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BAUAHUE TNMPUTTOBEPXHOCTHbIX BAPU3OHHbBIX CAOEB HA AAMUTTAHC
MAN-CTPYKTYP HA OCHOBE MOAEKYASPHO-AYYEBOM SINMUTAKCUU
n(p)-Hg, _,Cd, Te (x = 0,21...0,23) B AMANA3OHE TEMIIEPATYP 9...77 K

Ilocmynuna 6 pedaxuyuro 20.07.2016

Paccmompensr 603modncnocmu uccaedosanus anekmpogusuueckux ceoticme MJIII-cmpykmyp na ocnoee n(p)-Hg; _ .Cd, Te
(x = 0,21...0,23), evipauieHH020 MemoO0OM MOAEKYAAPHO-AYHeB0U INUMAKCUU, 8 WUPOKOM OUANA30He MeMNepamyp U 4acmom.
Yemanoeneno, umo cozoanue 6apu3oHHO2O A0S NPUBOOUM K Y8eAUUEHUIO SUCTepe3UCa FNeKmPU1ecKux XapaKmepucmur, usme-
HeHUio 8uda 604bM-PapadHbix XapaKmepucmuk, YeaueHur) 6peMeHu nepe3apsiokyu NO8epXHOCMHbIX COCMOSHU.

Karoueevie caosa: MJ[II-cmpyxmypor, HgCdTe, monexkyiapro-iyuesas snumaxcus, aOMUmMmanc, 8apu3oHHbLU cA0U

BBenenne

®dyHaaMeHTaIbHbIE CBOMCTBA Y3KO30HHOTO MOJIY-
MMPOBOTHUKOBOTO TBEPAOTO pacTBOpa TeJTypUaa Kai-
mus u pryti (Hg, — ,Cd, Te, HgCdTe) naBHo ucrnosb-
3YIOTCS TPY CO3TaHWM BBICOKOUYBCTBUTEIBHBIX MH()-
pakpacHbIX geTeKTopoB [1, 2]. HecmoTps Ha mosiBiie-
HUE HOBBIX TUIIOB IETEKTOPOB STOT MaTepual SIBJISICTCS
OCHOBHBIM KaHIWIATOM [JISI CO3maHUs WHGpakpac-
HBIX CEHCOPOB HOBOTO TToKojeHus |3, 4]. IllupuHa 3a-
npeuieHHo# 3oubl Hgy _ ,Cd, Te 3aBucur ot comepxa-
Hust CdTe, 4TO MO3BOJILIET CO3aTh HA OCHOBE JAHHOTO
MaTtepuaja JeTeKTOPHI IJIsT Pa3TNIHBIX CIIEKTPATbHBIX
obJyacreli, B TOM YHCJIe ST CIIEKTPaJIbHBIX AUAIa30-
HOB OKOH ITPO3payHOCTH atMocdepnl 3...5 1 8...14 MKM.
IlepcnektuBHbBIM MeTOmoM BeipamnmBaHus HgCdTe
SIBJISIETCSI MOJIEKYJISIpHO-JyueBasi anutakcus (MJID),
KOTOpasl TTI03BOJIIET BRIPALINBATD IJICHKHU C 3aaHHBIM
pacrnpeeneHMeM cocTaBa I10 TOJIIMHE dMUTaKCHab-
HOW TUIEHKH. DTa BO3MOXHOCTH MCITOJIB3YeTCS IS
OINTMMU3ALMKM XapaKTePUCTUK MH(PPAKPACHBIX TETEK-
TOPOB, HAIpUMep, TTyTeM CO3TaHUS PUITOBEPXHOCT-
HBIX BAPU3OHHBIX CJIOEB C TTOBBIIIIEHHBIM COACPXKAHM -
eMm CdTe. Co3naHne TakK1X CJIOEB MO3BOJISIET YAYYIIUTD

TTOPOTOBBIE XapaKTEePUCTUKHA MHPPAKPACHBIX TETEKTO-
poB Ha ocHoBe HgCdTe 3a cueT CHUXXEHUS BIUSIHUS
MOBEPXHOCTHOM peKOMOMHALIMY Ha BpeMsi KU3HU (o-
TOHOCHUTEJIEH B 00beMe SMUTaAKCUAILHOM TUIEHKH |5, 6].

