaType. DTO COo-
OTBETCTBYET OOIIIMM TEHIACHIIUSM Pa3BUTUSI CEHCOPOB,
KOTOpbIe HalpaBieHbl HA MUHMATIOPU3ALWIO U YMEHb-
1IeHue aHepronoTpedyeHus [14].

DKcnepuMeHTaJIbHbIE 00pa3Ibl
U METOAMKA JKCIEepUMEHTA

B kauecTBe MCXOXHOTO MaTepuwaia HCIOIB3YETCS
amoMMHUI (Mapka A99) 3aBOICKOroO Mpokara ¢ TOJ-
mHoi 100 mxM. ITocae Hape3ku Ha IJIACTUHKU pas3-
MepoM 40 X 50 MM aTIOMUHUI 00€3KUPUBAETCS, PUX-
TyeTcsl M ToJIMpyeTcsl B cMecu (hochOpHON U JIeAsTHOM
YKCYCHOIM KMCJIOT JUISl YCTpaHeHUS ne(PeKTOB ITOBEpX-
HocTu. [1pouecc BoipaiuBaHust AOA (31eKTpOXUMMU--
YeCKOEe OKMCJIEHME) OCYIICCTBIISIM B 3JIEKTPOXUMMU-
YecKOW BaHHE B TaJIbBAHOCTATUYECKOM pPEXHME C
pacTtBopoM 3 %-Hoi1 I1aBeJIeBOI KUCIOTHI TIPU TeMIIe-
patype 10...12 °C u mmoTHocTH TOKa 35 MA/CM2 [15].
AHOOVPOBAaHNE TIPOBOIMIN IO TpeOYyeMOM TONIIMHEI
MOJIOXKM, KOoTopasi cocTapisuia 40 MKM, 4TO JOCTa-
TOYHO TSI 00eCTieYeHUSI IIPUEMIIEMO MeXaHNIeCKOM
MIPOYHOCTH CeHcopa.

Hist popMUpoOBaHUS TOIIOJIOTUM TUIEHOYHBIX 3JIe-
MEHTOB Ha TOBEPXHOCTH MOMLIOXKN AOA co3maBain
(¢OTOPE3UCTUBHYIO MACKY C HCIIOJIb30BaHUEM (poTOpe-
sucta PI1-383, KOTOpHIA HAHOCWIM C ITOMOIIBIO YC-




TaHOBKM HaHeceHMs1 ¢doropesucta "Kopynn LHTHD".
Ilocne HaHeceHUS U CYLIKM MO3UTUBHOro (oTope-
3MCTa IPOBOAIIN SKCIIOHMPOBaHME yepe3 TpadapeT-
HYIO MackKy C TOCJeAYIOIIMM yIajJeHUEM 3acBEYeH-
HBIX Y4aCTKOB (hOTOpE3UCTa B ILIEJIOYHOM pacTBOPE.
Yepes nonyuyeHHYI0 MacKy ITPOBOAMIM CKBO3HOE TPaB-
nenue AOA B pacTBOpe XpOMOBOIO aHTWMApWAa Mpu
temneparype 85 °C. HempopearupoBapiiuii ¢otope-
3UCT CHUMAJIM B PacTBOpE MEPEKUCU BOIOPOJA U AU-
stunamuga. Ilapamerprl npouecca ¢oroauTorpadumn
aHaAJIOrMYHBI IPpUBEIEHHBIM B padote [16]. AmomMu-
HUU CTpaBIMBAJIM B paCTBOpPE COJISTHON KUCIOThI. [Toc-
Jie TIPOMBIBKM, 00€3BOKMBAaHMS U CYIIKU TOJTyYEHHbIE
MOJJIOKKM TIOABEpPTalv OTXUIY TIpU TemIiepaType
960 °C B Teuenue 30 muH s nepeBoga AOA u3 uc-
XOJHOI aMop¢hHON (a3bl B MOJUKPUCTALIMYECKYIO U
CTabMIM3aLMU ITapaMeTPOB AUAJIEKTpUKa. TOHKOILIe-
HOYHBbIE 2JIEMEHThl CUCTEM MHGMOPMALIMOHHBIX 2JIEKT-
pOIOB M HarpeBaTeNeil ceHcopa chOpMUPOBAHBI Ha
MOBEPXHOCTU AUDJEKTPUUECKMX MOIOXEK U3 CILJIaBa
HUXPOM MeETOJaMM BaKYyMHOTO OCaXIAEHUs B Cpee
aprosa.

ToHKMe TIEHKM OKCUIA Kejie3a MOJyYeHbl TEPMU-
YeCKMM OKMCJEHHWEM Ha BO3[yxe IUJIEHKU MeTajia,
MpeaBapuUTeIbHO CHOPMUPOBAHHON MOHHO-TUIA3MEH-
HBIM ocaxleHueMm Ha nomioxkax u3 AOA. ToHkue
MeTaJUInyecKue IieHKM Ha nmoBepxHocTu AOA momy-
yajayu Ha BakyyMHo# yctaHoBke YPM 3.279.013 ¢ uc-
roJib3oBanneM muieHn Fe ¢ yucroroit 99,95 macce. %.
HMoHHo-m1a3MeHHOe ocaxkIeHUe MeTajljia OCYILLECTBIISI-
JIOCh B CpeJie aproHa Mpu JaBieHUu S * 1073 mm. pT. CT.
¢ ycKopstioluuM HanpstkeHueM 1,4 kB 1 Tokom aHoma
0,9...1,0 A, yTo 0o0ecrneynBagIO CKOPOCTh OCAXKICHUS
Metauia okojio 0,01 mMxM/MuH. TOMIIMHBI TTOTYYeH-
HBIX TJIEHOK KOHTPOJMPOBAIM IO CBUIAETEII0, U OHU
coctasisgnn 0,30...0,35 mxMm. ITlocie HamblIeHUS Me-
TaJUIMYeCKKe TUIEHKU ObLIM OKMCJIEHBI MyTeM OTXKUIa
Ha BO3Ayxe B MY(eabHOU 3JIeKTpOIeUYu CONMpPOTUBIIE-
nust mapku CHOJI 6,7/1300. PexxuMm otkura o6pasioB
BKJIIOYaJl HarpeB no TemiepaTypbl 580 °C co ckopo-
cThi0 4 °C/MUH, BBIIEPKKY IMPU MaKCUMAaJIbHOM 3Ha-
yeHUM B TeyeHHUe 30 MUH U MOCJeAyIollee CHUXEHUE
TEeMITIepaTyphbl CO CKOPOCThIO 4 °C/MUH.

HUccnenoBanue Mopdoaorum IOBEPXHOCTU 00-
pasiia mMpoBOAWIN METOIOM PACTPOBOI 3JEKTPOHHOM
MUKpockomnuu Ha ycraHoBKe LEO-1420. ®a30Bklii co-
CTaB IJIEHKU OKCHUJA Kejie3a Ha MOBEPXHOCTU IMOMIO-
xek 13 AOA uccienoBadH METOIOM PEHTTeHO(}a30BOIO
aHanausa Ha ycraHoBke JIPOH-3 ¢ ucnonb3oBaHuem
CuK-m3nyyenust (ummHa BosHbI A = 1,540598 A) B
UHTepBaie yrioB 20 ~ 5...85°. CnekTpsl pacluundpoBa-
HbI COIJIACHO JAaHHBIM TabJM1 HALIMOHAJIBHOTO 0I0PO
crangaptoB CIIIA (ASTM).

DOTO3NEKTPOHHBIEC CIIEKTPHI MOJYYEHBl HA PEHTIe-
HOBCKOM (poTO3/1IeKTpOHHOM crekTpomeTpe DC 2402
C UCITOJIb30BaHUEM PEHTTEHOBCKOTO nanyyeHus K -mm-
Hu Mg (hv = 1253,6 3B). I1pn nneaTndukanmm ¢o-

TOB3JEKTPOHHBIX CIIEKTPOB NMPUHUMAIM BO BHUMAaHUE
3HAYEHMST SHEPTUU CBSI3U OCTOBHBIX 371eKTpOHOB Cls,
Ols, Fe2p. JIng kanuOpoBKU CIEKTPOB UCIOJIb30BaHa
JuHus Cls OT MOBEPXHOCTHBIX YIJIEBOAOPOAHBIX 3a-
TPSIBHEHUI, [JI1 KOTOPOH BHEPrusi CBS3U IPUHSITA
paBHOI1 284,6 3B.

HccnenoBaHue ra3ouyBCTBUTEIbHBIX CBOMCTB ILIE-
HOK OKCHJA XeJjie3a IIPOBOAMIIN Ha TIpUMepe TBYX30H-
HOTO ceHcopa OMUCAHHOM BbIllIe KOHCTPYKLUU [13]
C BCTPEYHO-LLITHIPEBOU CUCTEMOM 371EKTPOAOB, CPop-
MMPOBAHHBIX TOBEPX YYBCTBUTEJIBHOIO 3JIEMEHTa U
BBITIOJTHEHHBIX U3 CIJlaBa HUXpOM. M cnbITaHus CeH-
copa TPOBOAWIM B IIOBEPOYHBIX Ta30BBIX CMeECSX,
MPeCTaBISIONIMX COO0M AeTEKTUPYEMbIii ra3, pa3doas-
JICHHBI CUHTETUYECKUM BO3JIyXOM IO 33JAHHOM KOH-
uenrpauuun: Hy, — 0,8 06. % u CHy — 1,0 06. %, uto
3HAUUTEIbHO HMXE B3PbIBOOMACHBIX KOHILIEHTpALMid
(4,0 u 4,4 06. % coorBeTcTBeHHO). TeMmeparypy 4yB-
CTBUTEJILHOTO DBJIEMEHTAa CEeHCOpa KOHTPOJIMPOBAIU
MyTeM BapbUpPOBaHUS MOIIHOCTU, TOTPEOISIEMOI TOH-
KOTIJICHOYHBLIM HarpeBarejieM, B mHTepBase 0...350 mBT.
HMcnbplTaHust ceHcopa MpOBOAWIN B KaMepe 00beMOM
65cm>. B KaMepy nojaaBajiy ra3oBylo cMech 3aJaHHO-
ro cocraBa ¢ 06beMHBIM pacxonoM 0,8 CM3/C. TTocne
YCTaHOBJIEHUSI paboyeil TeMIepaTypbl OCYILIECTBISIIN
BBIIEPKKY B Te€UE€HUE 2 MUH, a 3aTeM MPOBOAWIU W3-
MepeHUe dJIEKTPUUECKOTO COMPOTUBIEHUS ra309yBCT-
BUTEJIbHON TIJIEHKM KaK OTHOIIEHMWE ee 3JeKTpuyec-
KOT'O COITPOTUBJICHUS B TIPUCYTCTBUU AETEKTUPYEMOTO
raza K 3HauYe€HUIO BJIEKTPOCOINPOTUBICHUSI B YKMCTOM
BO3IyXe.

Pe3yabTaTel u 00cyxkaeHune

POM-n3o6paxkeHue moBepxHoCTH odpasia (puc. 2),
MOJIy4UeHHOTO OoTxXXUroM mnpu Temmepatype 580 °C, ne-
MOHCTpUpYeT OOpa3oBaHWE IUIEHKW, COCTOSIIEH W3

Puc. 2. POM-un3o00paxkenue mienku Fe, 0ToXKeHHOi mpu Temme-
patype 580 °C

Fig. 2. SEM image of a Fe film, which was obtained by oxidation at
580 °C
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Puc. 3. PentrenorpamMma IIeHKH OKCHJIA JKejie3a HAa nmojoxke u3 Al,O;

Fig. 3. X-ray diffraction pattern of the iron oxide film on the Al,0;

3epeH OKpyrIoil (hopMbl, XapaKTEPHbBIN pa3Mep KOTO-
pouix coctaBisgeT oT 50 o 100 HM, a TaKKe UTOIbYaThIX
KPUCTALIUTOB pa3MepoM 10 1 MKM.

PesynbraTthl McciaenoBaHUsST METOIOM PEHTIEHO-
(dazoBoro aHanM3a IJIEHKW OKCHUIA XKejle3a MOKa3bl-
BalOT HAIMYKE TUPPaKIIMOHHBIX MAKCUMYMOB, OTHOCSI -
LIMXCA K KPUCTALIMYECKOI cTpyKType Fe,O5 (puc. 3).
ConocTaBiieHre PacnoyoXeHUsT TU(PaKIIMOHHBIX MaK-
CHUMYMOB C TaHHBIMY 0a3bI TU(PPAKIIMOHHBIX CTAHIAP-
toB PDF2 ICDD cBugerensctByeTr 06 oOpazoBaHUU
NOJIMKPUCTAJUIMYECKOM TUIEHKM o-(a3bl Fe,05 (rema-
TUT) C pOMOOBAPUUYECKON KPUCTALINYECKON pelleT-
Ko¥i (mapaMetpsl pewetku a = 5,0 A; ¢ = 13,7 A).
Kpome Toro, Ha peHTreHorpaMMme TIPUCYTCTBYIOT AU(D-
pPaKIIMOHHbIE MaKCHMMYMbI, COOTBETCTBYIOIIUE KPHUC-
TaJUIn4ecKoi cTpykType Al,O5, pencTaBIeHHON cMe-
cbio a3 ¢ npeodaagaHuemM y-dassl [17, 18].
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Ha puc. 4 npencraBieH peHTreHOBCKMIA (PoTO-
9JIEKTPOHHBIN CIIEKTP TOHKOM IMJIEHKU OKCUaA XKeje-
3a. B criekTpe mieHKu okcuaa xenesa Oblid oOHapy-
>XeHbl kM asieMeHToB Fe u O. IToMumo doToaiexT-
POHHBIX JIMHUM OCTOBHBLIX 37eKTpoHOB (Cls, Ols,
Fe2p), B ciekTpe obpaslia MpUCYTCTBYIOT Takxke Oxe-
JIMTHUM KHUCJIOPOIA U Keje3a. AHAJIM3 PEHTTeHOBCKHUX
(hOTO3IEKTPOHHBIX CITEKTPOB 00pa3iia MO3BOJIM yCTa-
HOBUTb XMMUueckoe coctosiHue Fe u O u onpenenutb
BKJIaJ, KaXIOro U3 COCTOSIHMM B COCTaB MPUITOBEPX-
HOCTHOI 00j1acTu oOpasia (Ha riryouHy a0 5 Hm). I1o-
JIOXKEHUS JaHHBIX TMKOB COBIaJAl0T CO CIIPAaBOYHBIMU
MartepuaiaMu [19] u auTepaTypHbBIMUA JAHHBIMU 10
HCCIeNOBaHUIO MOA00HBIX MaTepuasnon [20, 21].

Ha puc. 5 npeacrabinen criektp POBC 1s-anekr-
POHOB KHUCJIOpoaa UcciaeayeMoro odpaslia, u3 KOTopo-
ro BUIHO, YTO OCHOBHOI BKjaan B cieKTp Ols BHOCUT

MUK JABYXBaJEHTHOIO KMCJIOPOJa B

COCTaBe OKCHJIA XeJjie3a C DHEPIu-
el 529,7 3B. "Pa3smbiTiie" Makcu-

MmyMma B objactu 529,0...530,2 5B

MOXET OBITh OOBSICHEHO 00pa30-

BaHHEM OKCHIOB 2XK€JI€3a C pas-
JINMYHBIMU CTCIICHAMU OKMCICHUA

(F6203, FCO, FCOOH, F6203 _x).

OOpa3ubl comepxkaT TakxXKe KHUC-

smopon B coctae OH-rpynt, uto

MMOJATBEPXIACTCI HAJIUYUEM ITHUKA
¢ sHeprueir 530,85 »B. Maxkcu-

Puc. 4. PenrrenoBckuii (poT03/IEKTPOHHBI CHEKTP IUIEHKH OKCHIA XKeje3a

Fig. 4. X-ray photoelectron spectrum of an iron oxide film
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MYMEI C OOJIbILIEH dHEprueit MoryT
ObITb OTHECEHbl K pPa3JIUYHbIM
¢opMaM TMOBEPXHOCTHOM XEMO-
copbuuu kuciopoga O, , O u
0%~ (puc. 5).
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Puc. 5. Cnextpbl ocToBHBIX JuHMII Kucaopoaa (O1s) mieHKn okcuaa
Keje3a

Fig. 5. Spectra of spanning oxygen lines (Ols) of an iron oxide film

s mpolieccoB aacopOoLuu JAeTeKTUPYEMOTO Tras3a
MOBEPXHOCThIO Ta304YBCTBUTEILHOTO OKCHAA METal-
Jla BaXXHYIO POJIb UTPAIOT YMCJIO U XapaKTep LIEHTPOB
agcopOLuM, OCOOEHHO OpPEeHCTEIOBCKMX KHCIOTHBIX
LIEHTPOB, B YaCTHOCTU MOBepXHOCTHbIe OH-rpyrmsl.
ITo manHbBIM, IpUBeAecHHLIM B pabote [20], mpocie-
>KMBAETCSI OTYETJIMBaAsl KOPPEIsIUUsl MEXIY KOHLIEHT-
paiueit nmoepxHocTHbIXx OH-rpyrnn M razoyyBCTBU-
TeJIbHBIMU CBOMCTBaMU OKCHUIHBIX IJIEHOK HA OCHOBE
Fe,O5. bosee BbICOKasg MHTEHCUBHOCTb ITMKOB, COOT-
sercTByonx OH-rpynnam B mienkax Fe,O5 Ha mo-
puctoM Al,O5 (puc. 5), 0 CPaBHEHUIO C MHTEHCUB-
HOCTbIO COOTBETCTBYIOLIErO IMKMKAa B HaHOIOPOILKAX
Fe,O5; noarsepxnaeT 60s1ee BLICOKYIO KOHLIEHTPALIMIO
OH-rpynn Ha MOBEPXHOCTH IJIEHKU, YYaCTBYIOIIUX B
npoueccax aacopouru. JTo Mo3BOJsIET Mpeanosarath
BBICOKME Ta30YyBCTBUTEIbHBIE CBOIMCTBA IIEHOK OK-
cHjIa keJjie3a Ha TTOBepXHOCTH nmoaioxku u3 AOA [22].

B criektpe PODC 2p-snekrponos Fe (puc. 6) Mak-
cumyM c¢ sHeprueid 710,7 3B yka3piBaeT Ha Haau4due
TPEXBAJIEHTHOTO XeJjie3a B coctaBe okcuaa Fe,O3, uto
MOATBEPXIAETCS JAHHBIMU PEHTreHo(pa30BOro aHa-
qm3a (cm. puc. 3). ITuk c sHeprueit 709,0 3B Moxer
MPUHAIJIEKATh aTOMaM 3Xejie3a B MEHbBIIEH CTeleH!U
okucneHus, yeM B Fe,O5 (Bosmoxno, FeO), nmpucyrc-
TBYIOILIMM B MOBEPXHOCTHOM cJjioe oOpasiia. OcobeH-
HOCTb CIleKTpa B obiactu 711,3 3B moxeTr ObITh CBSI-
3aHa C TIPUCYTCTBHEM Ha TOBEPXHOCTH THIPOKCHIA
FeOOH. Mcxoaa u3 MHTEHCUBHOCTU COOTBETCTBYIO-
IIAX TTMKOB, COCTAaB IMMPUITOBEPXHOCTHOTO CITOS TIIICH-
KM OKCHJIA KeJie3a, TTOJYyYeHHOM OKMCIIEHUeM MeTajlla
npu 580 °C, Bkmouaet okcunasl Fe,O5 (38 %) n FeO
(30 %) n runpokcun FeOOH (32 %). B 06beme 1uieH-
ku copepxanne FeO n FeOOH He3HaunTeIbHO BBULY

JHeprus cBs3u, 3B (Bond energy, eV)
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Puc. 6. CnekTpsl ocToBHbIX Jinnmii xkene3a (Fe2p) nienku okcuaa
Keje3a

Fig. 6. Spectra of core lines of iron (FeZp) of an iron oxide film

OTCYTCTBUSI COOTBETCTBYIOIIMX (ha3 B pPeHTTEHOTpaM-
Max o0pas3IoB.

PesynbraTthl McciaemoBaHUS Ta304yBCTBUTEIBHOC-
TU TOHKMX TUIEHOK OKCHIIA XeJie3a MpeAcTaBIeHbl Ha
puc. 7. B Bo3ayirHoi cMecHu ¢ KOHLIEHTpalueil MeTa-
Ha, paBHOi1 1,0 06. %, ceHCOpBI HA OCHOBE UCCIIeaye-
MO TIIEHKW OKCHIA KeJle3a JeMOHCTPUPYIOT OTKITHK,
3HAYeHWE KOTOPOTO HE3HAUMTEJbHO YMEHbIIAETCS C
yBeJIMUEHUEM MOIIHOCTU HarpeBa padboueit oonactu B
uHTepBaine 50...350 MmBt, 4TO COOTBETCTBYET TeMMepa-
typam 70...500 °C. B Bo3ayliiHOI cMecH, coaepxKaliei
Bozmopoa B KoHueHTpauuu 0,8 06. %, razouyBCTBHU-
TeJdbHas TIJIEHKAa OKCHIA Xejie3a YBEJIMYMBaeT CBOE
3JIEKTpUYecKoe comnpoTuBieHue B 1,7—1,8 paza mpu
momnHocty HarpeBa 50...120 MBT, 4TO COOTBETCTBYET
temnepatypam 70...200 °C, a mpu ganbHeileM yBeu-
YyeHUU TemIiepatypbl paboueit obiaactu go 500 °C ot-
KJIMK CeHCOopa yMeHbIlIaeTcs.

Hcxonst n3 mpuBeIeHHBIX TaHHBIX, MOXHO OIIpE-
JEeJUTh ONTUMAaJIbHBIE TeMIIepaTyphbl YYBCTBUTEIbHBIX
3JIEMEHTOB IBYX30HHOTO CEeHCopa IUIST CeJIeKTHMBHOTO
JNETEKTUPOBaHMUS MeTaHa M Bojopoxaa. s aHanmusa
cMecH, BKITIOUAIOIIe MeTaH M Bomopox (cM. puc. 6),
ONTMMAJIbHBIE TeMIIEpaTypbl YYBCTBUTEIbHBIX 30H CO-
OTBETCTBYIOT MolIHocTssM Harpea B 100 u 300 mBrT,
4TO COOTBeTCTBYET Temmeparypam B 60 u 190 °C. Bri-
00p MaHHBIX MapaMeTPOB HarpeBa YYBCTBHUTEIBHBIX
30H OOYCJIOBJIEH 3HAUYMTEIbHBIM M3MEHEHUEM ra3o-
YYBCTBUTEJIFHOCTA METAJUIOOKCUIHON TUIEHKH K BO-
nopony ot 1,75 (60 °C) mo 1,27 (190 °C) npu He3Ha-
YUTETbHOM M3MEHEHNHN YyBCTBUTEIBLHOCTA K METaHY.
Taxkum 00pa3oM, Ipu aHaIU3€e ra30BOi CMECH OCHOB-
HOM BKJIAI B Pa3HOCTb OTKIMKOB OT 0OEMX YYBCTBH-
TeJbHBIX 30H CEHCOpa BHOCUT IPUCYTCTBYIOIIWIA B
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YyBCTBUTEJIBbHOCTD, Rras/Reosx
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Puc. 7. UyscrBuTeabHocTh ceHcopa Ha ocHose Fe, O3 K Bogopoay B Bo3aymHoi cMecu ¢ KonuenTpauueii 0,8 00. % u merany B Bo3xymHoii cvecu

¢ Konuenrpauueii 1,0 00. %

Fig. 7. Sensitivity of a sensor based on Fe,O3 to hydrogen in an air mixture with a concentration of 0.8 vol. % and methane in an air mixture with

a concentration of 1.0 vol. %

AHAIM3UPYEMOI CMeCHU BOJOPOJ, UTO IMO3BOJISIET €ro
YBEPEHHO JEeTEKTUPOBATh B MPUCYTCTBUM METaHa.

3akmouenue

HccnepoBanbl Mopgonorusi, ¢a3oBblii COCTaB U
XUMHWYECKUI COCTaB TPUIIOBEPXHOCTHOTO CJIOST TOH-
KHX TUICHOK OKCHJa XeJjie3a, TMOJTYYeHHBIX TepMUJecC-
KM OKWCJIEHWEM TIpeIBapUTEIbHO C(hOPMUPOBAHHOM
IUIEHKY MeTaJlJla Ha TIOIJIOXKKAX U3 aHOTHOTO OKCHIA
aIOMUHUS. BBISIBIEH CMEIIaHHbBIN COCTaB MPUITOBEPX-
HOCTHOTO CJI0s1 OKcuaa, BKIovarowui Fe,03, FeO u
FeOOH. HcnplTaHUsS CEHCOPOB Ha OCHOBE UCCIIEI0-
BaHHBIX OKCUIHBIX TIJICHOK C MCITOJIb30BaHUEM TIOBE-
POYHBIX Ta30BBIX CMECEeH MOKa3aJIu HAJIMYUE OTKIMKA
B TIPUCYTCTBUM MeTaHa ¢ KoHIeHTpamnueit 1,0 06. % u
Bogopoaa ¢ KoHueHtpauueii 0,8 06. % B MHTepBaie
padouux Temmneparyp 20...225 °C. OnpeneneHbl TeM-
repaTypHble 3aBUCUMOCTH YyBCTBUTEIHLHOCTU CEHCO-
pa Ha OCHOBE IJIEHKM OKCHJA Xeje3a K NeTeKTUpye-
MbIM TazaM. [loka3aHbl BO3MOXHOCTHU IIO0 aHAaJU3y
CMeCel ra3oB ¢ UCMNOJIb30BAHMUE CEHCOPHOU MaTpPUILIbI
M3 IBYX YYBCTBUTEIHHBIX 30H. COTJIaCHO TTOTyIeHHBIM
JMAHHBIM OITHMAJIbHBIE TeMIlepaTypbl YYBCTBUTEJb-
HBIX 3JIEMEHTOB IBYX30HHOTO CEHCOpa JJIST CEIEKTUB-
HOTO JIeTeKTUPOBAHUS BOIOPOIA U MeTaHa COCTaBJISI-
ot 60 1 190 °C.
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The results of research of iron oxide thin films on substrates of anodic aluminum oxide, and studying of their gas-sensing prop-
erties on the base of dual-zone sensors are presented. Iron oxide films were obtained by oxidation at temperature of 550 °C of a metal
film preformed by vacuum sputtering of iron target with the purity of 99.95 wt. % in argon environment. Surface morphology, chem-
ical composition of subsurface and phase composition of the received samples were studied by methods of scanning electron micro-
scopy, x-ray photoelectronic spectroscopy and x-ray phase analysis. Gas-sensitive properties of sensors with sensitive elements based
on iron oxide films were studied in the temperature range of sensitive elements from 20 to 500 °C in calibration gas mixtures con-
taining hydrogen and methane at concentrations of 0.8 and 1.0 of vol. %, respectively. Such concentrations are significantly lower
than explosive: 4.0 vol. % for H, and 4.4 vol. % for CH,. The temperature dependences for gas-sensitive properties of iron oxide
films and the optimum operating temperatures for detection of methane (190 °C) and hydrogen (60 °C) are shown. The design of
dual-zone sensor based on substrate of anodic aluminum oxide and method of calculation of parameters of thin-film heating elements
of its heated zones are described. The technological process of creation of dual-zone sensor is shown and the advantages of using
of aluminum oxide technology is demonstrated. The possibility of use of dual-zone sensor based on iron oxide films for selective de-
tection of methane and hydrogen gas mixtures by comparing the signals from the two sensitive elements working in parallel at different
working temperature is shown.

Keywords: dual-zone sensor, sensor with two active areas, substrate of anodic aluminum oxide, thin films of iron oxide, ad-
sorption, sensitive, hydrogen, methane
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Introduction

Compact semiconductor sensors are widely used in
many industries, environmental protection and in eve-
ryday life. Gas sensors are based on gas-sensitive thin
films materials formed by chemical (sol-gel, CVD) [1]
or physical (vacuum deposition) [2, 3] methods on di-
electric substrates [4]. The main their disadvantage is
the low selectivity, because it is quite difficult to fabri-
cate semiconductive sensor that communicates with
only a single molecular entity [5].

In order to improve the characteristics of semicon-
ductor gas sensors (selectivity, sensitivity, stability pa-
rameters) several approaches are used. To ensure a
more effective interaction between the component-de-
fined gas mixture with a sensitive layer of a sensor, re-
duction the influence of signals from the side compo-
nents, whose presence in the analyzed mixture dictated
by conditions of sensor’s usage (typically contain the
same chemical elements but differ in chemical com-
position), and increase the speed of the sensor is done
by selecting the optimal working temperature and heat
[6, 7]. In order to increase sensitivity to detectable gas,
the multipart gas-sensitive materials and nanocompos-
ites are created, the doping of sensitive layer of noble
metals is conducted [8, 9]. In recent decades, the mul-
tisensory systems (so-called "electronic nose") based on
sensors with different parameters [10], capable of ana-
lyzing of multicomponent gas mixtures of various com-
positions and to selectively detecting gases in the pres-
ence of impurities, have been extensively studied. In
such systems, the low selectivity of a single semicon-
ductor sensor becomes an advantage, since it is not the
response of each sensing element individually that is
analyzed, but the total "image" obtained from the sen-
sor array in which the data from all the elements com-
plement each other.

Multisensory systems are the most promising direc-
tion for creating of portable gas analyzers capable of de-
termining the composition of multicomponent gas mix-
tures. However, the developers of such systems face the
problem of degradation of parameters of sensor arrays
during long-term operation. Each of the sensitive ele-
ments of the matrix is characterized by its own speed
and a certain mechanism for drifting the parameters,
which should be taken into account when processing
the total signal. Obviously, for elements made of one
material and one technology with different levels and
types of doping, the parameters will change in a similar
way, reducing the number of errors in analyzing the
composition of the gas mixture [9]. In connection with
the need to reduce the impact of degradation processes
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and reduce energy consumption, a promising area for
improving "electronic nose" devices is the formation of
a matrix of sensors from the same type of sensitive el-
ements on a single substrate [11]. In this case, the sen-
sors have one type of output signal, and the control of
gas sensitive properties is carried out by varying the
composition and properties of the gas sensitive materi-
al, as well as the temperature and heating modes of the
working area. From this point of view, the use of ma-
terials characterized by high thermomechanical strength,
such as aluminum oxide [12], is preferred as the die-
lectric substrate.

In [13], new possibilities for increasing the selectiv-
ity of a gas sensor based on a thin film of metal oxide
on an anodic alumina substrate by using two working
regions (zones) operating at different temperatures are
shown. The formation of two or more working areas of
the sensor on a single substrate (on a single chip) also
reduces the energy consumption of the sensor by re-
ducing the parasitic electrical resistances.

The aim of the work is to develop dual-zone adsorp-
tion-resistive sensors with thin-film sensitive elements
based on iron oxide formed on an anodic aluminum ox-
ide substrate and to study their parameters and gas sen-
sitive properties at different temperatures.

Design of the dual-zone sensor

To solve the problem of individual gases detecting in
mixtures containing several components that affect the
electrophysical parameters of gas sensitive materials, a
sensor is required that can separate the signals of indi-
vidual detectable gases in the total output signal. Such
a result can be achieved using a sensor array, in other
words, the detection of gas mixture components is car-
ried out by analyzing data from several parallel operat-
ing sensing elements. The authors propose a sensor de-
sign (fig. 1) with two parallel sensitive regions and iden-
tical thin-film sensitive elements on a dielectric sub-
strate made of anodic aluminum oxide (AAO) [13].

The two working regions of the sensor are formed
in the form of consoles and are separated from the ar-
ray of dielectric substrate by means of the localizing
heating region of the through gaps. In working areas
of 2.0 X 2.9 mm on one side of the substrate, films of
a gas sensitive material are formed and thin-film ele-
ments of a system of information electrodes designed to
measure the electrical resistance of the semiconductor
film are deposited, and heaters are made on the other
side of the substrate. The difference in temperature of
the sensor working areas is provided by different pa-
rameters of the electrical resistance of the heating ele-




ments, which is determined by the film thickness and
the meander configuration. The design and geometric
dimensions of the meander of the heater must take into
account the dimensions of the working area, the ar-
rangement of the terminals and the technological fea-
tures of depositing the metal film.

Resistance of the heater at room temperature:

_plL
R="E, )
where p is the resistivity of heater material, L is the total
length of the heater meander, d is the heater film width,
h is the thickness of heater film.

It is necessary to take into account the temperature
coefficient of electrical resistance o of the material of
the heating elements. Specific electrical resistance at
operating temperature

p = po(l + (7T — 20 °C)), 2)

where py, — resistivity of the heater material at room
temperature (20 °C).

The thickness of the film is limited by the techno-
logical capabilities to form a homogeneous conductive
metal film and was chosen in the range 0.2...0.5 um,
which is due to the limitations of vacuum deposition
technology for the formation of metal films with repro-
ducible parameters. The width of the meander film d
can be calculated from

P
d= |+Bi 3)
NhgsTRP

where P is the rated power consumption corresponding
to a given working temperature, P is the specific power
dissipation (for nichrome Py = 1 W/cm?), hggr is the
estimated film thickness.

Thus, the estimated length of the meander

Lgst = 1%[ d, )
Lesr ~ L. 5)

Given the shape of the meander and the technology
of forming thin films by deposition through masks, the
electrical resistance of the heater will be

2ml + (L -3d)2m-1) gom-1
—p 1 2 2m-1)
R d( T Ry j ©

where m is the number of meander turns; (/); is the me-
ander coil length; (/), is the meander coil width, d is the
width of the branch of the heating element.

In order to meet operating conditions and energy
consumption, the basic design of the sensor can be
modified by changing the size, shape (configuration)
and number of working areas. The specific nanoporous
structure of the AAO film makes it possible to obtain sub-
strates with planar and volumetric elements of a complex
configuration by photolithography and liquid etching

with precision accuracy (etching wedge <0.01 at a sub-
strate thickness of up to hundreds of um) [12]. The lim-
its of miniaturization of the sensor working areas are
determined by a compromise between technological
capabilities for the formation of gas sensitive elements
with reproducible parameters and thermomechanical
properties of the dielectric basis of the sensor. The use
of anodic aluminum oxide makes it possible to create a
heated area with an area of the order of 1 mm? and low
heat losses, which is comparable to the minimum areas
of the segments given in the literature. This corresponds
to the general tendencies of sensor development, which
are aimed at miniaturization and reduction of energy
consumption [14].