BaxkHoil TexHOJIOTMYeCKOM orepaleid mpu co3aa-
HUU TpUOOPOB OMNTOAIEKTpOHUKU Ha ocHOoBe HgCdTe
SIBJISIETCSI HAHECEHUE Ha MOBEPXHOCTh M1aCCUBUPYIOIIMX
cioeB. TpeboBaHUS K MACCUBUPYIOIINM TTOKPBITHSIM
IUIS1 pa3IMYHBIX TUIOB MHMpPaKpacHBIX AETEKTOPOB
chopMynupoBaHbl, Haripumep, B padote [1]. CTpyKTy-
pa MeTaul—AU3JIeKTPUK—ITOTYIIPOBOAHUK SIBIISIETCS
YIOOHBIM MHCTPYMEHTOM IIJIST UCCIIEAOBAHUST CBOMCTB
IU2JIEKTPUKA, TPaHUIIBI pa3iesa U MPUITOBEPXHOCT-
HOTO cJ1051 oJIynpoBoaHuka. K HacTosiieMy BpeMeHU
ucciaenoBanbl KomouHauuu HgCdTe, BbIpallieHHOro
00bEeMHBIMU METOAAMU MJIM KUIKO(A3HOM 3MUTAK-
CHelt, C pa3TMYHBIMU AUBJICKTPHIECKIMHU TTOKPBITUS-
mu [1, 2]. dnsg naccuBaunm HgCdTe xopolo moaxo-
IUT TEJTYPUI KaaMUS, HO TIOUCKM HOBBIX ITaCCHUBU-
PYIOIIUX ITOKPBITUM MPOAOIKAIOTCA U ceromaHs [7, 8].
Hanpumep, Ha ocHoBe CdTe Henb3st co3maTb aHTH-
oTpaxarolee MOKPBITHE TPU (POHTATHLHON 3aCBETKE
MHOpaKpacHOro JeTeKTopa BBUIY OOJIBIIOIO MOKa3a-
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TeJIS TIpEJIOMJIEHUs MaTepHaia, TTO3TOMY IJis pelle-
HUSI JaHHOU TIPOOJIEMBI MCITOJNB3YIOT NBYXCIOWHBIN
nuanektpuk CdTe/ZnS [2]. Kpome Toro, CdTe o0b1u-
HO MMEET HEBBICOKYIO 3JIEKTPMYECKYIO MPOYHOCTD,
YTO 3aTPyIHSET XapaKTepu3allnio CBONCTB MaCCUBU-
pPYIOILETO TIOKPBITUS MYyTEM 3JIEKTPO(PU3UUECKUX W3-
MEPEHMUIA.

Bo3MoxHOCTM TIpUMeHEeHUs TPagWIIMOHHBIX Me-
TOAOB XapakTepu3alMu MacCUBUPYIOUIUX MOKPHITUI
MyTeM UCCIeI0BaHUS 3JIEeKTPODUINIECKUX XapaK-
tepuctuk MIII-ctpykTyp [9, 10] orpaHuYeHbI TaKu-
mu ocobeHHocTsIMU MJITT-cTpykTyp Ha ocHOBe MJID
HgCdTe, kak 6oJbliioe 3Ha4eHUE CONPOTUBIICHNS O0b-
€Ma BIMTAKCUATbHOM TUIEHKH, a TaKXKe BO3MOXXHOE Ha-
JINYMe TIPUTTOBEPXHOCTHOTO Bapu3oHHOTO ciost. Ilep-
BbI€ MCCJIEIOBaHUSI 2IeKTPOGUINIECKUX XapaKTepuc-
™Kk M TI-crpykTyp Ha ocHoBe MJID HgCdTe, Boipa-
LIeHHBIX Ha TToioxkKax 3 CdZnTe, ObUTH TPOBEAESHBI
B Texas Instruments Ins., Dallas, USA [11—13], npu-
yeM MITI-cTpykTypbl (hOpMUPOBAIM HA OCHOBE Mare-
puana, coaepxKaliero csepxpemetky [11] u n-n3orur-
HbIl reTeponepexos [13] B aktuBHoI obnactu. [1o3xe
Havajauch ucciaenoBanusl cBoiictB MJII-cTpykTyp Ha
ocHoBe BapuzoHHoro MJI® HgCdTe, BbIpalieHHOTro
Ha aJIbTepHATUBHBIX MTOIJIOXKAX B MHCTUTYTe GU3UKH
nojiynpoBogHUKOB uMeHu A. B. Pxanosa CO PAH,
Poccus [11—15]. M3BecTHBI TeopeTUYECKHUE KCCIIE-
JIOBaHUSI MEXaHU3MOB (DOPMUPOBAHUS BIEKTPOPU3U-
yeckux xapaktepuctuk MJIII-cTpykTyp Ha OCHOBe
BapU30HHOIO MOJyNpoBoaHuKa [19—23], HO 0OBIYHO
CpaBHEHMS Pe3yJbTaTOB TEOPETUYECKOTO MCCIIeI0Ba-
HUS C BKCNEPUMEHTAIBHBIMU pe3yJibTaTaMy He TIpo-
Boausin. C pa3BUTUEM 3MUTAKCUAJBHBIX TEXHOJOIUI
dopmupoBannsa HgCdTe cranm mosiBagThcs pabOTHI,
B KOTOpPBIX IpemiarajiiCh METOAUMKM O00pabOTKU 3KC-
MMepUMEHTATbHBIX BOJIBT-(apagHbIX XapaKTePUCTUK
(B®X) MAII-ctpykryp Ha ocHoBe HgCdTe c¢ neon-
HOPOAHBIM pacnpeneieHueM coctana [24, 25]. Tak, B
pabote [24] peanbHBIl TPODUIL COCTaBa B BApU30H-
HoM ciioe MOVPE HgCdTe, KoTopbiit BOBHUKAJ B pe-
3yabpTaTe oTxkura B atMmocdepe Cd/Hg, Obu1 3aMeHeH
CTyIleHYaThiM NpuomkeHeM. B pabote [25] mpemio-
JKEHO OIIEHMBAaThb KOHLIEHTPAIMIO OCHOBHBIX HOCHUTE-
neit B BapuzoHHoM LPE HgCdTe o HakoHY BOJIBT-
dapagHoOit XapaKTEpUCTUKU B pexkrMe 00eTHEeHUs, YTO
JIaeT 3aBbllLIEHHbIE 3HAYEHWSI KOHLIEHTPALIUU BCAEACT-
BUE DKPaAHUPYIOLIEro NEWCTBUS TMOBEPXHOCTHBIX CO-
CTOSTHUI, a MCCIIeIOBAaTh COCTAB 110 3HAYCHUIO €MKOC-
TH B MUHAUMYME HHM3KOYaCTOTHOI BOJBT-(apamgHOM
XapaKTepPUCTUKMU.