Experimental samples and experimental procedure

Aluminum (grade A99) of factory rolled products
with a thickness of 100 um is used as the raw material.
After cutting into plates of 40 X 50 mm, aluminum is
degreased, trimmed and polished in a mixture of phos-
phoric and glacial acetic acids to remove surface de-
fects. The process of AAO growing (electrochemical
oxidation) was carried out in an electrochemical bath in
galvanostatic mode with a solution of 3 % of oxalic acid
at a temperature of 10...12 °C and a current density of
35 mA/cm2 [15]. The anodization was carried out to
the required substrate thickness, which was 40 pm,
which is sufficient to provide an acceptable mechanical
strength of the sensor.

To form the topology of the film elements on the
surface of the AAO substrate, a photoresist mask was
created using a photoresist FP-383, which was applied
with a photoresist application device "Corundum CNF".
After application and drying of the positive photoresist,
exposure was carried out through a screen mask, fol-
lowed by removal of the exposed areas of the photore-
sist in an alkaline solution. Through the obtained mask,
a continuous etching of AAQO in a solution of chromic
anhydride was carried out at a temperature of 85 °C.
The unreacted photoresist was removed in a solution of
hydrogen peroxide and diethylamide. The parameters
of the photolithography process are similar to those giv-
en in [16]. Aluminum was removed in a solution of hy-
drochloric acid. After washing, dewatering and drying,
the resulting substrates were annealed at 960 °C for
30 min to convert the AAO from the initial amorphous
phase to polycrystalline and stabilize the dielectric pa-
rameters. Thin film elements of information electrode
systems and sensor heaters are formed on the surface of
dielectric substrates from nichrome alloy by vacuum
deposition methods in argon medium.

Thin films of iron oxide were obtained by thermal
oxidation of a metal film in air, previously formed by
ion-plasma deposition on AAO substrates. Thin metal
films on the surface of the AAO were obtained on a vac-
uum unit URM 3.279.013 using a Fe target with a pu-
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rity of 99.95 WT %. lon-plasma deposition of the metal
was carried out in argon at a pressure of 5 * 1073 mm Hg
with an accelerating voltage of 1.4 kV and anode cur-
rent of 0.9...1.0 A, which provided a metal deposition
rate of about 0.01 um/min. The thicknesses of the re-
sulting films were monitored by a witness and they were
0.30...0.35 um. After spraying, the metal films were
oxidized by annealing in air in the muffle electric fur-
nace of resistance SNOL 6.7/1300. The annealing
mode of the samples included heating to a tempera-
ture of 580 °C at a rate of 4 °C/min, holding for a max-
imum value of 30 minutes and then lowering the tem-
perature at a rate of 4 °C/min.

The morphology of the sample surface was studied
by scanning electron microscopy using the LEO-1420
unit. The phase composition of the iron oxide film on
the surface of the substrates from AAO was studied by
X-ray diffraction analysis using DRON-3 apparatus us-
ing CuK, radiation (wavelength & = 1.540598 A) in the
range of angles 20 ~ 5...85°. The spectra are decoded ac-
cording to the tables of the National Bureau of Stand-
ards of the USA (ASTM).

Photoelectron spectra were obtained with X-ray
photoelectron spectrometer ES 2402 using X-ray radi-
ation of the K -line Mg (hv = 1253.6 ¢V). When iden-
tifying the photoelectron spectra, the binding energy of
the core electrons Cls, Ols, Fe2p was taken into ac-
count. For the calibration of spectra, the Cls line from
surface hydrocarbon contamination was used, for which
the binding energy was assumed equal to 284.6 eV.

Investigation of gas-sensitive properties of iron ox-
ide films was carried out using the example of a dual-
zone sensor of the above mentioned construction [13]
with a counter-pin system of electrodes formed over the
sensitive element and made of nichrome alloy. The sen-
sor tests were carried out in the calibration gas mixtures,
which are a detectable gas diluted with synthetic air to
a specified concentration: H, — 0.8 vol. % and CH, —
1.0 vol. %, which is significantly lower than the explo-
sive concentrations (4.0 vol. % and 4.4 vol. %, respec-
tively). The temperature of the sensing element of the
sensor was monitored by varying the power consumed
by the thin film heater in the range 0...350 mW. The
sensor tests were carried out in a chamber with a vol-
ume of 65 cm>. A gas mixture of a given composition
with a volume flow of 0.8 cm3/sec was fed into the
chamber. After the operating temperature was deter-
mined, the exposure was held for 2 minutes, and then
the electrical resistance of the gas sensitive film was
measured as a ratio of its electrical resistance in the
presence of the detected gas to the electrical resistance
value in fresh air.

Results and discussion

The SEM image of the sample surface (fig. 2), ob-
tained by annealing at a temperature of 580 °C, dem-
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onstrates the formation of a film consisting of round-
shaped grains whose characteristic size is 50 to 100 nm,
as well as needle crystallites up to 1 um in size.

The results of the X-ray diffraction analysis of the
iron oxide film show the presence of diffraction maxima
related to the crystal structure of Fe,O5 (fig. 3). Com-
parison of the location of the diffraction maxima with
the base of the diffraction standards PDF2 ICDD in-
dicates the formation of a polycrystalline film of Fe,0O5
o-phase (hematite) with a rhombohedral crystal lattice
(lattice parameters a = 5.0 A, ¢ = 13.7 A). In addition,
the diffraction maxima corresponding to the crystal
structure of Al,O5 represented by a mixture of phases
with a predominance of the y-phase are present on the
roentgenogram [17, 18].

Fig. 4 shows the X-ray photoelectron spectrum of a
thin film of iron oxide. In the spectrum of the iron ox-
ide film, peaks of Fe and O elements were observed. In
addition to the photoelectron lines of the core electrons
(Cls, Ols, Fe2p), the Auger lines of oxygen and iron
are also present in the spectrum of the sample. An anal-
ysis of the X-ray photoelectron spectra of the sample
made it possible to establish the chemical state of Fe
and O, and to determine the contribution of each of the
states to the composition of the near-surface region of
the sample (to a depth of up to 5 nm). The positions of
these peaks coincide with the reference materials [19]
and the literature data on the study of similar materials
[20, 21].

Fig. 5 shows the XPS spectrum of the 1s-electrons
of oxygen in the sample, from which it can be seen that
the main contribution to the Ols spectrum is made by
the peak of divalent oxygen in the composition of iron
oxide with an energy of 529.7 eV. "Blurring" of the
maximum in the range of 529.0...530.2 eV can be ex-
plained by the formation of iron oxides with different
degrees of oxidation (Fe,03, FeO, FeOOH, Fe,05 _ ,).
The samples also contain oxygen in the composition of
OH groups, which is confirmed by the presence of a
peak with an energy of 530.85 eV. Maxima with higher
energy can be attributed to various forms of surface
chemisorption of oxygen O, , O™ and 0% (fig. 5).

For adsorption of the detectable gas by the gas sen-
sitive metal oxide surface, the number and nature of the
adsorption centers, especially the Bronsted acid sites, in
particular the surface OH groups play an important
role. According to the data given in [20], there is a clear
correlation between the concentration of surface OH
groups and the gas-sensitive properties of oxide films
based on Fe,O5. The higher intensity of the peaks cor-
responding to OH groups in Fe,O5 films on porous
Al,Oj5 (fig. 5) compared to the intensity of the corre-
sponding peak in Fe,O; nanopowders confirms the
higher concentration of OH groups on the surface of the
film participating in the adsorption processes. This allows
one to assume the high gas-sensitive properties of iron
oxide films on the substrate surface from AAO [22].




In the XPS spectrum of 2p-electrons of Fe (fig. 6),
a maximum with an energy of 710.7 eV indicates the
presence of trivalent iron in the composition of Fe,05
oxide, which is confirmed by X-ray phase analysis data
(see fig. 3). A peak with an energy of 709.0 eV may be-
long to iron atoms to a lesser degree of oxidation than
in Fe,O5 (possibly FeO) present in the surface layer of
the sample. The spectrum feature in the region of
711.3 eV can be associated with the presence of
FeOOH hydroxide on the surface. Based on the inten-
sity of the respective peaks, the composition of the
near-surface layer of the iron oxide film obtained by ox-
idizing of metal at 580 °C includes Fe,O5 (38 %) and
FeO (30 %) oxides and FeOOH hydroxide (32 %). In
the film volume, the FeO and FeOOH contents are in-
significant due to the absence of corresponding phases
in the X-ray patterns of the samples.

The results of an investigation of the gas sensitivity
of thin films of iron oxide are shown in fig. 7. In an
air mixture with a methane concentration of 1.0 vol. %,
the sensors based on the iron oxide film under study
show a response, the value of which decreases insig-
nificantly with an increase in the heating power of the
working region in the range of 50...350 mW, which
corresponds to temperatures of 70...500 °C. In an air
mixture containing hydrogen at a concentration of
0.8 vol. %, the gas-sensitive film of iron oxide increas-
es its electrical resistance by 1.7—1.8 times at heating
power of 50...120 mW, which corresponds to temper-
atures of 70...200 °C, and with a further increase in the
temperature of the working region to 500 °C the sensor
response decreases.

Based on the above data, it is possible to determine
the optimum temperatures of the sensing elements of a
dual-zone sensor for selective detection of methane and
hydrogen. For the analysis of a mixture including meth-
ane and hydrogen (see fig. 6), the optimum tempera-
tures of the sensitive zones correspond to heating ca-
pacities of 100 and 300 mW, which corresponds to tem-
peratures of 60 and 190 °C. The choice of these param-
eters for heating of sensitive zones is caused by a
significant change in the gas sensitivity of the metal ox-
ide film to hydrogen from 1.75 (60 °C) to 1.27 (190 °C)
with a slight change in the sensitivity to methane. Thus,
when analyzing a gas mixture, hydrogen, which is present
in the analyzed mixture, makes the main contribution
to the difference of responses from both sensitive zones
of the sensor, which allows it to be detected confidently
in the presence of methane.

Conclusion

The morphology, phase composition, and chemical
composition of the near-surface layer of thin iron oxide
films obtained by thermal oxidation of a preformed
metal film on anodic alumina substrates were studied.
A mixed composition of the near-surface oxide layer,

including Fe,05, FeO and FeOOH, was revealed. The
sensor tests on the basis of the oxide films were studied
using gas calibration mixtures showed the presence of a
response in the presence of methane at a concentration
of 1.0 vol. % and hydrogen with a concentration of
0.8 vol. % in the operating temperature range of 20 to
225 °C. The temperature dependences of the sensor
sensitivity on the basis of the iron oxide film to detect-
able gases were determined. The possibilities for ana-
lyzing mixtures of gases with the use of a sensor array
from two sensitive zones were shown. Based on the ob-
tained data, the optimum temperatures of the sensing
elements of the dual-zone sensor for selective detection
of hydrogen and methane are 60 and 190 °C.

References

1. Arafat M. M., Dinan B., Akbar Sheikh A., Ha-
seeb A. S. M. A. Gas sensors based on one dimensional nanos-
tructured metal-oxides: a review, Sensor, 2012, vol. 12,
pp. 7207—7258.

2. Larin A., Womble P. C., Dobrokhotov V. Hybrid
SnO,/TiO, nanocomposites for selective detection of ultra-low
hydrogen sulfide concentrations in complex backgrounds, Sen-
sors, 2016, vol. 16, pp. 1373—1387.

3. Rydosz A., Szkudlarek A. Gas-sensing performance of
M-doped CuO-based thin films working at different tempera-
tures upon exposure to propane, Sensors, 2015, vol. 15,
pp. 20069—20085.

4. Cattrall Robert W. Chemical sensors. Oxford: Oxford
Univ. Press, 1997. 74 p.

5. Drejzin, V. Je., Brezhneva E. O. Sravnitel'nyj analiz har-
akteristik  promyshlennyh  gazochuvstvitel'nyh  datchikov,
Datchiki i sistemy, 2011, no. 3, pp. 68—78 (in Russian).

6. Presmanes L., Thimont Y., Chapelle A., Blanc F., Talhi C.,
Bonningue C., Barnabé A., Menini P., Tailhades P. Highly sen-
sitive sputtered ZnO:Ga thin films integrated by a simple stencil
mask process on microsensor platforms for sub-ppm acetalde-
hyde detection, Sensors, 2017, vol. 17, pp. 1055—1066.

7. Shaposhnik A., Zvyagin A. A., Vasiliev A., Ryabtsev S. V.,
Shaposhnik D., Nazarenko I. N., Buslov V. A. Opredelenie op-
timal'nyh temperaturnyh rezhimov raboty poluprovodnikovyh
sensorov, Sorbtsionnye i Khromatograficheskie Protsessy, 2008,
no. 3, pp. 501—506 (in Russian).

8. Sun Y.-F., Liu S.-B., Meng F. L., Liu J. Y., Jin Z.,
Kong L. T., Liu J. H. Metal oxide nanostructures and their gas
sensing properties: a review, Sensors, 2012, vol. 12, pp. 2610—2631.

9. Pronin 1., Averin 1. A., Alexandrova O. A., Moshnikov V. A.
Modificirovanie selektivnyh i gazochuvstvitel'nyh svojstv rezis-
tivnyh adsorbcionnyh sensorov putem celenapravlennogo legi-
rovanija, Sensors & Systems, 2013, no. 3, pp. 13—16 (in Russian).

10. Sysoev V. V., Musatov V. Ju. Gazoanaliticheskie pribory
“elektronnyj nos". Saratov: Saratovskij gos. tehnicheskij un-t,
2011, 98 p (in Russian).

11. Lashkov A. V., Dobrohotov V. V., Sysoev V. V. Termoka-
taliticheskij mul'tisensornyj chip, Izvestiva SFedU. Engineering
sciences, 2014, no. 9, pp. 195—201 (in Russian).

12. Muhurov N. 1., Efremov G. 1., Kudanovich O. N. Ustro-
Jstva mikromehaniki i mikrosensoriki na nanoporistom okside alju-
minija, Minsk, Bestprint, 2005. 112 p (in Russian).

13. Muhurov N. I., Denisjuk S. V., Kudanovich O. N. Adsorb-
cionno-rezistivnyj gazovyj sensor, Pat. RB no. 10166, 17.03.2014
(in Russian).

14. Dahlin A. B. Size matters: problems and advantages asso-
ciated with highly miniaturized sensors, Sensors, 2012, vol. 12 (3),
pp. 3018—3036.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 11, 2018 687



15. Gasenkova 1. V., Muhurov N. I., Lynkou L. M.,
Jasin M. V. Threshold sensor control of ionizing radiations,
Doklady BGUIR, 2013, no. 8 (78), pp. 108—111.

16. Muhurov N. 1., Gasenkova I. V., Andruhovich I. M. Os-
obennosti formirovanija precizionnyh chuvstvitel'nyh jelementov
datchikov kosmicheskoj plazmy, Nano- and microsystemnaya
teckhnika, 2015, no. 1 (174), pp. 48—56 (in Russian).

17. Gasenkova 1. V., Ostapenko E. V. Effect of Annealing on
the Phase Composition and Morphology of Al,O; Formed in a
Complex Electrolyte, The Journal of Surface Investigation. X-ray,
Synchrotron and Neutron Techniques, 2013, vol. 7, no. 3,
pp. 536—541.

18. Mardilovich P. P., Govyadinov A. N., Mukhurov N. I.,
Rzhevskii A., Paterson R. New and modified anodic alumina
membranes Part 1. Thermotreatment of anodic alumina mem-
branes, Journal of Membrane Science, 1995, vol. 98, is. 1—2,
pp. 131—142.

19. Nefedov V. 1. Rentgenojelektronnaja spektroskopija him-
icheskih soedinenij: spravochnik, Moscow, Izd-vo Himija, 1984,
256 p (in Russian).

20. Karpova S. S., Moshnikov V. A., Mjakin S. V., Kolovan-
gina E. S. Funkcional'nyj sostav poverhnosti i sensornye svojstva
ZnO, Fe, 05 i ZnFe,0y4, Semiconductors, 2013, vol. 47, is. 3,
pp. 369—372 (in Russian).

21. Grosvenor A. P., Kobe B. A., Biesinger M. C., Mcin-
tyre N. S. Investigation of multiplet splitting of Fe 2p XPS spec-
tra and bonding in iron compounds, Surface and interface analis,
2004, vol. 36, pp. 1564—1574.

22. Karpova S. S., Moshnikov V. A., Maksimov A. 1., Mja-
kin S. V., Kazanceva N. E. Issledovanie vlijanija kislotno-os-
novnyh svojstv poverhnosti oksidov ZnO, Fe,05 i ZnFe,04 na
ih gazochuvstvitel'nost' po otnosheniju k param jetanola, Semi-
conductors, 2013, vol. 47, is. 8, pp. 1022—1026 (in Russian).

VK 681.584.77; 621.318.51; 621.3.066.5

DOI: 10.17587 /nmst.20.688-695

A. b. DuAc, actiupaHT, e-mail: pen.mems@gmail.com, E. H. Ilareimes, kaHa. ¢us.-mMaT. HayK, 3aB. J1a0.,

10. JI. AKyabluuH, Hayy. COTp.,

CIIoITY Ilerpa Bennkoro, Cankr-IletepOypr, 195251,
II. B. DHHC, I71. TEXHOJIOT,

AO "CKTBb PT", Benukuii Horopon

bUCTABMUAbHOE MUKPOMEXAHUYECKOE PEAE HA OCHOBE INOTEPU
YCTOMYNBOCTU HEAUHEMHbBIX YIIPYTUX CTPYKTYP
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Ilpedcmasnenst pe3yasvmamot pazpabomxu 6UCMAOULLHORO MUKPOMeXaHUYecKo2o npueoda oas MIM C-pene, uzeomosieHro2o
no 006eMHOU MmexHoA02UU MUKpocucmeMHol mexnuku. [lpueedenvr meopemuyeckue u SKCNePUMEHMANbHbLE Pe3YAbmambl, NOLY-
YeHHbIe 8 X00e MAMEMAMU1ECK020 MOOeAUPOSAHUS U U320MOBAeHUS MUKpopee. Boinoanen ananus eausnus npoguis apkoobpas-
HOU KOHCMPYKUUU KPeMHUEBbIX OAN0K U 8bIpab0Manbl Memoobl NOBbIUEHUS YCIOUMUB0CMU CMAOUAbHbIX cocmosHuil. TIpednoicen
Memo0 CHUMNCEHUs YRPABASIOWe20 HANPSANCEHUs, OCHOBAHHbII HA Pe30HAHCHOM 8030YJicOeHUU npueoda npu NOCMOSHHOM HANps-
JHCEHUU CMeULCHUS.

Karoueevie caosa: bucmabusvroe pene, nomeps mMexaHu4eckou ycmouyugocmu, HeauHelnvle ynpyeue cmpyKkmypol, apKkooo-
pasHas 6aska, MoOyaauus npopuas, MeXaHuuecKkas yCmouvusoCmy, INeKmpocmamu4eckutl npusoo, OUHAMUHECKoe nepexaye-

Hue, MOMC

BBenenune

B nocnenHee aecsaTwieTMe MOJYYMIMU ILLIMPOKOE
pacrpocTpaHeHUe B KOMMYTallMOHHOM TeXHUKE MUK-
poanekTpomexaHuueckue cucrembl (MOMC), B yacT-
HOCTH, 2JIEKTPUUECKHUE U OMNTHUUYECKUE peJie U Iepe-
kiouarenn. IlpeobGiagaroiiee OOJIbIIMHCTBO 3JIEKT-
pUYECKMX peJie U Tepekitouaresieil M3roTOBJIEHO C
MPUMEHEHHWEM TMOBEPXHOCTHOW TEXHOJOTMU MMKPO-
00paboTku. OmHAKO B ITOCIEIHNE TOIBI 0OJIBIION NH-
Tepec BhI3bIBalOT MOMC-peie ¢ gaTepaibHbIM IBU-
KeHueM. B mopapisiolieM OOJBIIMHCTBE YIIpyrue
MOJIBECHl MUKPOMEXaHWYECKOU CTPYKTYPbI SIBISIOTCS
JIMHEHBIMU 3JIEMEHTaMMU, Te JUHENHOCTb MO3BOJISIET
obecreyuTh Jierkoe npeodpazoBaHue sHepruv. OnHa-
KO Bce OOJblIUK MHTEPEC BBbI3BIBAIOT HEJMHEHbIE
3JIEMEHTBI XXECTKOCTU. AKTUBHOE BHUMAaHWE K HEJIU-
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HEWHBIM MOJBECAM BbI3BAHO BO3MOXKHOCTbIO (hDOpMU-
pPOBaHMSI MYJIbTUCTAOMILHBIX cucTeM. Ocoboe BHUMa-
HUE ynessieTcsl apKooOpa3HbIM IoaBecaM, MpoGhuib
KOTOPBIX orpeaensieTcss (opMoil morepu MexaHuyec-
KoM ycTonymBocTH. HenmmHeHOCTh TTOJ00HBIX TTOaBE-
COB OOYCJIOBJIEHA PE3KMM BO3pACTaHWEM aKCHUAIbHOW
Harpy3kKy IIpy OEMCTBYIOIIE Ha OaJKy MOIlepevyHOit
Harpy3ke [1]. [TomoGHast cTpyKTypa MMeeT A1Ba MUHU-
MyMa MEXaHMYECKOW 3HEpTuu, T.e. 00JamaeT ABYMs
CTaOWJIbHBIMU COCTOSIHUSIMM. Hanuuune HecKOJIbKUX
DHEPreTUYEeCKUX MUHUMYMOB MEXaHUYECKOW CHUCTe-
Mbl OOYCJIOBJIEHO TOTepeil ycToitunBocT. OmHAKO B
MOJOOHBIX CUCTEMAX OTMEYAIOT CEPbEe3HYI0 HECHUM-
METPUYHOCTb TOUEK OU(PypKaLVH, T. €. 3HAUUTETbHYIO
pa3HUIlly B DIYOMHE MOTEHLMAIbHBIX M TIEPBOTO U
BTOPOI'O YCTOMUUMBBIX COCTOSIHUI [2]. 1151 yBeTMUeHU S
YCTOMYMBOCTU CTAOWMJIBHBIX COCTOSIHUM TIPUMEHSIOT
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Puc. 1. ®ororpadus nporoTHna GMCTAOMILHOr0 MHKPOIJEKTPOMEXAHNIECKOTO NMPHBOAA B OTKPHITOM H 3aKPHITOM COCTOSTHHSX
Fig. 1. Photo of a prototype of a bistable micromechanical drive in the open and closed states

METO/Ibl JIOKAJIbHOTO YXECTOUEHUS IUIeY apKooOpas-
Horo mnojaBeca [3]. B mpeacraBineHHoli pabore mis
9TUX LeJiel MpeuiaraeTcsl UCIOIb30BaTh MOMYJISIIIUIO
TOJIIIMHBI ¥ ONTUMH3ALINIO VCXOMHOTO MPOMUIIS apKo-
oOpasHoro nojaseca. Pe3oHaHcHas1 yacToTa ynpasJsi-
IOLIET0 HAMPSIKEHUST UMeeT aMIUIMTYIHO-3aBUCUMYIO
XapakTepucTuky. st obecneyeHust apHeKTUBHOCTU
MEePEeKIIOYEHUST MEXIY CTAOMJIbHBIMU COCTOSIHUSIMU
MOTYT OBITh MPUMEHEHBI TMHAMUYECKE€ METOIBI C TIe-
PEeMEHHbBIM U IMOCTOSIHHBIM HamnpstkeHueM. OmnHaKo st
JMAHHBIX CUCTEM XapaKTepHa CUJIbHAs HeJIMHEMHOCTb,
BbIpa’k€HHAasl B 3aBUCMMOCTU PE30HAHCHOW YacTOThI
OT aMIUIMTYyObl KosebaHnuii. [ pelieHus: 3agad oOIl-
TUMM3ALIMU YIIPABJISIONIETO0 HAMPSXKEHUS HEOOXOMu-
MO HM3yuyeHME OUHAMUYECKOTO IMOBEAECHUSI apKOOoO-
pPa3HbIX YIPYIUX 3JEMEHTOB.

1. KOHCTPYKIIMH ¥ TE€XHOJOTHH H3TOTOBJIEHHUS
HeJIMHEIHOTO MpPUBOAA

bucrtabunbHoe pesne mpeacTaBisieT coboil MUKpO-
9JIEKTpOMEXaHUYecKylo cucteMy (puc. 1), mpeaHa-
3HAQUEHHYIO ISl 3HeproddeKTUBHON KOMMYTaLUU
9JIEKTPUUYECKOro curHaia. HemocpencTBEeHHO KOM-
MyTallysl CUTHajla o0ecreynBaeTcss KOHTaKTOM IO -
BUXKHOTO M HEMOJABUXXHOTO KPEMHHUEBBIX 3JIEKTPOIOB
(puc. 1). JInst CHUXKEHUSI CONMPOTUBIICHUSI KOHTaKTa
ITOBEPXHOCTh YHMIIA 3aMbLISICTCS METATTNYECKON TUIeH-
koi. IlepemelnieHue 371eKTpoJa COCTABISIET IPUMEPHO
38 MkM. 17151 yaydlueHus XapakKTepUCTUK TTPUXKUMHO-
ro KOHTakTa OblIM c(OPMUPOBAHBI TOYEUHbBIEC JICKT-
poxsl mmoansio 0,001 MKM2, MIpU 3TOM COMPOTUBIIE-
HUe cocTaBuiio 2 OM.

MUuKpO3JIEKTPOMEXaHUUECKYIO CUCTeMy TIpMBoOja
H3TOTOBJISIIOT MO0 OOBEMHOM TEXHOJIOTUH MUKPOCUCTEM -
HOI TEXHUKU C UCTIOIb30BaHMEM TIJTyOOKOTO TJ1a3MOXU -
muueckoro TpasieHus (I'TIXT). B kauecTBe cTpyk-
TYPHOTO CJIOSI MCIOJb30BaH MOHOKPUCTALIMYECKUIA

KPEeMHMUI, 3aKpeIIEHHbIM Ha CTeKJISIHHOM MOJIJIOXKKE.
TonuHa CTPYKTYpHOTO cjiost coctaBisieT 90 MKM.
®dopMupoBaHEe METAUTMYECKON TUICHKM OCYIIECT-
BJISIIOT METOJaMU TEPMUUYECKOTO HAMbUICHMUSI.
OCHOBHBIM 3JIEMEHTOM OMCTaOMILHON MMKpPOME-
XaHUYECKOUM CHCTeMBbI MPUBOJAA SIBISIETCS HEJUHEeN-
HBIH YIIpYTUI 2JIEMEHT II0IBeca — apKooOpa3Has 0aji-
Ka, B KOTOPOM HajlW4ue ABYX YCTOMUYMBBIX MOJOXEHUMN
00YCJIOBJIEHO MOTEePEN MEXaHUUYECKOU YCTOMUUBOCTH.
Pe3koe yBennuyeHWEe aKCUAIbHOU Harpy3ku Mpu
JNeCTBUM Ha 0ajKy MoIepeyHo Harpy3Ku MPUBOAUT
K (opMHMpPOBAaHMIO ABYX MUHUMYMOB MEXaHMUYECKOM
sHepruu. [Tonepeuynast Harpyska (opMuUpyeTcs B LIeH-
TpaJIbHOM 4acTU apKooOpa3HOIi OaIKu 3a CYET IIPUCO-
eAMHeHus1 rpedbeHuyaroro npuBoga. st ycTpaHeHMsI
HECMMMETPUYHBIX (BpalllaTeJbHbIX) (POPM HOTEPU yC-
TOWYMBOCTU YNPYTUH MOIBEC BBIMIOJIHEH U3 IBYX Ma-
paJiieibHO COeIMHEHHBIX apKooOpa3Hbix Oayok. s
MOJOOHBIX apKOOOPa3HBIX YIIPYTUMX 2JIEMEHTOB Xapak-
TepHa HeOOJbIIasg TIyOMHA BTOPOM ITOTEHLIMAIBHON
SIMbl U HECUMMETPUYHOCTb 3HAYEHUI Harpy3Ky TOYEK
oudypkauuu [2]. 11st TOBBILLIEHUST MEXaHUYECKOM yc-
TOMYMBOCTU BTOPOIO CTAOMJIILHOIO COCTOSIHUSI OBbLIM
MPUMEHEHbI METOAbl JTIOKAJbHOTO YBEJIUUEHUS KEeCT-
KOCTU apKooOpa3Hoil Oanku, Mpoduib Oanku MMeeT
MEepeMEeHHYIO 10 AJvHe ToauuHy (puc. 1). JaHHbIH
METO/I, TTIO3BOJISIET CYILIECTBEHHO YBEJIMUUTb OTHOLLIEHUE
MEXIy BEPXHUM U HUKHUM YPOBHSIMU MEXaHWYECKOM
BHEpPruu BOJM3W BTOPOrO YCTOWYMBOTO COCTOSIHUS
(puc. 2). IIpu 3ToM abCcoIOTHAST BeIMUMHA BEPXHETO
YPOBHSI MEXaHUYECKOW SHEPruM MMeeT MEHbIIYIO 3a-
BUCHMOCTh OT TOJILIMHBI 3J1EMEHTOB [3].
DNeKTpooHasl CUCTeMa MPUBOAA COCTOUT U3 ABYX
OIMO3UTHO HAIPaBJIEHHBIX CUCTEM TpeOeHYAThIX MPU-
BOJIOB M TakxKe MMeeT HeJuMHeWHbIt xapaktep. IIpo-
(unp rpedbeHYaThIX 3JEKTPOAOB TaKXKE BBIMOJIHEH C
IePEeMEHHOU TOJNIIUHOM, YTO 00ecIieurBaeT U3MEHE-
HHUE 3a30pa MEXIY MOBEPXHOCTIMU 3JIEKTPOJOB TMPU
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Puc. 2. 3aBucuMoCTb NOTEHIMANIBHOI 3Hepruu Ep oT nepememeHust
aKTIoaTopa dj ,: / — OXHOPOIHas! IO TONLIMHE apKOOOpasHast bai-
Ka; 2 — apKooOpa3Hasl Oajika ¢ IepeMEeHHOM 10 JJIMHE TOJIIIMHON
poduIst

Fig. 2. Dependence of potential energy Ep on displacement of actuator
dl/2~' 1 — homogeneous by thickness arch-shaped beam; 2 — arch-
shaped beam with a variable by the length thickness of the profile

rnepemelleHun npuBojaa. IlepeMeHHbI 3a30p MO3BO-
JISIET CHU3UTh YPOBEHb Harpy3Ku Iocje ckauykooopas-
HOTO Tepexo/ia, YTO YMEHbBIIAET BEPOSITHOCTh OTCKOKA
MIPU PE3KOM CHSITUY HATPSDKEHUS, U YIIPOCTUTD DJIeK-
TPUUECKYIO CUCTeMY ynpaBieHus. Kpome toro, nepe-
MEHHBINM 3a30p obOecrneuynBaeT Jydilee MPOHUKHOBE-
HUE TpaBSILIMX KOMIIOHEHTOB U OTBOJ MPOAYKTOB pe-
akiuu nipu IT'TIXT, yto obGyieryaeT TpaBieHUE Y3KUX
MOJIOCTe! MpU MaJloM U3MEHEHUHU YAEJbHON eMKOCTH
npuBona [4].

2. SKCIIepl/IMeHTaJIbHOC HCCJICA0BAHME

Onpedenenue cmamu4eckux XapaKmepucmurk npu-
600a bucmabuavHoeo peae. sl poBedeHUsI 3KCIIE-
PUMEHTAJIBLHOIO MCCAeA0BaHUS OMCTAOMIBHOTO MpPU-
BoJla OBLIM M3TOTOBJIEHBI MPOTOTUIIBI. 19 m3Mepe-
HUS TIepeMeIIeHUsT UCITOIb30Bald KaK ONTUYECKUE,
TaK U BJEKTPUUYECKUE METOIbl C MPUMEHEHUEM IIpe-
0o0pa3oBaTeNsl eMKOCTb — HampsKeHUe, TO3BOJISIO-
mero (pukcupoBaTh U3MEHEHUSI €eMKOCTU I'pebeHyYa-
TOW CTPYKTYPHI MPUBOA IIPH TMEPeMeIeHNHN TTPUBOA.
IIpu 3TOM K OJHOMY MacCUBY I'pebeHYaTOro MpuBoaa
MPUKJIaAbIBaIM MOCTOSSHHOE HAIpsKeHUE, a Ha TIpo-
TUBOIIOJIOXKHOM H3MepsUin eMKocTh. [lepemereHue
aKTaTopa M AEUCTBYIOIIME CUIbl peaKlluu YIpPyroro
rnojaBeca Ioka3aHbl Ha puc. 3 (CM. TPETbIO CTOPOHY 00-
JIOXKM). Pe3ynbTaThl 9KCepUMEHTa MOKa3ajld XOpo-
IIYI0 COTJIACOBAaHHOCTD C aHAJIMTUYECKOM 3aBUCHUMOC-
ThIO M YMCJEHHON MOMEIbI0 apKOOOPa3HbIX YIPYIMX
noasecoB [3].

Ha puc. 3, a, uzobpaxeHa 3aBUCUMOCTb CUJIBI OT
nepeMelleHus A1 apKooOpa3Hoii 6aaKu ¢ OZHOPOI -
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HOM TOJIIMHOM MPOMuUIsi, XOpOIIO BUIHA HECUMMET-
PUYHOCTb OTHOCUTEJILHO HYJISI 3HAUYE€HUsI CWJIbI Tepe-
xon0B F,. IlpumeHenne nepeMeHHOro npoguis 6a-
K/ TO3BOJUIO TOOUTHCS YBEIWYEHUS CUMMETPUU
XapaKTepHbIX TOUEK MePeX00B U YBEIUYNUTh YCTONYM -
BOCTh BTOPOTO CTAOMIBLHOTO COCTOSIHUS (puc. 3, b).