OTMeTHM, YTO OOJBIIMHCTBO UCCIEAOBAHUN JIEeK-
Tpodusndeckux xapakrepuctuk MJII-ctpyktyp Ha
ocHoBe BapuzoHHoro MJID® HgCdTe npoBonuiau npu
temnepatype 77 K. JomnomHuTelbHYy0 KMHHOPMALIUIIO
o npoueccax B MJIII-cTpykrypax Ha ocHoBe MJID
HgCdTe moryT gath mccienoBaHus JIeKTpopu3ndec-

4 HAHO- 1 MUKPOCHUCTEMHAS TEXHUMKA, Tom 19, Ne 1, 2017

KHX XapaKTepUCTUK B 0OoJjiee IITMPOKOM Irara3oHe
teMmmnepatyp. Tak, B paborax [12, 26—28] ucciaenoBaHust
MPOBOJIMIM TIPU TeMrepaTypax, MeHbluux yem 77 K, a
B pabore [29] anmurranc MITI-cTpykTyp Ha OCHOBe
obwemHoro p-Hg, 74Cd ,Te nccnenosanu B nuana-
30HE TeMIlepaTyp 75...120 K. Takxe MHPOPMATUBHO
HCCIIeIOBaHNE aaIMHMTTaHCA B IIMPOKOM THAria30He
yacToOT, Hampumep, B padbore [30] anmurranc MJII-
CTPYKTYp Ha OCHOBe oObemHoro n-Hg, ;Cd, sTe uc-
cliefoBaiv B AuanazoHe yactoT oT 1 mI'u go 4 MTIL.

Takum o6pa3oM, cucTteMaTUUEeCKUX UCCIeI0BaHUI
agmurrtaica M TT-ctpykryp Ha ocHoBe MJID HgCdTe
C MPUMOBEPXHOCTHBIMU BAPU3OHHBIMU CJIOSIMU TTOKa
He MpOBeAeHO, a METOAMKM XapaKTepusaluu IU3JIeK-
TpHUKa, TPAaHUIIBI pa3aesa v MPUIIOBEPXHOCTHOTO CIIOS
MOJYNMPOBOIHMKA IIyTeM M3MEpPEHUl aJaMUTTaHca
MATII-ctpykTyp Ha ocHoBe MJID HgCdTe B mimpokom
IUara3oHe TeMIIepaTyp MoKa He pa3paboTaHBI.

Ilenb gaHHOI cTaTb — O0OOILLIEHME U aHAIU3 pe-
3yJIbTaTOB ucciaeqoBaHuii agmurranca MIII-cTpykTyp
Ha ocHoBe MJID HgCdTe, B TOM 4uce ¢ IpumnoBep-
XHOCTHBIMM BapM30HHBIMHU CJIOSIMU, IUIST Pa3paboOTKU
METOJMK OLIEHKM KayeCTBa MacCUBUPYIOIIUX TTOKPHI-
TUIi MpUOOPOB ONTONEKTPOHMKM Ha ocHoBe MIJID
HgCdTe.