B xone uccnenoBaHus Oblaa onpeaeneHa CKOpOCTh
MEepeKITIOUYeHUST aKTioaropa: 1,5 McC 1T OTKPBITHS
alleKTpuyeckoro kKaHazna (Up) u 2 Mc s 3aKpBITUS
afiekTpuueckoro KaHaia (Down). Ilpu 3TOM JOKasb-
HOE YBEJIMYEHME KECTKOCTH YIPYTroro moaBeca Takxke
cOMM3MII0 BpeMs TepekaoueHus: 1,25 Mc 119 OTKpBI-
TUS 3JeKTpudeckoro kaHajia (Up) u 1,3 Mc mis 3a-
KpBITUST BJieKTpuueckoro KaHaina (Down). Tlepexon-
HBIE IIPOLECCHI TaK:Ke MOKa3aHbI Ha puUC. 3 (CM. TPEThIO
CTOPOHY OOJIOXKM).

[ns gaHHOTO HEJMHEWHOTo yIpyroro mojaBeca
KJTIOYeBBIM (DAKTOPOM, BIMSIIOIIMM Ha €To IMMOBEIeHHE,
SIBJISIETCSl HaJM4Yue BHYTPEHHMX HampsikeHuil. boutu
MPOBENECHbl UCCIIEIOBAHUS TeMIIEpPaTypHOU UyBCTBU-
TEJbHOCTU OMCTAOUJIBHOIO pejie, XapaKTepHOM s
CTPYKTYp KpeMHMIi-Ha-cTekyie. M3aMepeHus mpoBo-
quin B auanaszoHe temmepatyp 0...60 °C. Pe3yabTaThl
U3MEPEHUI, MpeacTaBlIeHHble Ha puc. 4 (CM. TPEThIO
CTOPOHY OOJIOXKKM), XOPOLIO COOTHOCSTCSI C pacyer-
HBIMU pesyabTaTamu. Ha puc. 4, a, okazaHo cMmellle-
HUE YIIPYToro 3JeMeHTa IPY U3MEHEHHNE TEMIIEPaTypPhI.
IIpu aTOM cMelleHHE YPOBHSI KPUBOW OOYCIOBJICHO
OCTaTOUYHBIMU HAMPSLKEHUSMU TI0CJIE€ aHOIHOIO CO-
eIuHeHUs U cocTaBiseT mpuMmepHo 40 kIla. U3meHe-
HHE YPOBHSI BHYTPEHHUX HAIIPSTKEHUIA TTPUBOINT K OT-
KJIOHEHMIO TTapaMeTPOB YIIPYTUX 3JIEMEHTOB (puc. 4, b).

B xone uccienoBaHus Obl1a MpoBepeHa CTONKOCTh
OMCTAOMILHOTO pejie K MEXaHUYECKUM BO3ICICTBUSIM.
Tak, cuctema mokasajua MOJOXUTEIbHbBIE PE3yIbTaThI
npu Harpy3ke 100 g ommHapHOrO ygapa u CMHYCOUIAIb-
HOIi mepeMeHHOI Harpy3ke B auarnasone 50...600 I'o.

Onpedenenue OUHAMUHECKUX XAPAKMEPUCMUK NpPU-
600a obucmabuarvHo2o pene. TlpuMeHeHUE METOIOB
JIOKAJIbHOTO YBEJIWYEHUS KECTKOCTH apKooOpa3HOTo
rnojBeca MPUBOAUT K YBEJIUYEHUIO HArpy3Ku Tepe-
KJTIOYeHUS TIPUBOAA W TOBBIIICHUIO HATIPSKEHUS YII-
paBieHus1. sl CHUXKEHUST yIIpaBJIsIiOIIeTro Hampsike-
HUS MOTYT OBITh IPUMEHEHBI TMHAMMYECKNE METOIBI
nepexmodyeHus [5]. Ilpu aToMm s ynpasieHUs MPU-
BOJIOM HCITOJIb3YETCSI PE30HAHCHOE YBEJIMYEHUE CHUT-
HaJla, BO30YKJIEHHOTO MEePeMEHHbIM HaNpsLKEHUEM C
J00aBJIeHEeM TTOCTOSIHHOTO HampsKeHUsST CMELEHUSI.
Cucrema apkooOpa3HOro ympyroro mojaseca obJyiagaeT
KBaApaTUYHOU U KyOMYECKON HEIMHEUHOCTSIMH, T. €.
AMILIUTYIHO-3aBUCUMOIl PE30HAHCHOI 4acToToi [6].
To ecTb cMellleHMEe TPUBOJA U UBMEHEHUE aMILIUTYIbI
KoJe0aHU MPUBOAUT K M3MEHEHWIO Pe30HAHCHOM
4yacToThl. TakuM 06pa3oM MOXHO MPOBOIUThH HACTPOI -
Ky 4aCTOTbl COOCTBEHHBIX KOJieOaHUA.

dnsa  ompeneneHUs] YaCTOTHON XapaKTEPUCTHUKU
MPOTOTUIILI aKTIOaTOpa OMCTAOWJIBHOIO pejie ObLIU




WUCCIEAOBAHBI 101 AEUCTBUEM NEPEMEHHOM HAarpy3Ku.
Bo3oyxneHue konedbaHui TepeMeHHBIM HaIpsSKeHU -
eM 0e3 TTOCTOSTHHOTO CMEIIEHUsI MO3BOJISIET TOOUTHCS
pasnesieHus MeXaHUYeCKMX KOJeOaHUil OT 3JeKTpU-
YeCKOro curHaja Bo30yxaeHus. Tak, yacTtora 3jeK-
TPUUYECKOrO CUTHaja BO30YXIEeHMS COCTaBsET MOJIO-
BUHY YaCTOTHI COOCTBEHHBIX KOJIeOaHWI MPUBOIA.
Jlnst obecrieyeHMsI BBICOKOM JOOPOTHOCTH KoJieba-
HUU pPe30HATOp IOMEIIadd B BaKyyMHYIO KaMmepy.
HoOGpOoTHOCTh OMNpenessyii UCXOAs U3 MOJIOCHl MPO-
nyckanuss AUYX pe3oHatopa Mpu pa3HOM JaBJI€HUU U
MajoM HampsikeHuu Bo30yxaeHus (ot 1...0,05 B)
(puc. 5). 3HaueHUEe HANIPSKEHUST BO30YXXKIEHUST BbIOU-
pajli UCXOMsl M3 rpaHUll JIMHEWHON 00JacTU pe3oHa-
Topa. [1py BEICOKOI aMITIIUTyAE TTepeMEeHHOTO HampsI-
xeHus (5...10 B) yacToTHas1 3aBUCMMOCTh UMEET SIBHO
HeJTMHEWHBIN XapakTep (TUIa — softing) (puc. 6). DK-
CIIEPUMEHTAJIbHO TIOJIYIeHHBIE XapaKTePUCTUKHU CO-
OTBETCTBYIOT TEOPETUYECKUM 3aBUCUMOCTSIM.
AmmutyaHas u (pazoBasi XapaKTepUCTUKU IPUBO-
Jla OMCcTaOUAbHOrO pejie MpU pa3HOM JaBJIEHUU U
YMEHbIIIEHUH YacTOTHI ITOKAa3aHbI Ha pUcC. 7 (CM. 4eT-
BEPTYIO CTOPOHY 00J10KKH). [Ipr 5TOM CpBIB BHICOKO-
JMIOOPOTHBIX KoJieGaHWI HacTymaeT TMpU M3MEHEHUU
¢a3bl MHOTO MeHblie, yeM 90°, 1 He 3aBUCUT OT aMIl-
JIMTYABI KoJieOaHUil. DTO OOBSICHSETCS IOBBIIICHUEM
YYBCTBUTEJIBHOCTH KOJI€OAHUN K CKOPOCTH HM3MEHE-
HUS 4aCTOTHI TIepeMeHHOTro cuTHaa. [1pn n3amepeHnn
YaCTOTHOTO OTBETAa pPe30HaTopa C BO30YXKIECHHEM KO-
JlebaHni TIepeMEHHBIM HATIPSKEHUEM € TTIOCTOSTHHBIM
CMellleHeM HabIogaeTCsl HaBeleHNe TTIoMeX Ha M3Me-
PUTEIBLHBIX 2JIEKTPOJAaX OT 2JIEKTPUUYECKOro CUTrHaia
Bo30yxneHMs. [lomydeHHbIE aMIUTMTYIHO-YaCTOTHBIC
XapaKTEePUCTUKHU MOKa3aHbl Ha puC. 8 (CM. YeTBEPTYIO
CTOpoHy 00J10kKH). [Ipu 3TOM HabOHaeTCs CMelle-

Puc. 5. 3aBucuMocTb J0OPOTHOCTH KoJieOanmii pe3oHaTopa Q ot AaB-
nenuns P

Fig. 5. Dependence of the quality factor of oscillations of resonator Q on
pressure P
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Puc. 6. YacToTHblil 0TBET OMCTAOMILHOTO NPUBOJA C APKOOOPAZHBIM
NOJBECOM NpH nepemennom Hanpsokeaun U, = 5 B: /] — nusmenenue

YacTOTHI BO3OYKICHUSI B CTOPOHY HU3KUX 4acTOT; 2 — U3MEHEHUe
4acTOThl BO30YXICHUSI B CTOPOHY BBICOKUX YacTOT

Fig. 6. Frequency response of a bistable drive with the arch-shaped
suspension at the alternating voltage U,. = 5 V: 1 — change of the

frequency of excitation towards low frequencies; 2 — change of the
frequency of excitation towards high frequencies

HUE Pe30HAHCHOI YacTOoThl B nuanal3oHe 1,35 xI'u npu
HanpspkeHuu cmewenus Uy, = 45 B.

Hcrionn3ys monydeHHbIe YaCTOTHBIC 3aBUCUMOCTH,
MOXHO CYILIECTBEHHO CHU3MUTb HaIpSLKeHUE yIpaB-
JIEHUSI TIpU BO30YXIEHUM KOJAeOaHUIl MepeMEeHHBIM
HanpsKeHUEM C TOCTOSIHHbIM cMmelleHueM. Henu-
HEWHBIN XapakTep KoJiebaHUit pe3oHaTOpa MO3BOJISIET
BO30YyXAaTh KOJeOaHUsI C YacTOTOM, yoaJeHHOW OT
4acTOTbl COOCTBEHHBIX KoJieOaHUI B JIMHEWHOU 00-
JJacTh KoJjebaHuit. YacTtora IepeMeHHOro HampsoKe-
HUS OMpeaesisieTcsl YaCTOTOM, MPY KOTOPOM MPOUCXO-
JIUT CKA4YOK aMIIUTYIbl YACTOTHOM 3aBUCUMOCTHU TSI
COOTBETCTBYIOIIETO HaMpsikeHus cMmelteHus. [Tpu ot-
CYTCTBMM HANIPSKEHUST CMEIIEHMS BEIHYKIEHHBIE KO-
JlebaHMsT He TIPUBOJAT K 3HAYUTEJILHOMY POCTY KoJie-
0aHUIi pe3oHaTOpa, KaK M HampsKeHWe CMEeIeHUST He
NPUBOIMUT K ero mepekitoueHuto. Ilociae ckaukooO-
pa3HOro rnepexoaa BO BTOPOE YCTOMUMBOE TOJOXEHUE
pe30HaHCHBIE KOJieOaHMs 3aTyXaloT BCAEACTBUE U3Me-
HEHMSI pe30HAHCHOM YaCTOTHI.

B xome npoBeneHus ucciaenoBaHUsI MUKPOMEXaHU -
YeCKMii pe3oHaToOp BO30YyxKAaucs MpU aTMOC(hepHOM
JaBJIEHUW HamnpsokeHueM Ha dactote 4,6 kI u ami-
marypoit U,. = 10 B. /106pOTHOCTb MEXaHUYECKOTO
pe3oHaropa mpu 3ToM cocrtaBwia 40. IlpunoxeHue
HanpsikeHus: cMeleHust B 50 B mpuBoauT K ckauko-
o0pa3HOMY Mepexony U MepeMelleHUI0 MPUBOAa BO
BTOpOE yCTOMYMBOE MoyioxkeHue. Jid CHUXEeHUST Ha-
MpPSDKeHUS cUcTeMa pe3oHaTopa Oblia moMmellieHa B Ba-
KyyM. YBeJnueHre J00pOTHOCTU, KaK BUIHO U3 puC. 8§,
JUUIST HeIMHEMHBIX KoJieOaHU# He MPUBOAUT K CYILIECT-
BEHHOMY YBEIMUEHUIO aMIUIMTYIbI, KaK JJIST TMHEHHBIX
cucreM. Ilpn mooporHoctn 8000 mepexom MexXay yc-
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TOMUYMBBIMU COCTOSIHMSAMU oOecrieunBaeTcs mpu 35 B
MOCTOSIHHOTO cMellleHUus U 5 B repeMeHHOro Hampsi-
KEHUSL.

3akioueHue

B xome paboThl ObLT pa3paboTaH OMCTAOMIIBbHBIN
MUKpOMexaHu4eckuil nmpusoa mist MOMC-pene, us-
TOTOBJIEHHBI MO OOBEMHON TEXHOJOTUM MUKPOCUC-
TeMHOW TexHUKH. [IpoBeneH aHaiIu3 BIMSHUS IIPO-
¢unst apKkooOpa3HOU KOHCTPYKLIMWA KPeMHUEBbIX Oa-
JIOK ¥ BbIPaOOTaHbI METOABI TTOBBILLIEHUS] YCTOMYMBOCTH
CTaOWIbHBIX cocTosiHUI. TeopeTruueckue naHHbIe MO -
TBEPKIAIOTCS TPOBEACHHBIM 3KCIIEpUMEHTAIbHBIM
HCCeA0BaHUEM TePEeXOIHbIX MPOLECCOB MEePeXol0B
MEXAY YCTOMYMBBIMU cOoCTOSTHUAMM. [IpemnoxeH me-
TON CHWXXEHMUS YIIPABJISIONIErO HAMpSKeHUs], OCHO-
BaHHBIN Ha PE30HAHCHOM BO30OYXIEHWU IIPUBOIA C
MOCTOSIHHBIM cMellleHueM. IlpencrtaBieHbl JdaHHbIE
U3MEpeHUs TMHAMUYECKUX XapaKTePUCTUK HEJTUHEeH-
HOTO pe30HaTopa NpU BO3OYXIEHUM IepeMEHHBIM
HaIpsKeHUEM U BO30YXKIEHUU TIepeMEeHHBbIM Harmpsi-
>KEHHMEM CO CMEIIIEHMEM TIpU Pa3HbIX 3HAUYCHUSIX 100-
potHoctu. [lonydeHbl pe3yabTaThl, IMOKAa3bIBAIOLIME

BO3MOXHOCTb CHVIKEHUST YIIPABISIONIETO HampsKe-
HUSI PYU UCITOIb30BAaHUM JMHAMUYECKHUX METOAOB Ie-
PEKITIOYCHYS.
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This paper presents the results of development of a bistable micromechanical drive for a MEMS relay, manufactured with the
use of the bulk technology. The principle of operation of the device is based on the buckling instability of a nonlinear elastic sus-
pension. In this paper the authors present stages of manufacturing of the relay and the experimental results proved by the finite el-
ement analysis (FEA). The influence of the profile of an arch-shaped silicon beam on the stability of the stable states was studied,
and the methods to improve it were developed. The analysis data were confirmed by a transient experiment, when the beam switching
was between the stable states. The actuator performance dependence on its temperature was evaluated as well and the stability of
the bistable relay was tested under an external mechanical load. A method for reduction of the control voltage amplitude was pro-
posed. It is based on the drive excitation at the resonance frequency of the arch beam in conjunction with a constant load generated
by a bias. The authors studied the dynamic characteristics of the nonlinear resonator under the AC excitation as well as under biased
AC excitation for the resonators of various quality factors. Results of the experiment demonstrate clearly that the control voltage can
be significantly reduced due to the use of the dynamic switching techniques.
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Introduction

Microelectromechanical systems (MEMS) are
widely used in the switching technologies and in the
electric and optical relays and switches, in particular.
Most of the relays and switches are based on the surface
technology of microprocessing. Of great interest are
MEMS relays with a lateral movement. In overwhelm-
ing number of cases the elastic suspensions of a micro-
mechanical structure are linear elements, where linear-
ity allows us to ensure an easy transformation of energy.
However, an increasing interest is attracted to the non-
linear elements of rigidity. The attention to the nonlin-
ear suspensions is due to a possibility of formation of
multistable systems. Special attention is devoted to the
arch-shaped suspensions, the profile of which is deter-
mined by the form of the loss of the mechanical stabil-
ity. The nonlinearity of such suspensions is due to a
sharp increase of the axial load at a cross-section load
operating on a beam [1]. Such a structure has two
minima of the mechanical energy, i.e. it possesses two
stable states. Presence of several energy minima of the
mechanical system is caused by a loss of stability.
However, such systems are characterized by a consid-
erable asymmetry of the bifurcation points, i.e. there
is a considerable difference in the depths of the po-
tential wells of the first and second stability states [2].
In order to increase the stability of the stable states,
the methods of local toughening of the shoulders of
the arch-shaped suspension are applied [3]. In the pre-
sented work the authors propose to use for these pur-
poses a modulation of the thickness and optimization
of the initial profile of the arch-shaped suspension.
The resonant frequency of the control voltage has an
amplitude-dependent characteristic. In order to en-
sure an efficient switching between the stable states,
the dynamic methods with variable and constant volt-
ages can be applied. However, the given systems are
characterized by a strong nonlinearity expressed in the
dependence of the resonant frequency on the ampli-
tude of the oscillations. A possible solution to the
problems of optimization of the control voltage re-
quires studying of the dynamic behavior of the arch-
shaped elastic elements.