OﬁpaSIlbl H MCTOAUKH IKCIICPUMECHTA

Hccaenyembie MJIII-CTpyKTypbl M3roTaBIMBaIud
Ha ocHoBe n(p)-Hg, _ ,Cd,Te, BbIpallleHHOro MeTo-
JIOM MOJIEKYJISIPHO-TYy4eBOI 3MUTAKCUM Ha aJbTepHa-
TuBHBIX TTooxKax GaAs(013) unu Si(013). CocTaB B
pabouem cioe naMmeHsics ot x = 0,19 mo x = 0,40. I1pu
BbIpalllMBaHUU T€TEPOCTPYKTYp C 00eux CTOPOH pa-
6ouero Ci1os co3naBaaruch BApU30OHHBIE CJIOU C TTOBBI-
IIEHHbIM KOMITOHEHTHbIM cocTtaBoM CdTe. [lo HaHe-
CEHUS INJICKTPUUECKUX TTOKPBITHM TSI KCCIIeTyeMBIX
TeTepOCTPYKTYP C MOMOIIBIO MeTofa XoJla TIPU TeM-
nepatype 78 K ObuiM ompeaeseHbl KOHLIEHTPAUUU
OCHOBHBIX HOCUTEJICH, TMTOABMKHOCTH 3JICKTPOHOB U
poBoAMMOCTU. HeKoTophie CTPYKTYpBI CO3IaBajld B
JBYX BapyaHTax: [IJIsl YaCTU FeTePOCTPYKTYPhl AMIIEKT-
PUK HAaHOCWJIM MOBEPX BAPMU30HHOIO CJIOS, a ISl ApYy-
roil 4acTM MNPOBOAWIM TMpeaBapUTEIbHOE yaalleHue
MPUIIOBEPXHOCTHOTO BAPU30OHHOIO CJIOST MyTeM TpaB-
JIEHUs ITOBEPXHOCTH B pacTBope Bry,-HBr, a 3atem Ha-
HOCUJIA INUJIEKTPUK (00bI4HO SiO,/SizNy nmm Al,O5).
Hanee HAHOCWJIM WHOVEBBIC IIOJEBBIC 2JIEKTPOIBI,
MpUYEM TUIOIIAAb JIEKTPOJA ONIPEALSISIIN 111 KaXK IO
HCCIeIOBAaHHOW CTPYKTYphl. PacnpeneneHue cocraBa
MO TOJIIWHE STUTAKCUATBHON TUIEHKU IJIST TUITMY-
HOI CTPYKTYpbI ¢ X = 0,22, U3BMEepeHHOE aBTOMATUYEC-
KHUM 3JUIMIICOMETPOM B IPOILeCcCe pOCTa, MOKa3aHO Ha
puc. 1. Ha puc. 2 1aHo cxemaTuueckoe u3o0paxeHue
ucciaeayemblx MJIII-cTpykTyp. Ilpu pacyerax mis am-
MpoKcumanuu pacnpeaeneHus comepxanust CdTe(x)
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TakchaabHoil mienku MJID Hg, _ ,Cd,Te npu x = 0,22

Fig. 1. Typical distribution of the composition by thickness of MBE
heteroepitaxial film of Hg; _ .Cd Te at x = 0,22
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Puc. 2. CxemaTnyeckoe npencrasienue ucciaenyemoit M/AII-cTpyk-
TYPbI C BADU3OHHBIM cJ10eM, NoAIoxKKoi u3 Si(013) u ¢ Al,O3 B Ka-
4ecTBe JUIIEKTPHKA

Fig. 2. Schematic presentation of a MIS structure with graded-gap layer
grown on Si(013) substrate with Al,O3 insulator

OT KOOPIMHATHI Z B IPUIMIOBEPXHOCTHOM CJIOE MCITOJIb-
30BaJIM CIICAYIOIIYI0 (OpMyITy:

x(2) = xo + Alexp(gfj,
1

IJie X, — cocTaB B paboueMm cioe; A; u By — Koaddu-
LIMEHTBI, KOTOPBIE OMPENECIISIOT paclpee/ieHue CocTa-
Ba. Cymma A + X onpenesseT CoCTaB Ha IIOBEPXHOC-
TU IOJYIPOBOAHMKA U B XapaKTepusyeT CKOPOCTb
yMmeHbleHus coaepxanus CdTe Kk 3HaueHUO cocTaBa
B paboyeM cioe x;. Mcnonb3oBanue 310i GopMyIbl
MO3BOJISIET JOCTATOYHO TOYHO OMUCKIBAThH PE3YJIbTaThI
BJUTUTICOMETPUYECKUX U3MEPEHUI. J1JIsT TUITMIHBIX Ba-
PU30HHBIX CJIOEB XapaKTePHbI CAeTyIOIIME TUaNa30HbI

n3MeHeHus napameTpos: A; + xy — ot 0,43 1o 0,48;
B, — ot 0,10 no 0,18 mMxm.

M3mepeHust mpoBOAMIM HA aBTOMATU3UPOBAHHOM
YCTaHOBKE CHEKTPOCKOMUM aJIMUTTaHCAa HAHOTeTepo-
CTPYKTyp Ha 0a3e HEONTHYECKOIro Kpuocrtara Janis u
usMepuresss uMmmutaHca Agilent E4980A. YcraHoBka
M03BOJIs1JIa TTPOBOIUTH U3MEPEHUST eMKOCTU U MPOBO-
aumoctu MJIT-ctpyktyp Ha ocHoBe HgCdTe B 3a-
BUCUMOCTH OT HaIpsiKeHUs CMEIeHUs], YaCTOThI TeC-
TOBOTO CUTHaJla M TeMmmepaTypbl. [Ipu uamepeHuu
MOJIEBBIX 3aBUCUMOCTE €eMKOCTH U MPOBOAUMOCTH 3a
MpsIMOe HaTllpaBJIEeHWE Pa3BEPTKU NMPUHUMAETCS U3-
MEHEHHUEe HaNpPsKeHUsT OT OTPULIATEIbHbIX 3HAYEHU I
K TIOJIOKUTEIbHBIM, a 32 O0paTHOE HampaBlIcHUe pa3-
BEPTKHM — OT MOJIOXUTEJIbHBIX K OTpULIATEIbHBIM.

ConpoTuBieHrue 00beMa SMUTAKCUAIBHON IIJIEHKU
1 €MKOCTb AUBJIEKTPUKA ONpPEnessiiv Mo pe3yabTaTaM
usMmepeHus agmutrtanca M TT-cTpykTypsl B oboraiie-
HUU. BiusiHue conpoTuBieHUs1 oObeMa Ha M3Mepsie-
Mbl€ eMKOCTb 1 TTPOBOJUMOCTb UCKJTIOUAJIOCh TSI BCEX
U3MepeHUii. DKBUBaJIeHTHbIe cXxeMbl MJIIT-cTpyKTy-
PBI B pa3IMUHBIX pexXrmax u (popMyJibl IJisi 06paboT-
KM 9KCIIEPUMEHTABHBIX JaHHBIX MIPUBENCHHI B pabo-
tax [31, 32].

DaexTpodusnueckre XapakKTepUuCTHKH
MJII-cTpykryp Ha ocHose MJID HgCdTe

Ha puc. 3 moka3zaHbl 3aBUCUMOCTU EMKOCTHU U TIPU-
BEACHHOI MPOBOAMMOCTHY OT HanpskeHus mist M-
cTpykTyp Ha ocHoBe MIJID n-Hg, 77Cdg p3Te ¢ am-
anekTpukoM Al,O; u momnoxkoi us Si(013), usme-
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Puc. 3. BOX (1—4) 1 3aBUCHMOCTH NPUBEIECHHOI NPOBOIMMOCTH OT
Hanpsokenus (5, 6) MIII-cTpykryp Ha ocHoBe n-Hgg 7,Cdy 53Te ¢
BapU30OHHBIM clioeM (1, 2, 5) u 0e3 Bapuzonnoro cios (3, 4, 6) ¢ nu-
anekTpukoM Al,O3, usmepennnie npu 77 K npn npsamoii (1, 3, 5, 6)
u obpaTHoii (2, 4) pa3BepTke Hanpsukenus Ha yactore 10 kI'n

Fig. 3. CV characteristics (1—4) and dependences of the normalized
conductance on voltage (5, 6) of MIS structures on the basis of
n-Hgy 7,Cd ,3Te with a graded-gap layer (1, 2, 5) and without a
graded-gap layer (3, 4, 6) with Al,O3 insulator at 77 K at a forward
(1, 3, 5, 6) and reverse (2, 4) voltage scans at frequency of 10 kHz
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Puc. 4. BOX (I1—4) v 3aBUCUMOCTH NPHBEIAECHHOM NPOBOIUMOCTH OT
Hanpsukenus (5, 6) MII-ctpykryp Ha ocHose p-Hg, 77,Cd, 53Te ¢
Bapu3oHHbIM cioeM (1, 2, 5) u 0e3 BapusonHoro ciod (3, 4, 6) ¢ au-
anekTpukom Al, O3, nsmepennsie npu 77 K npn npamoii (1, 3, 5, 6) n

odpatHoii (2, 4) pa3seprke HanpspkeHus Ha yacrore 10 k['u (1—4) n
50 kI'u (5, 6)

Fig. 4. CV characteristics (1—4) and dependences of the normalized
conductance on voltage (5, 6) of MIS structures on the basis of
p-Hgy 7,Cd,) 53Te with a graded-gap layer (1, 2, 5) and without a
graded-gap layer (3, 4, 6) with Al,03 insulator at 77 K at a forward