1. Designs and technologies for manufacturing
of a nonlinear drive

A bistable relay is a microelectromechanical system
(fig. 1) intended for an energy-efficient switching of an
electric signal. Directly switching of a signal is ensured
by a contact of the mobile and silicon electrodes (fig. 1).
For a decrease of the contact resistance the chip surface
is dusted by a metal film. Displacement of the electrode
equals roughly to 38 um. For improvement of the char-
acteristics of the clamping contact, the dot electrodes

were formed with the area of 0.001 um2, at that, the re-
sistance equaled to 2 Q.

Microelectromechanical drive system is made by the
bulk microsystem technology with the use of a deep
plasma-chemical etching (DPCE). As the structural
layer, a monocrystal silicon fixed on a glass substrate
was used. Thickness of the structural layer was 90 pm.
Formation of a metal film was carried out by the meth-
ods of the thermal deposition.

The basic element of the bistable micromechanical
drive system is a nonlinear elastic suspension element
(arch-shaped beam), in which presence of two steady
positions is due to a loss of the mechanical stability.
A sharp increase of the axial load during action on a
beam of a cross-section load leads to formation of two
minima of the mechanical energy. A cross-section load
is formed in the central part of the arch-shaped beam
due to connection of a comb drive. For elimination of
the asymmetrical (rotary) forms of the loss of stability,
the elastic suspension is made of two arch-shaped
beams connected in parallel to each other. Such arch-
shaped elastic elements are characterized by a small
depth of the second potential well and asymmetrical
values of the load points of bifurcation [2]. For a better
mechanical stability of the second stable state, the
methods of a local increase of the rigidity of the arch-
shaped beam were applied. The beam profile has a var-
iable by length thickness (fig. 1). The given method al-
lows us to increase essentially the correlation between
the top and the bottom levels of the mechanical energy
near the second stable state (fig. 2). At that, the ab-
solute value of the top level of the mechanical energy
has a smaller dependence on the thickness of the el-
ements [3].

The electrode system of the drive consists of two op-
positely directed systems of the comb drives and also
has a nonlinear character. The profile of the comb elec-
trodes is also made with variable thickness, which en-
sures variation of the gap between the surfaces of the
electrodes during a displacement of the drive. The var-
iable gap makes it possible to reduce the level of a load
after an abrupt transition, which reduces the probability
of a bounce in case of a voltage drop and allows to sim-
plify the electric control system. Besides, the variable
gap ensures a better penetration of the etching compo-
nents and removal of the reaction products at DPCE,
which facilitates etching of the narrow cavities at a
small variation of the specific capacity of the drive [4].

2. Experimental research

Determination of the static characteristics of the drive
of the bistable relay. For an experimental research of the
bistable drive, several prototypes were made. For meas-
urement of the displacement, both optical and electric
methods were used with application of the capacity-
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voltage converter, allowing to record variations of the
capacity of the comb structure of the drive during a dis-
placement of the drive. At that, to one mass of the comb
drive a constant voltage was applied, while on the op-
posite one the capacity was measured. Movement of the
actuator and the influencing forces of the reaction of the
elastic suspension are shown in fig. 3 (see the 3" side of
cover). The results of the experiment demonstrated a
good match with the analytical dependence and the
numerical model of the arch-shaped elastic suspen-
sions [3].

Fig. 3, a, presents the dependence of the force on
the movement for the arch-shaped beam with a homo-
geneous thickness of the profile. The asymmetry in re-
lation to the zero value of the force of transition is well
visible. Application of a variable profile of the beam al-
lowed to achieve an increase of the symmetry of the
characteristic points of transitions and to increase the
stability of the second stable state (fig. 3, b).

During the research, the speed of switching of the
actuator was determined: 1.5 ms for opening of the
electric channel (Up) and 2 ms for closing of the elec-
tric channel (Down). At that, the local increase of the
rigidity of the elastic suspension also made the switch-
ing times closer: 1.25 ms for opening of the electric
channel (Up) and 1.3 ms for closing of the electric
channel (Down). The transient processes are also
shown in fig. 3.

For the given nonlinear elastic suspension the key
factor, influencing its behavior, is availability of the in-
ternal stresses. Research was done of the temperature
sensitivity of a bistable relay, typical for the silicon-on-
the grass structures. Measurements were done in the
range of 0...60 °C. The results of the measurements pre-
sented in fig. 4 (see the 3" side of cover) match well
with the calculations. Fig. 4, a, presents a displacement
of the elastic element during a temperature variation. At
that, the displacement of the level of the curve is caused
by the residual stresses after an anode connection and
equals approximately to 40 kPa. Variation of the level
of the internal stresses leads to a deviation of the pa-
rameters of the elastic elements (fig. 4, b).

During the research the resistance of the bistable re-
lay to the mechanical influences was checked. Thus,
the system demonstrated positive results at the load of
100 g of a single blow and a sinusoidal variable load in
the range of 50...600 Hz.

Determination of the dynamic characteristics of the
drive of a bistable relay. Application of the methods of
a local increase of the rigidity of the arch-shaped sus-
pension leads to an increase of the load of switching of
the drive and an increase of the control voltage. Dy-
namic methods of switching can be applied in order to
decrease the control voltage [5]. At that, for control of
the drive a resonant increase of the signal excited by an
alternating voltage with addition of constant bias volt-
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age is used. The system of the arched-shaped elastic
suspension possesses a quadratic and cubic nonlinear-
ities, i.e. amplitude-dependent resonant frequency [6].
That is, a displacement of the drive and change of the
amplitude of oscillations leads to a variation of the res-
onant frequency. Thus, it is possible to adjust the fre-
quency of the own oscillations.

For determination of the frequency characteristic,
the prototypes of the actuator of the bistable relay were
investigated under the influence of a variable load. Ex-
citation of oscillations by an alternating voltage without
a fixed bias allows us to achieve separation of the me-
chanical oscillations from the electric signal of excita-
tion. Thus, the frequency of the electric signal of exci-
tation makes a half of the frequency of the own oscil-
lations of the drive.

In order to ensure high quality factor of oscillations,
a resonator was placed in a vacuum chamber. The qual-
ity factor was defined proceeding from the pass-band of
AFC of the resonator at different pressures and small
voltages of excitation (from 1...0.05 V) (fig. 5). The val-
ue of the voltage of excitation was selected proceeding
from the boundaries of the linear area of the resonator.
At a high amplitude of the alternating voltage (5...10 V)
the frequency dependence had an obviously nonlinear
dependence (softing) (fig. 6). The experimentally re-
ceived characteristics corresponded to the theoretical
dependences. The amplitude and phase characteristics
of the drive of the bistable relay at different voltages and
lower frequencies are shown in fig. 7 (see the 4t side
of cover). At that, failure of the quality factor oscilla-
tions comes at a phase change considerably less, than 90°
and does not depend on the amplitude of the oscilla-
tions. This is explained by an increase of the sensitivity
of the oscillations to the speed of change of the fre-
quency of a variable signal. During measurement of
the frequency response of the resonator with excita-
tion of oscillations by an alternating voltage with a
fixed bias, we observed interferences on the measuring
electrodes induced by the electric signal of excitation.
The received amplitude-frequency characteristics are
presented in fig. 8 (see the 4t gide of cover). At that,
a displacement of the resonant frequency in the range
of 1.35 kHz at the bias voltage U;. = 45 V was ob-
served.

By using the obtained frequency dependencies it is
possible to lower the control voltage during excitation
of oscillations by an alternating voltage with a fixed bi-
as. Nonlinear character of the oscillations of the reso-
nator allows us to excite oscillations with the frequency
far from the frequency of the own oscillations in the lin-
ear area of the oscillations. The frequency of the alter-
nating voltage is determined by the frequency, at which
there is a jump of the amplitude of frequency depend-
ence for the corresponding bias voltage. In absence of
the bias voltage the forced oscillations do not lead to a




considerable growth of the oscillations of the resonator,
just like the bias voltage does not lead to its switching.
After a spasmodic transition into the second stable state
the resonant oscillations fade due to variation of the
resonant frequency.

During the research, the micromechanical resonator
was excited at the atmospheric pressure by voltage on
frequency of 4.6 kHz and the amplitude of U,. = 10 V.
At that, the quality factor of the mechanical resonator
was 40. Application of the bias voltage of 50 V led to a
spasmodic transition and movement of the drive to the
second stable position. For reduction of the voltage, the
resonator system was placed in vacuum. As it is visible
in fig. 8, for the nonlinear oscillations an increase of the
quality factor does not lead to an essential increase of
the amplitude, like for the linear systems. At the quality
factor of 8000 the transition between the stable states is
ensured at 35 V of the fixed bias and 5 V of the alter-
nating voltage.

Conclusion

During the work a bistable micromechanical drive
for MEMS relay was developed, made by the bulk mi-
crosystem technology. An analysis was done of the in-
fluence of the profile of the arch-shaped designs of the
silicon beams and methods were developed for an in-
crease of stability of the stable states. The theoretical
data were proved by the undertaken experimental re-
search of the transient processes of transition between
the stable states. A method was proposed for reduction

of the control voltage, based on the resonant excitation
of the drive with a fixed bias. The measurements were
presented of the dynamic characteristics of the nonlin-
ear resonator during excitation by an alternating voltage
and excitation by an alternating voltage with a displace-
ment at different values of the quality factor. The results
were received demonstrating a possibility of a decrease
of the control voltage due to the use of the dynamic
methods of switching.
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BbICTPOAEMCTBYIOLLNI KMOT-NMPEOBGPA3OBATEAbD

YPOBHSA HANPMAKEHNA

Ilocmynuna ¢ pedaxuuio 20.06.2018

IIpedcmaenen Hoswill 6oicmpodeiicmayrouuit. KM OII-npeobpazosamens yposHs Hanpscerus. B npedaodcenHom npeobpaszo-
eamene YpoGHs HANPAICCHUS UCHOAB306AH OPUSUHANBHBIU MemOo0 (POPpMUPOBAHUs Yenu HU3KOU NPOBOOUMOCU 045 MUHUMUIAUUU
aghgpexma npomueodeiicmeus nepexooH02o npoyecca no nepe3apsoy 8bIX0OHbIX eMKocmell mpueeepa, 045 YMeHbUleHUs: 3a0epiucKU
nepexaroUenus u OuHamu4ecko2o moxka nompeonenus. Ipeoroxcennniii 6vicmpodeticmeyowuic KMOII-npeobpa3zoeamens yposHs
HAnpsyCeHUss cO0epICUm PABHOUEHHble NPAMOU U UHBEPCHbIL BbIXOOHbIE UHBEPMOPbL, GbINOAHANOUUE He MOAbKO YCUAUMEAbHYIO
@YHKYUIO, HO U DYHKUUIO NO OP2AHU3AYUU NPed8apumenbHoll YCIMAaHo8KU 8 cemu NOOMANCKU 86epx npogodumocmu. Pe3yromamol
Mooeauposarusi npednroxcenHoeo KMOII-npeobpazosamens ypoeHs NOKA3bi6aom, 4mo 3a0epicKu NepeKao4eHus Obiau 3Hayu-
menvHo ymeHblueHsl, npubauzumensto Ha 31 %. Kpome moeo, npednoxcennviii npeobpazoeamens pabomaem 6 6onee wupoKom oua-
Nna3oHe pabouux ypoeHel HANPANCeHUs N0 CPAGHEHUI0 ¢ MPAOUYUOHHBIMU UCNOAHEHUMU.

Karoueewie caosa: UC, KMOII, npoexkmuposarue, cxemomexrHuka, npeodbpasosamensd ypogHs. HanNpsaicenus, ovicmpodeicm-

eue, ka4vecmeo, HaodexicHOCMb
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BBenenune

PazBuTre COBpeMEHHBIX 3JEKTPOHHBIX CHUCTEM
TpeOyeT MPUMEHEHMS CaMbIX pa3HOOOpa3HbIX MPeoo-
pasoBarejieil YPOBHSI HAIPSDKEHMS 10 1IEJIOMY PsIIy
MPUYMH, CPeau KOTOPBbIX HauboJyiee CYIIeCTBEHHbIE
cJenyolue:

e HEOOXOAMMOCTb COINPSDKEHUSI 3JEMEHTOB 3JICKT-
POHHBIX CUCTEM U (MUJIN) YCTPOUCTB C HECKOJIbKUMU
WCTOYHUKAMU MMUTaHUS;

e HEOOXOAMMOCTb COIJTACOBAaHMSI CXEM, MMEIOIINX
pa3IMYHbBIE YPOBHM HAMPSIKEHUI UCTOYHUKOB TTH-
TaHUs U BHYTPEHHUX CUTHAJIOB,;

e HaJMUME B CUCTEMaxX pexXuMa oxXugaHus (standby)
[1];

o st cxeM-ESD zamurts [2, 3];

e 15 opranuszaiuu F-N-TyHHeaMpoBaHMsl (KBaHTO-
BO-MeXaHN4YeCKUil 3¢p¢GeKT TyHHEIUPOBAHUS IO
®daynepy—Hopnxeiimy) B pexXume CTUpPaHUS WUH-
dopMauu sTuekKu maMsITh Gasii-naMsaTu [4, 5);

e JUISI CHUIKEHMSI MOIIIHOCTHU MOTPeOJeHUsT B CUCTe-
MaX C HECKOJbKUMU MOPOTOBBIMU HAMPSIKEHUSIMU
MOIT TpaH3UCTOPOB U T. A.

Knaccuduxanusi coBpeMeHHbIX MpeoOpa3oBateseit
YPOBHSI BeCbMa CJIOXKHA M CHJIBHO pa3BeTBiIeHa [6—§]
Kak 1Mo (pyHKIMOHAJIbHbIM, TaK U MO KOHCTPYKTHB-
HO-TEXHOJIOTMYEeCKMM Tpu3HakaM. [losTomy B maH-
HOIl paboTe paccMaTpUBAIOTCSl TOJIbKO KJIACCUYECKUE
npeobdpa3oBarTeid ypoBHsI, u3roropieHHbIe 10 KMOII-

(KoMIIIeMeHTapHasl CTPYKTypa MeTal—OKCUI—IIONy-
MPOBOJHUK) TEXHOJOTUU.

B sToii paboTe mpencTtaBieH HOBbIA OpPUTMHAJb-
Heiit KMOII-npeo06pa3oBarteiib ypOBHS BXOOHOTO CUT-
Hajla HU3KOTO YPOBHSI B CHUTHaJ BBICOKOIO YPOBHS
(cHM3Y BBEpX) C ABYMS MCTOYHUKAMU MUTAHUS U paB-
HOLIEHHBIMU TIPSIMbIM W WHBEPCHBIM BBIXOAHBIMU
MHBepTOpaMu. Takke OIMUCHIBAETCS OPUTMHAIBHBIN
MeTo (popMUpOBaHMST HU3KOMPOBOMSIIEH LENu, He
OKa3bIBAIONIMI BIMSHUS Ha CHUKEHUE TMHAMHUYEC-
KHX XapaKTepUCTUK MPeIIoXKEHHOIo Mpeodpa3oBaTe-
JIsl YPOBHSI.

1. Tpagummonnsnii KMOII-npeoopa3oBarenn
YPOBHSI HANIPSIKEHHUS

Yaiue Bcero cxeMoii Tpaduyuonnoeo KMOII-npeo6-
pazoeamensi ypoeHs Hanpsidcenus Has3biBaloT 10-TpaH-
3UCTOpHYIO cxeMy (puc. 1) [9—13].