(1, 3, 5, 6) and reverse (2, 4) voltage scans at frequency of 10 kHz
(1—4) and 50 kHz (5, 6)

penHbie Tipu 77 K Ha yactote 10 KI'i mpy pa3nuyHbIX
pa3BepTKax HampskeHus. M3 puc. 3 BUAHO, 4TO CO-
3M1aHKe BApU30HHOIO CJIOSI TIPUBOAUT K YBEJIUUYEHUIO
TUCTEpe31ca EMKOCTHBIX XapaKTePUCTUK, a TAKXKE IIIH -
PYHBI ¥ TIIyOMHBI TTpoBasia BDX, KOTOphie UMEIOT TP
MAHHBIX YCJIOBUSX BHI, OJM3KUII K HU3KOYACTOTHOMY.
15 cTpyKTyp ¢ Bapu30HHBIM CJI0EM XapaKTepeH ruc-
Tepe3uc, o0yCIOBIEHHbBIN 3aXBaTOM HOCUTEJIEN 3apsiaa
Ha MeIJICHHBbIE COCTOSIHUSI, KOTOPbIE PACITOJIOXEHbBI B
MepexoqHOM CJIO€ WJIM B AUDJIEKTPUKE, BOIMU3U Ipa-
HULBI pa3aeia. OCHOBHBIE OCOOEHHOCTU TMCTepe3uca
s MIATI-ctpykryp ¢ auanekrpukamu SiO,/SisNy u
Al O3 GM3KM U TMOAPOOHO PACCMOTPEHBLI B pabore
[33]. YBenuueHue ructepesuca Npu Co3IaHUU LLIUPO-
KO30HHOTO CJIOSI B TIPUIOBEPXHOCTHOM 0OJIACTH MO-
JKET OBbITh CBSI3aHO C OOJIBLIMM JMaNa30HOM U3MEHEHMS
MOBEPXHOCTHOTO MOTEHI[1aJla B BAPU3OHHBIX CTPYKTY-
pax. IlpuBeaeHHas1 MPOBOAMMOCTL BO3pacTaeT B MH-
BEPCHUM, YTO MOXKET UCMOJb30BATLCS IJIs OMpejaee-
HUsI TUIIA TIPOBOAMMOCTH TIOJIYIIPOBOIHUKA B ClIyyae
MMOJTHOCTBIO HU3KOYACTOTHOTo Buma B®X. [dpyrum
CIIOCOOOM OIIpeneIeH!sT TUTIA TTPOBOAMMOCTH SIBJISI-
eTcsl udMepeHue 3aBucuMoctu GoroBJIC oT Hampsi-
xenus [34, 35]. Ans MII-cTpykryp Ha ocHoBe MJID
n-Hg, _ Cd,Te (x = 0,21...0,23) Tunuyen cnan ¢oro-
BJIC B pexuMe CUJIbHOW MHBEPCUU, KOTOPBIN CBSI3aH
C YBEJIMYEHHUEM POJIM TIPOLIECCOB TYHHEIUPOBAHUS Ue-
pe3 IIyoOKKe YPOBHU.

Ha puc. 4 nokazanel B®PX wu 3aBucuMoCTH
MPUBEJEHHONW MPOBOAMMOCTU OT HAIpPSIKEHUST IS
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MJII-cTpykTyp Ha ocHoBe MJID p-Hg0’77Cd0,23Te C
auseKTpukom Al,O5 u noanoxkoit us Si(013), nusme-
pennble ipu 77 K Ha yacrorax 10 u 50 xI'q ipu pas-
JIMYHBIX pa3BepTKax HamnpspkeHus. M3 puc. 4 BumHoO,
yto 111 BOX Ha vacrote 10 xI'x mpu 77 K takke TH-
MUYEH MPaKTUYeCKW HU3KOYACTOTHBIN BUI, CO3AAHUE
BapU30HHOTO CJI0SI MPUBOIUT K YBEJTUUEHUIO TUCTEPE-
3Mca Y IIMPUHBI IIpoBaJia HU3KouacToTHOiI BdX.
[IpuBeaeHHast TPOBOAMMOCTb BO3pACTaET B MIHBEPCUH,
YTO MOXET MCITOJb30BAThCS ST OIMpEHCICHUs TUIIA
MPOBOAMMOCTHU TOJYIIPOBOJHUKA (3aKOHOMEPHOCTD,
CBsI3aHHas C BUAOM MoJieBoi 3aBUcUMOCTU (oToDIC
i MITI-crpykryp Ha ocHose MJID p-Hg, _ Cd,Te
(x =0,21...0,23) He BeIONHSIETCS). ClIeaAyeT OTMETUTD,
yto 00BIYHO 11 MJIIT-cTpykTyp Ha ocHoBe MIJID
p-Hg, _ ,Cd,Te MeHbllle MPOBOAUMOCTb SMUTAKCH-
aJIbHOM IUIEHKU U OOJIbllIe CONPOTHUBIEHUE OObeMa
SMUTAKCUATBHON MJIEHKU, YTO CBSI3aHO C MaJoil Moj-
BIDKHOCTBIO JTBIPOK.

Ha puc. 5 mokazansr BOX u 3aBUCMMOCTHU TIpUBE-
J€HHOM MPOBOAUMMOCTHU OT HanpskeHuss MJIIT-cTpyk-
Typ Ha ocHoBe n(p)-Hgj7(Cd, 3yTe ¢ BapuzoHHBIM
CJIO€M U AU3IEKTPUKOM AizO3, I/I,BMCPCHHLIC nopu 77 K
MpU Pa3JIMYHbIX HampaBlICHUSX Pa3BepPTKU Hamps-
xeHus u yactore 50 kI'u. I1pu yBeaMuyeHUn cocTaBa
paboyero cjiosi pojib BAPU3OHHBIX CJIOEB C TUITMYHBI-
MU mapamMeTpamMu yMeHbluaeTcsa. M3 puc. 5 BUIHO,
yTto Ha yacrore 50 kI'u gnst MJITT-cTpykTyp Ha OCHOBE
n-Hg 70Cd 30Te Habmonaetcs un BOX, 6ausknii K
BbICOK’O‘{aCTéTHOMy, a 111 MJITT-cTpyKTyp Ha OCHOBE
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Puc. 5. BOX (1—4) n 3aBHCHMOCTH NPABEIEHHOI NIPOBOAUMOCTH OT
Hanpsokerus (5, 6) MIII-ctpykryp Ha ocHose n-Hgg 79Cdy 39Te
(1, 2, 5) u p-Hgy 79Cdy 39Te (3, 4, 6) c BapU30HHBIM ClIOEM C IH-
anekTpukoM Al, O3, usmepennnie npu 77 K npn npsamoii (1, 3, 5, 6)
u oOpaTHoii (2, 4) pa3BepTke Hanpsukenus u yacrore 50 kI'n

Fig. 5. CV characteristics (1—4) and dependences of the normalized
conductance on voltage (5, 6) of MIS structures on the basis of
p—Hgol70Cd0'3oTe (], 2, 5) and p—Hg0.70Cd0,30Te (3, 4, 6) with a
graded-gap layer and Al,O; insulator at 77 K at a forward (1, 3, 5, 6)
and reverse (2, 4) voltage scans at frequency of 50 kHz
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Puc. 6. BOX M/III-cTpykrypst Ha ochose MUID n-Hg ,Cdy 39Te
¢ BAPH3OHHBIM CJIOEM M ABYXCJIOiiHbIM amdnekTpukom CdTe/Al,O5,

u3mepennbie npu remneparype 77 K na yacrore 100 k' npu npsiMoii
(1) n oOpaTHOIi (2) pa3BepTKe HANPSIKEHUSA

Fig. 6. CV characteristics of MIS structures on the basis of MBE
n-Hgy ¢,Cdy 39Te with a graded-gap layer and two-layer insulator of

CdTe/Al,03 at 77 K on frequency of 100 kHz at a forward (1) and
reverse (2) voltage scans

p-Hg 79Cdg 30Te xapakrepeH NMpOMeXyTOUHBIA BUI
B®X. B paéoTe [10], mocBsillieHHON KCCIeN0BaHUIO
aJIeKTpoPU3NIeCKUX XapakTepucTuk M/ II-cTpykTyp
Ha ocHoBe o0beMHoro HgCdTe ¢ aHOmHBIM OKCHUIOM,
OTMeuYeHO, 4To I cocTaBa 0,3 BBICOKOYACTOTHBII
Bua BDX na6mogaetcsa yxe Ha yactore 10 I'm. BOX
MJII-cTpykTyp Ha ocHOBE MJID Hg0770Cd0’30Te npu-
HUMAIOT BbICOKOYACTOTHBIA BUA INpPU 3HAYUTETbHO
6oJiee BBICOKMX YaCTOTaX, XOTS MCIIOJIB30BaHUE HEOII-
THUYECKOT0 KpHOCTaTa IMO3BOJISIET UCKIIOUMUTh BIIMS-
Hue (OHOBOM 3acBeTKU. M3 puc. 5 BUAHO, UTO IpHU
x = 0,30 npuBeaeHHas! MPOBOAUMOCTb HE YMEHbILIAeT-
csl B CUJIbHOW MHBepcuM. ['McTepe3nuc eMKOCTHBIX Xa-
pPaKTepUCTUK AOCTATOYHO BENMK. 3HAUUTEIBHO YMEHb-
IIATH TUCTepe3nC (puc. 6) MOXXHO CO3IaHUEM in Situ B
Tpoliecce 3MUTAKCUAIBHOTO POCTa CBEPXy BapU30H-
HOTO cJ10s1 3a1uTHOoro rnoxacyios CdTe ToamHol oko-
Jgo 0,25 mxm. Cneayer OTMETUTb, UTO YyBEJIWYEHUE
JIYarna3oHa U3BMEHEeHUST HaIPsSIKeHUsT MPUBOJUT K TO-
SIBJIEHUIO 3aMETHOTO TucTepe3rca u st obpaslioB C
noacinoeM CdTe. Temnypun Kanmusi o6pa3yeT JocTa-
TOYHO KadecTBeHHyI0 Tpanmiy pasgena ¢ HgCdTe,
MpUYeM MUHUMAJIbHAS TJIOTHOCTH OBICTPBIX MOBEPX-
HOCTHBIX COCTOSIHUI Ha rpaHulle pasiesia He MpeBbl-
waer 2 x 1019 5B~ Tem™2.