Hannsiit KMOII-mipeodpa3oBareib ypoBHS HamIpsi-
JKEHUST COACPXKUT TpU (PYHKIMOHATBHO HE3aBUCHUMBIX
osoka:

o ®DopmupoBaTeslb IPSIMOTO M MHBEPCHOTO BXOTHBIX
curHajaoB Hu3Koil ammutyasl (GND/VddL);

e IIpeobpazoBareib BXOAHOTO CUTHAJIa HU3KOM aMII-
muryasl (GND/VddL) B curHan BeICOKOIM aMIUTH-
tyasl (GND/VddH);

e BrbixoagHoit Oydep npsiMoro curHajia BbICOKOM aM-
mwutyasl (GND/VddH).
®dopmMupoBarenb MPSIMOTO W WH-

BEPCHOTO BXOIHBLIX CHMTHAJIOB HU3-

Puc. 1. 10-tpan3ucropras cxema Tpamunuonnoro KMOII-npeoOpa3oBatensi ypoBHs Ha-

NPSKEHus

Fig. 1. 10-transistor circuit of the convecional High-Speed CMOS Level Voltage Converter
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Puc. 2. Cxema npepnoxensoro KMOII-npeoOpa3oBarelisi ypoBHS HANPSKEHUS
Fig. 2. Circuit of the proposed High-Speed CMOS Level Voltage Converter

g obecrieueHUs1 yCTOMUYMBOI paboThl Tpaduyu-
onnoeo KMOII-npeobpaszoeamens ypoeHs HANPANCEHUS
HEOOXOIMMO CMeIleHHNe TIepeaaTOYHBIX XapaKTePUCTIK
BHU3 B JIBYX "MoJjy3aiiiesikax” Tpurrepa llpeoopazosame-
51 8X00H020 cueHanra Hu3kou amnaumyoo (GND/VddL)
6 cuenan evicokou amnaumyost (GND/VddH). 1arnHoe
YCIIOBHE TOCTUTACTCS CYIIECTBEHHBIM YMEHBIIICHUEM
MMPOBOAMMOCTH LIETIM CETH TMONTSKKKA BBEPX Ha TpaH-
3uctopax P3, P4 o cpaBHEHUIO C TIPOBOAMMOCTBIO Ce-
TU MOATSKKY BHM3 Ha TpaHauctopax N3, N4. Takum
00pa3oM, BpeMs MEepexXOJHOro Ipoliecca Ipu Iepe-
KJIIOYeHUM CMTHaJla Ha BXOJE BBIXOAHOro Oydepa u3
HU3KOro ypoBHs1 HampsbkeHuss GND B HampsikeHue
BeicoKoro ypoBHs VddH cymiectBeHHO OoJjblie IO
CpaBHEHMIO CO BpeMeHeM TIepeXOIHOTO Tporecca Ipu
TIepeKITIOYCHUH CUTHAJIA M3 BRICOKOTO YPOBHS HaIIpsi-
KXKeHus B Hu3KMi. Takasg 0COOEHHOCTh TPUBOIUT K
VBEIWUYECHUIO BPEeMEHU TIePEeKIIOUeHUS TIpH (HOPMU-
poBaHMM cuUTHaja Bbicokoro ypoBHsi VddH Ha Bxoxae
BBIXOOHOTO Oy(epa u, ciiegoBaTeIbHO, K YBEJIMYECHUIO
3aepXKU BPEMEHU pPacCIpOCTPpaHEHUs] BBIXOTHOTO
curHaja Hu3koro ypoBHs1 GND Ha Beixone OUT 7pa-
duyuonnoeo KMOII-npeobpazoéamens ypoeéHs Hanpsi-
acenusi. KpoMe Toro, BCyieACTBUE MOBBIILIEHHOTO Bpe-
MEHHU TEepeXOomHOro IMpolecca yBeJWYMBaeTCsl OUHa-
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MUYecKuil ToK motpebienust [12, 15, 16]. ITosromy
OCHOBHbIE YCWJIUS Pa3pabOTYMKOB 3JIEKTPOHHBIX CUC-
TeM 10 YCOBEPIIEHCTBOBAaHMUIO IpeoOpa3oBaTesiei
YPOBHSI HAIIPSKEHUsI HAIIpaBJIeHbl Ha 00pb0Yy C 3TUMU
HenocTaTkaMmu. Jlajiee mpeacTaBieHO OJHO U3 TaKUX
OPUTHMHAJBHBIX pellIeHUN.

2. Hosblii ObICTpOaEiiCTBYIOMIMIA
KMOII-npeodpa3oBareiib YPOBHS HANPSIKEHUS

Ha puc. 2 npencrasnena cxema Hoeoeo (opueunans-
Hoeo) 6vicmpodeticmeyroueeo KMOII-npeobpazosamens
ypoeus Hanpsixcenus [17]. Kak BugHo U3 puc. 2, mipea-
snoxeHHblii KMOII-nipeobpa3oBartesib ypOBHSI HamIpsi-
JKEHUS OTIMYAETCST OT TPAANIIMOHHOTO OpraHm3aInei
CeTH TIOATSKKM BBepx Tpurrepa [lpeobpazosamens
6X00H020 cueHanra Huzkou amnaumyost (GND/VddL) e
cuenan evicokou amnaumyowst (GND/VddH). Kpome To-
To, Ha BBIXOIE COOTBETCTBYIONIEH "TIOMy3allleNKHu" B
CXEeMy BBEIEH IOIOJHUTEIbHBIM MHBEPTOP Ha TpaH-
suctopax P10 m N10, BuITOTHSIOMMI (GYHKIINIO BbI-
xogHoro 0ydepa mHBepcHoro curHaja OUTN Bbico-
koii amrmutyael (GND/VddH).

BrixomHbie Oydephl IpsSIMOT0O ¥ MHBEPCHOIO CUTHA-
JioB Beicokoit ammuutyasl (GND/VddH), momumo oc-
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HOBHO# (PYHKIIMM YCUJICHHUSI BBIXOIHBIX CUTHAJIOB IIPU
paboTe Ha OOJIbIIYI0 EMKOCTHYIO HAarpy3Ky, TakXKe Bbl-
MTOJTHSTIOT JOTIOJTHUTEIbHYIO (YHKIMIO (GOpMHpOBa-
HMSI CUTHAJIOB OOpaTHOM CBSI3U JJIS1 YIIPABJICHUSI LeTIsi-
MM BBICOKOI TIPOBOIUMOCTH B CETU TONTSKKUA BBEPX.

Tpansucropst P3, P4, P6 u P9 BbImOIHEHBI ¢ MU-
HUMaJILHOM JIMHON KaHazia (3aTtBopa) L m ¢ 00ib-
1IOM IIMPUHON KaHana (3aTBopa) W, mosToMy OHU
00J1a1a10T BBICOKOU KPYTU3HOU 1 00pa3yioT ABE LieIn
BBICOKOI mpoBogumoctn — P6, P3 u P9, P4. Kpome
TOTO, TaK Kak TpaH3ucTopbl P7 u P8 BeIMOJIHEHEI C
MUHUMAaJbHOIM IIMPUHON KaHana (3aTBOopa) W u ¢
OoJbLIION ATMHON KaHana (3aTBopa) L, To OHU UMEIOT
MaJlylo KpyTM3HY U COBMECTHO C TpaH3ucTopamu P3 u
P4 o6pasyror 1enu HU3KOI NMPOBOIMMOCTU. Tak Kak
3aTBOpPHI TpaH3UCTOpOoB P7 1 P8 moacoenuHeHsI K 1111~
He UCTOYHMKA MUTAHUS HU3KOTO YPOBHS HATIPSKEHUS
GND, eMKOCTb 3aTBOP,/TIOJIOKKA HE BIUSET Ha ObIC-
TpoOAeicTBME PabOTHI CXeMBI B JIIOOOM pexuMme. B To
Ke Bpems, yeM Oosibllle OauWHa KaHaua (3aTtBopa) L
TpaH3uctopoB P7 m P8, TeM MeHbllle nX KpyTHU3HA U
TEM HMXE CyMMapHasi pOBOIMMOCTb LieNeil HU3KOM
nposoagumoctu P7, P3 u P8, P4. Bmecre ¢ Tem, uyem
HIXE 3Ta MPOBOIUMOCTb, TEM MEHBIIIE BpeMs TIepe-
KJItoueHusl Tpurrepa llpeobpazosamens 6xo0Ho20 cue-
Hana Huskou amnaumyost (GND/VddL) 6 cuenan 6oi-
cokoi amnaumyost (GND/VddH), Tak Kak MOIIHBIM
N-kaHanbHbIM TpaH3ucTopaMm N3 1 N4 nerdye npeono-
JIeBaTh MPOTUBOAECUCTBHE CIAa0BIX LIETIC ceTeil mom-
TSDKKM BBEPX 3allleIKU Ha TpaH3uctopax P7, P3 u PS§,
P4. TToaToMy uem Oosblue ajivHa KaHaia (3aTBopa) L
TpaH3uctopoB P7 u P8, TeM BbIlIe oO1Iee OBLICTPO-
NECTBUE CXeMbl M T€M MEHbIle ee TUHaMuyecKas
MOIIIHOCTb NOTpebIeHN s, a BLIOOP JUIMHBI KaHaa (3a-

8V

LUE

TBOpa) L MOXET OIlpelesisIThbCsl HA OCHOBAHUU TOJIBKO
TOIOJIOTUYECKOM 11eJ1eCO00pa3HOCTH.

3. Pe3yabTaThl cCpaBHEeHHS

BoiOop mpuHLMIIOB CpaBHEHMS ABYX (DYHKIIMO-
HAJIBHO OJIMHAKOBBIX CXEM SIBJISIETCS TOBOJBHO CJIOXK-
HOI 3aja4yeii, TaK KaK UX TPYAHO MPUBECTU K paBHBIM
yciaoBusiM. Yailie Bcero mjisi cpaBHEHUST LIU(PPOBBIX
CXEM HUCIIOJIb3YIOT pe3yJibTaTbl MOAEIUPOBAHUS CXEM
C MUHUMAJIbHBIMU pa3MepaMu TpaH3UCTOPOB P- u
N-tuna. OnHako, HECMOTpPsS Ha TO YTO IIpeoOpa3oBa-
TeJW YPOBHSI yallle BCEro OTHOCST K LU(POBBIM CXe-
MaM B CUJIy (PYHKIIMOHAJbHBIX OCOOEHHOCTEM, TaKOW
METOJ, He MOAXOIWUT JJISI CpaBHEHUs Mpeodpa3oBaTe-
Jiel ypOBHS HaIpsKeHMs, TaK KakK JJigd oOecrieueHust
YCTOMYMBOI pabOTOCIIOCOOHOCT B TPaAWIIMOHHOM
cxeme TpedyeTcs CyIIECTBEHHBIN MEPEKOC MepenaToy-
HBIX XapaKTEepUCTUK TPUITEpA.

Bropoii, yacTo ucnonab3yeMblii MEeTOJ IJIsl CpaBHE-
HUsI MpeoOpa3oBaTeieil ypoBHSI HANIPSIKEHUSI — METOJ
CPaBHEHUS PE3yJIbTATOB MOJIETUPOBAHUS CXEM, TMPe/-
BapUTEJIbHO MaKCUMaJIbHO OINTUMU3WPOBAHHBIX Ha
paboTy B OAMHAKOBBIX YCJIOBMSIX: OJMHAKOBOM BXO/I-
HOM CHUTHaJIe U OIMHAKOBOI BbIXOAHOI Harpyske. Of-
HAaKO Y 3TOT METOJ HE JAET MOJHOCTbBIO TOCTOBEPHOIO
pesyJbTaTta, Tak Kak He CyIleCTBYeT BO3MOXHOCTH YT-
BEPXJaTh, YTO KaKOW-IMOO BapUaHT IOCTUT UAEATb-
HO#l onTuMmu3auuu. Bcerma cyllecTBYIOT BapMaHTHI,
KOTOpPbIE MOTYT OINPOBEPTHYTb ITOCTUTHYTHIE MOKa3a-
teau. KpoMe Toro, cama mpoueaypa MOUCKa MOXET
3aHMMAaTb HEOIPEIEIEHHO OOJIbIIIOE KOJIUYECTBO BpeE-
MeHU. [loaTomy g monydyeHus1 Oojiee TOYHBIX pe-
3yJIbTATOB HY>KHO NTPUMEHUTH HEKOTOPBIE IPYTHE MO/ -
xonpl. Ilepen HavyajioM ONTUMHU3ALMU HEOOXOIUMO

O—
IITY
PLVC

TIIVH
TLVC

Bv- o & =

BxoHoit cursan
Input signal

-4 ;

o u{ouTc) U(OUTP) U(u3:+)

uyv

s 20ns 46ns

Puc. 3. I'padmkn pe3yabTaToB MOIEIMPOBAHUS HALJIAAHO AeMoHCTPupYIOT npeBocxoactso ITITYH nan TITYH
Fig. 3. Diagrams of the results of simulation demonstrate visually the advantage of PVLC over CVLC
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TIPUHATH COTJIAIIEHHE O MEePEeYMCIEHHBIX HUXE MPU-
HIMIAaX, HA OCHOBAaHUU KOTOPBIX MPOBOIUIOCH CPAB-
HEeHUE B TaHHOM HCCIIEIOBAHUMN.

1. MuHuManbHasl oaMHa KaHaiioB (L) TpaH3UCTO-
poB P- u N-Tuna st 00enux cpaBHUBaeMbIX KOHCTPYK-
LIMA paBHA MUHMMAaJIbHO JOMYCTMMOMY pa3Mepy BbI-
OpaHHOTrO TEXHOJOTUYECKOrO Mpollecca.

2. llupuny 3aTBOpOB (W) TpaH3UCTOPOB UHBEPTO-
poB Dopmuposamensi RPIMO20 U UHEEPCHOO CUSHAA08 W
Boixoonoeo 6ygepa npamoeo cuenanra evbicokol amnaumy-
oot (GND/VddH) BbiOUpaloT U3 cooOpakeHUl corna-
COBaHUsI comnpoTuBieHus1. CMbICAT 3TOro BbhibOpa 3a-
KJII0YaeTcs B CO3JaHMU MHBEPTOPA C CUMMETPUYHOMN
nepeaaToyHoi (yHKIIMENH, o0ecneuynBalolieii paBHEIE
3aepKKU PacIIpOCTpaHeHUs] CUTHAJIOB MPU U3MEHE-
HUM YPOBHSI CUTHAJIa Ha BXOJ€ OT BBICOKOTO K HU3KO-
MY 1 OT HMU3KOIO K BEICOKOMY [18].

3. DnexTpuueckass cxema, pa3Mepbl TPaH3UCTO-
poB Dopmuposamensi npsmMo20 U UHBEPCHO20 CUSHAN08,
Buvixodnoeo 6ygepa npsamoeo cueHasa 6biCOKOU amnau-
myost (GND/VddH) u N-KaHaJlbHbIX TPaH3UCTOPOB
Ilpeobpazoeamens 6xo0H020 CUCHAAG HU3KOU aMnAU-
myost (GND/VddL) 6 cuenan evicokoli amnaumyowt
(GND/VddH) nna cpaBHUBaeMbIX KOHCTPYKIIUMA TIOJT-
HOCTbIO MIEHTUYHBI MEXIY COOOMA.

4. OnTuMM3aUs CXeMbl 3aKJII0YaeTcsl B IToa0ope
pasmepoB (W u L) P-kaHajnbHBIX TpPaH3UCTOPOB
Ilpeobpazoeamens 6x00H020 cueHana HU3KOU AMAAU-
mydet (GND/VddL) 6 cuenan 6vicokoil amnaumyodo.
(GND/VddH), obecrieunBaolIX MaKCUMaJIbHOE ObICT-
poneiictBue [19, 20].

5. Kpurepuem cpaBHEHUS SIBISIETCS OBICTPOACIC-
TBUE MO pe3yJibTaTaM MOJEIWPOBAHUSI TIPU paBHOM
€MKOCTHOM Harpyske.

YcaoBusl pacuera NEpexodHOro Ipolecca s
cpaBHeHUSs1 Tpaduyuornoeo npeobpazosamens yYpoeHs
HanpsokeHus ¢ [lpedaoscennvim npeobpaszosamenem 10
JUHAMUYECKUM TMapaMeTpam:

e TIpeoOpa3oBaHME HAIMPSKEHUsI BXOIHOIO CUTHaja

(Uinput) ammutygoir ot 0 mo 3 B B BbhIXOmHO

(Uoutput) — amrmumtynoit ot 0 o 10 B;

YuciieHHble 3HAYEHUS] BDEMEHHbIX 3a/IepikKeK
u npeocxonctso INITYH nman TITYH
Numerical values of the time delays
and advantage of PVLC over CVLC

IIpeBocxomcTBO
HapaMUeTp TOYH | nnyH TIITYH Haﬂv, TIIYH
OBICTpONEHCTBUSA 1Mo GbIcTpoaelicTBIIO, %
CVLC | PVLC
Speed parameter Speed advantage
of PVLC over CVLC, %
tpr g 1S 14,280 9,754 31,695
tpyr, NS 13,003 8,957 31,116
tg, 1S 9,160 9,046 1,245
tp, ns 6,072 6,033 0,642
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Puc. 4. T'paduueckoe npeacrapienne KOHTPOJIUPYEMbIX MAPAMETPOB
Fig. 4. Graphic presentation of the controllable parameters

e JUIMTENBHOCTL INPAMOro (fg) M 00OpaTHOro (fp)

(¢poHTa BXOJHOTrO CHUTHaja 6 HC;

e BBHIXOJHasA eMKOCTb Harpy3ku (C;) 20 n®.

YucnaeHHble 3HAYEHUST pe3yJIbTaTOB MOAEIHUpPOBa-
HUS TOJIydeHbl ¢ MOMOIIbIO Mporpammbl PSpice, u3
nakera OrCAD 9.2 ¢. Cadence ¢ ucrnonb3oBaHUEM
MaTeMaTHIeCKOil MOIean 3-TO YPOBHS W ITaHHBIMU
CMOS-TexHoa0rn4ecKoro mnpoiecca 3 MKM. PacueTnl
MPOBEIeHB B PeXXNMe BPEMEHHOTO aHalM3a 10 IT0C-
TostHHOMY TOKY (DC-ananu3s) Transient.

Ha puc. 3 npencrasieHbl pe3yabTaTbl MOIEIUPOBA-
HUs, KOTOPbIE HATJISIAHO MOKA3bIBAIOT MPEBOCXOACTBO
IIpednoscennoeo npeobpazoeamens ypo8Hs HANPANCEHUS
(ITITYH) Han TpaduyuonHvim npeobpazoeamenem ypos-
Hs Hanpsaxcenus (TITYH) mo ObIcTpomeiicTBUIO.

B Tabnmiie mpuBeneHBI YNCIICHHBIC 3HAYEHUS Bpe-
MEHHBIX 3aepXeK 1 UX CpaBHEHUE B IIPOIIEHTAX.

Mamepenus npooawiu npu VddL =3 B, VddH =
= 10 B, IIUTEIbHOCTU MOJOXHUTEJIHLHOTO U OTpULia-
TEJILHOTO (PPOHTOB BXOJHOTO CHTHANA fp Finpyp) = O HC,
emkocty Harpysku C; = 20 n®, a usmepeHus 3a1epx-
KM npeobpa3oBaHusi — OT 0,5 3HAUEHUST aMIUTUTYIbI
HanpsKeHUs BXOTHOro curHana no 0,5 3HaueHus aMII-
JIUTYIBI HANIPSDKEHMST BBIXOMHOTO CHUTHAIA W IJTUTEITb-
HOCTH TOJIOKUTEJIBLHOIO M OTpUIIATeIbHOTO (DPOHTOB
BBIXOIHOTO CUTHANA I Foutput) OT 0,1 10 0,9 3HaueHust
YPOBHSI aMIUTUTYAbl BBIXOAHOIO CUTHAJIa, KaK MoKa3a-
HO Ha puc. 4.

3aKkmouenne

B paGote mpeacTaBieH HOBBIM OBICTPOIAEICTBYIO-
wunit KMOII-npeo6Gpa3oBaTesib ypOBHSI HAIPSIKEHUS
1 ero MpUHIMMNMalbHas dJeKTpruuyeckas cxema. Kpo-
M€ TOTO0, OMMCaH OPUTMHAJIbHBIN MeToA (popMUpPOBa-
HUS LENMU HU3KOU MPOBOAMMOCTHU, UCIIOJIb3YEMBIN B
MpeIokeHHOM Mpeobpa3oBartesie YPOBHS HaIpsike-
HUS 1)1 MUHUMU3auuu 3ddeKTa MpoTUBOAECHCTBUS
MEepPeXoJHOTo IMpoliecca Mo Mepe3apsiy BbIXOIHBIX
€MKOCTeil Tpurrepa, JUisl YMEHbIIEHUS 3aJAePXKKHM Te-
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PeKJIOUEHNST ¥ JUHAMUYECKOTOo TOKa TOTpeOsIeHUs.
IIpennoxeHHslit 6bicTpoaeiicTByomMit KMOII-mpe-
00pa3oBaTe/ib YPOBHS HAIPSKEHUs COACPKUT PaBHO-
LIEHHbIE TIPSIMOA Y MUHBEPCHBIN BBIXOAHbIE MHBEPTOPHI,
BBITNIOJIHSIIOLLIME HE TOJBbKO YCUJIUTEIbHYIO (PYHKIINIO,
HO U (PYHKIMIO IO OpraHU3allMU TIpeaBapUTECIHHOM
YCTAaHOBKHM B CETH ITOATSKKM BBEPX BBICOKOM ITPOBO-
TUMOCTH. Pe3yiabTaThl MOAEIMPOBAHUS TPEIJIOKEH-
Horo KMOII-nipeo6pa3oBaresisgs ypoBHsI MOKa3bIBAIOT,
YTO 3aJepXKU TMEepeKIIOUYeHUs] ObUIM 3HAYUTEbHO
YMEHBIIIeHHI, Tpuban3uTenbHo Ha 31 %. Kpome Toro,
MpeaIOXKEeHHbIN Tpeodpa3oBaTeib paboTaer B Oosee
IIAPOKOM IHAara3oHe paboumXx YpOBHEN HAIPSKEHMS
IO CPAaBHEHUIO C TPATUIIMOHHBIMU MCTIOJHEHUSIMU.
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The author presents a novel high-speed CMOS voltage level converter. In order to reduce the switching delay and the dynamic
current consumption, the proposed voltage level converter uses an original method for formation of a low conductivity network, min-
imizing the effect of counteraction of the transient process. Besides, the proposed converter contains equivalent direct and inverse
output inverters, which perform an amplifying function, as well the function of organization of pre-setup in the pull-up network of
high conductivity. The author performed a simulation using data of 12 V 3 um standard CMOS process. The results of the simulation
of the proposed converter demonstrated that the switching delay was reduced significantly, roughly by 31 %. Moreover, the proposed
voltage level converter works in a wider range of the operating voltage levels in comparison with the traditional applications.
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Introduction

Development of electronic systems demands appli-
cation of the most diversified high-speed CMOS volt-
age level converter for a number of reasons, among
which the most essential are the following:

e Necessity of interface of the elements of the elec-
tronic systems and (or) devices with several power
supplies;

o Necessity of coordination of the circuits having var-
ious levels of voltages and internal signals;

o Availability of the expectation (standby) mode in the
systems) [1];

e ESD protection in the circuits [2, 3];

e For organization of F-N tunneling (quantum-me-
chanical effect of Fowler-Nordheim tunneling) in
the mode of deleting of information in the memory
cell of the flash memory [4, 5];

e For decrease of the power of consumption in the
systems with several threshold voltages of MOS
transistors, etc.

Classification of the level converters is rather com-
plex and widely ramified [6—8] both by the functional,
and the design-technological signs. Therefore, the giv-
en work presents only the classical level converters
made by CMOS (complementary metal-oxide-semi-
conductor structure) technologies.

The work presents a new original CMOS level con-
verter of the input signal of a low level into a signal of
high level (from below-upwards) with two power sup-
plies and equivalent direct and inverse output inverters.
It also describes an original method for formation of a
low-conducting circuit, not rendering any influence on
a decrease of the dynamic characteristics of the pro-
posed level converter.

1. Conventional high- speed CMOS voltage
level converter

The 10 transistor circuit is most frequently called the
conventional high- speed CMOS voltage level converter
(fig. 1) [9—13].

The given contains three functionally independent
units:

e Shaper of the direct and inverse input signals of low
amplitude (GND/VddL);

e Converter of the input signal of low amplitude
(GND/VddL) into a signal of high amplitude
(GND/VddH);

e Output buffer of a direct signal of a high amplitude
(GND/VddH).

The Shaper of the direct and inverse input signals of
low amplitude (GND/VddL) is constructed of two in-
series connected CMOS inverters. The output of the
first inverter on P1—NI1 transistors is the output of the
inverse signal, while the output of the second inverter
on P2—N2 transistors — of the direct one. Sometimes,
the role of the Shaper of the direct and inverse input
signals of low amplitude (GND/VddL) is played by
one inverter. In this case the inverter input is the
source of the direct signal, and the output — of the in-
verse signal [14]. A converter of an input signal of low
amplitude (GND/VddL) into a signal of high amplitude
(GND/VddH) is a trigger consisting of two "semilatches"
on P3—N3 and P4—N4 transistors, getting power from
the power supply with high amplitude (GND/VddH).
The output buffer of the signal of high amplitude
(GND/VddH) is constructed on P5—NJ5 transistors.

In order to ensure a stable operation of the conven-
tional high- speed CMOS voltage level converter it is nec-
essary to shift the transmission characteristics down in
two "semilatches” of the trigger of the converter of the
input signal of low amplitude (GND/VddL) into a sig-
nal of high amplitude (GND/VddH). The given condi-
tion is reached due to an essential reduction of the con-
ductivity of the circuit of the network of tightening up-
wards on transistors P3, P4 in comparison with the
conductivity of the network of tightening downwards
on transistors N3, N4. Thus, the time of the transient
process during the signal switching at the input of the
output buffer from the low voltage level GND into the
voltage of high level VddH is considerably more in com-
parison with the time of the transient process during
switching of a signal from a high voltage level into the
low one. Such a specific feature leads to an increase of
the time of switching during formation of a high level
signal VddH at the input of the output buffer and,
hence, to an increase of the time delay of propagation
of the output signal of the low level GND at the output
OUT of the conventional high- speed CMOS voltage
level converter. Besides, because of a longer time of the
transient process, the dynamic current of consumption
increases [12, 15, 16]. Therefore, the basic efforts of the
developers of the electronic systems for improvement of
the voltage level converters are concentrated on the
struggle with these drawbacks. One of such original so-
lutions is presented below.

2. New high-speed CMOS voltage level converter

Fig. 2 presents the circuit of a new (original) high-
speed CMOS voltage level converter [17]. As is visible
in fig. 2, the proposed CMOS converter of the voltage
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level is different from the traditional one by organiza-
tion of the network of tightening upwards of the trigger
of the Converter of the input signal of low amplitude
(GND/VddL) into the signal of high amplitude
(GND/VddH). Besides, at the output of the corre-
sponding "semilatch" an additional inverter on transis-
tors P10 and N10 is introduced into the circuit, carry-
ing out the function of the output buffer of the inverter
signal OUTN of high amplitude (GND/VddH).

The output buffers of the direct and inverse signals
of high amplitude (GND/VddH), besides their basic
function of amplifying of the output signals during op-
eration on a big capacitor load, also carry out an addi-
tional function of formation of the feedback signals for
control of the circuits of high conductivity in the net-
work of tightening upwards.

Transistors P3, P4, P6 and P9 are made with the
minimal length of the channel (gate) L and with a big
width of the channel (gate) W, therefore they have a
high steepness and form two circuits of high conduc-
tivity — P6, P3 and P9, P4. Besides, since transistors P7
and P8 are made with the minimal width of the channel
(gate) W and with a big length of the channel (gate) L,
they have a small steepness and together with transistors
R3 and P4 form the circuits of low conductivity. Since
the gates of transistors P7 and P8 are connected to the
bus of the power supply of a low voltage level GND, the
gate/substrate capacity does not influence the speed of
operation of the circuit in any mode. At the same time,
the more is the length of the channel (gate) L of tran-
sistors P7 and PS8, the less is their steepness, and the
lower is the total conductivity of the circuits of low con-
ductivity P7, P3 and P8, P4. At the same time, the low-
er is this conductivity, the less is the time of switching
of the trigger of the Converter of the input signal of low
amplitude (GND/VddL) into the signal of high amplitude
(GND/VddH), because for the powerful N-channel
transistors N3 and N4 it is easier to overcome the coun-
teraction of the weak circuits of the networks of tight-
ening upwards of latches on transistors P7, P3 and PS8,
P4. Therefore, the longer is the length of the channel
(gate) L of transistors P7 and P8, the higher is the gen-
eral speed of the circuit and the less is its dynamic pow-
er consumption, while the choice of the length of a
channel (gate) L can be determined on the basis of only
topological expediency.

3. Results of comparison

Selection of the principles for comparison of two
functionally identical circuits is a rather complex task,
because it is difficult to set equal conditions for them.
More often for comparison of the digital circuits the re-
sults of modeling of the circuits with the minimal sizes
of transistors of P- and N-type are used. However, not-
withstanding the fact that most frequently the level con-
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verters are considered as digital circuits, owing to the
functional features, such a method is no good for com-
parison of the voltage level converters, because in order
to ensure a steady workability in a traditional circuit, an
essential warp of the transfer characteristics of the trig-
ger is required.

The second frequently used method for comparison
of the voltage level converters is the method for com-
parison of the results of modeling of the circuits, pre-
liminary as much as possible optimized for the work in
the identical conditions: at an identical input signal and
identical output load. However, this method also does
not ensure a completely authentic result, because there
is no possibility to assert, that any version has reached
the ideal optimization.

Always there are versions, which can disprove the
achieved indexes. Besides, the procedure of search itself
may require an indefinitely considerable quantity of
time. Therefore, in order to obtain more accurate re-
sults it is necessary to apply some other approaches. Be-
fore the optimization it is necessary to adopt an agree-
ment on the principles listed below, on the basis of
which the comparison was done in the given research.

1. The minimal length of channels (L) of transistors
of P — and N-type for both compared designs is equal
to the minimum admissible size of the selected tech-
nological process.

2. The width of the gates (W) of the transistors for
the inverters of the Shaper of direct and inverse signals
and the Output buffer of the direct signal of high ampli-
tude (GND/VddH) are selected proceeding from con-
siderations of coordination of the resistance. The es-
sence of this choice in the development of an inverter
with a symmetric transfer function, ensuring equal de-
lays of propagation of signals in case of variation of the
signal on the input from a high to a low and from a low
to a high level [18].

3. The electric circuit, the sizes of the transistors of
the Shaper of the direct and inverse signals, the Output
buffer of the direct signal of high amplitude (GND/VddH)
and N-channel transistors of the Converter of the input
signal of low amplitude (GND/VddL) into a signal of
high amplitude (GND/VddH) for the compared de-
signs are completely identical among themselves.

4. Circuit optimization consists in selection of the
sizes (W and L) of P-channel transistors of the Con-
verter of the input signal of low amplitude (GND/VddL)
into a signal of high amplitude (GND/VddH), ensuring
the maximal speed [19, 20].

5. The criterion for comparison is the high speed by
the results of modeling at equal capacitor loads.

The conditions for calculation of the transient proc-
ess for comparison of the conventional high-speed
CMOS voltage level converter with the Proposed convert-
er by the dynamic parameters:




o Transformation of voltage of the input signal (Uin-
put) with the amplitude from 0 up to 3 V into the
output (Uoutput) one with the amplitude from 0 up
to 10 V;

o Duration of the direct (7z) and (7p) indirect fronts of
the input signal is 6 ns;

e Output capacity of load (C) is 20 pF.

The numerical values of the results of simulation
were received by means of PSpice software, from Or-
CAD 9.2 f. Cadence package with the use of a mathe-
matical model of the 3rd level and data of 3 um CMOS
technological process. Calculations were done in the
mode of "Transient" direct current time analysis (DC
analysis).

Fig. 3 presents the results of modeling, which dem-
onstrate visually the advantage in speed of the Proposed
high- speed CMOS voltage level converter (PVLC) over
the conventional high- speed CMOS voltage level con-
verter (CVLC).

The table presents the numerical values of the time
delays and their comparison in percent.

Measurements were done at VddL =3V, VddH =
= 10V, duration of the positive and negative fronts of
the input signal 7 gy = 6 18, capacity of load
C; =20 pF, and the measurements of a delay of
transformation from 0.5 of the value of the amplitude
of the voltage of the input signal up to 0.5 of the value
of the amplitude of the voltage of the output signal and
duration of the positive and negative fronts of the out-
put signal 7z gy from 0.1 up to 0.9 of the value of
the level of the amplitude of the output signal, as is
shown in fig. 4.

Conclusion

The work presents a high-speed CMOS voltage level
converter and its basic electric circuit. Besides, it de-
scribes an original method for formation of a circuit of
low conductivity, used in the proposed converter of the
voltage level for minimization of the effect of counter-
action of the transient process concerning a recharge of
the output capacities of the trigger, for reduction of the
delay of switching and the dynamic current of con-
sumption. The proposed high-speed CMOS voltage
level converter contains equivalent direct and inverse
output inverters, which carry out not only the amplify-
ing function, but also the function for organization of
a preliminary installation in the network of tightening
of high conductivity upwards. The results of the mod-
eling of the proposed CMOS converter of level dem-
onstrate that a switching delay was considerably re-
duced, approximately by 31 %. Besides, the proposed
converter works in a wider range of the operating levels
of voltage in comparison with the traditional versions.
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Puc. 3. 3apacnvocts cuibt F, ot nepemennenns d,, o H3Menenne cHraaia S oT BpeMenn / 1 apkooGpasuoii 6an-

KH ¢ OTHOPOTHOIf To/mmuHoif pocdmis (a) 1 nepeMennoii Tommunoii npodpn (b):
1 — pe3y/IbTaThl YACIICHHOTO MOJICTIPOBAHAS, 2 — SKCICPAMECHTAIBHBIC PE3Y/IHTATHL, 3 — AHATHTAYCCKAs 3aBECAMOCTD

,Mm

Fig. 3. Dependence of force F_on displacement of d, /2 and variation of signal S on time t for the arch-
shaped beam with a homogeneous thickness of the profile (a) and variable thickness of the profile (b):
1 — results of numerical modeling; 2 — experimental results; 3 — analytical dependence
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Pue. 4. Temneparypuast 3aBHCHMOCTH IIPABOJIA:

a — 3aBHCHMOCTH CMEMICHA TOABIKHOTO IEKTPOia IPHBOAA OT TEeMIEPATYpPH; b — 3aBECAMOCTH CHJIBI PCaKITHA
YIIPYTOTo MOfIBECa OT IIe peMEICHI IPABO/A IIPH PAa3HBIX TeMIepaTypax / — pe3yIbTaThl THCICHHOTO MOJIE/TH-
poBaHHA, 2 — pe3yIbTaTH SKCICPAMEHTA

Fig. 4. Temperature dependence of the drive:
a - dependence of displacement of the mobile electrode of the drive on temperature; b — dependence of
the force of reaction of the elastic suspension on the displacement of the drive at different temperatures
1 — results of numerical modeling, 2 — results of experiment
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Puc. 7. Avmmtynmas A n da3oBas (¢ XapaKTepHCTHKH IPHBOA GHCTa0HILHOIO pelie IPH PAa3HOM NABJICHHH H
nanpsexenmn U = S B; maMenenne 9acTorbl Bo30yKIeHNIA B CTOPOHY HE3KHX TacTOT

Fig. 7. Amplitude A and phase ¢ drive characteristics of the bistable relay at different pressures and voltage
U =35 V; change of the frequency of excitation towards low frequencies
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Puc. 8. AMmmTyamas XapakTepHeTHKA IPABONA OHCTa0HIbHOIO peie npH Hanpsokennn U = 5 B, no6pornocrn
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Fig. 8. Amplitude characteristic of the drive of the bistable relay at voltage U _ = 5 V, quality factor
Q = 4000 and different bias voltages U,
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