Ha puc. 7 npuBeneHbl 3aBUCUMOCTHA YaCTOThI Ie-
pexoma BOX oT HU3KOUACTOTHOTO K BHICOKOYACTOT-
HoMmy BUay ot coaepxkaHus CdTe B paboueM ciioe s
MJII-ctpyktyp Ha ocHoBe MJID p(n)-Hg, _ ,Cd Te
C BapM30HHBIMU CJIOSIMU. 3HAUEHUS YaCTOT Iepexona
OIpenessuid Mo MOJOXEHUI0 MaKCUMyMa 4YacTOTHOM

3aBUCUMOCTH TIPUBEACHHON ITPOBOANMOCTH MOJYIIPO-
BoaHuKa [36] (2nf; = 1/Ry 13 Coye> THE Ry — DD dE-
pEHIIMATbHOE COMPOTHUBIICHUE OO0JACTH IIPOCTPAHCT-
BeHHoro 3apsaa (OI13) nmoaynposonHuka, a Cppp —
€MKOCTb MHBEPCUOHHOTO cJ10s1). VI3 puc. 7 BUIHO, YTO
yacToTa rnepexoja yMEeHbIIAETCs MPU YBEIUYEHUM CO-
cTaBa B paboyeM cjioe, a TakXke HECKOJbKO OOJbliie
s p-Hgy — Cd,Te. Cinenyer oTMETUTD, YTO 3TO BO3-
MOXHO CBSI3aHO C MEHbIIMMU 3HAYEHUSIMU €MKOCTU
nHBepcuoHHoro cnos 1 p-Hg, — Cd, Te Benencrsue
3¢ dEKTOB BBIPOXAECHUS U HeMapabOJIUYHOCTH 30HbI
npooaumoctu [37—40]. Ins MITII-ctpykTyp Ha oc-
HoBe HgCdTe 6e3 Bapu30HHOTO CJIOS YaCTOThI Mepe-
X0JIa HECKOJIbKO OOJIbIIIE€ BCJEACTBUE YBEIUUYECHNSI TeHe-
PaLIMOHHOTO TOTOKA HEOCHOBHBIX HOCUTEJIEH 3apsaa.

Mg pacuera uaeansHblx BOX HeoOXxoauMo 4uc-
JIEHHO pemiaTh ypaBHeHMe [lyaccoHa ¢ y4eToM peab-
HOTO pacmpenesieHUs] cocTaBa B IMPUIIOBEPXHOCTHOM
cJioe ToJTyNpoBOHMKA. YpaBHeHue [lyaccoHa s Ba-
PU30HHOTO MOJYIPOBOAHUKA MOXKET OBITh 3aITUCAHO B
crnenyromeM Buae [40, 41]:

d(e(2)do/dz) _ 2 0)
— 2 &),

rae p(z, @) — IUIOTHOCTb MHAYLIMPOBAHHOIO 3apsiia B
OII3; g(z) — nuanexTpuyeckas MPOHULIAEMOCTD I10-
JIYIPOBOJAHMKA, KOTOpasi 3aBUCUT OT KOOPAMHATHI B
BApU30HHOM CJIO€; ¢ — 3apsill SJEKTPOHA; ¢ — MOTEH-
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Puc. 7. 3aBucumocTu yactotbl nepexoaa BAOX Kk BbICOKOYACTOTHOMY
Buay (f7) or conepxxanns CdTe B paGoyem ciioe npu Temnepatype 77 K

anst MITI-crpykTyp na ocrose MJI® Hg, _ ,Cd, Te n-tima (1) n

p-Thna (2) npoBOJIMMOCTH ¢ BAPU30HHBIM cJioeM. Toukamm moka3ansl
qactotsl f; 1 MITI-crpykryp na ocrose MJID Hg, _ ,Cd, Te n- (3)

d p-tuna (4) npoBoAMMOCTH 0€3 BAPU3OHHOTO CJIOS

Fig. 7. Dependences of the frequency of transition of a CV characteristics
to a high-frequency behavior (f;) on the content of CdTe in the working
layer at 77 K for MIS structures on the basis of MBE Hg; _ .Cd, Te with
n-type (1) and p-type (2) of conductivity with a graded-gap layer. The
points designate the frequencies f; for MIS structures on the basis of MBE
Hg; _ .Cd, Te with n- (3) and p-type (4) of conductivity without a
graded-gap layer
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Puc. 8. Pacuernbie Hu3koyacTotHbie (I, 3) W BbICOKOYACTOTHbIE
(2, 4) BOX MUIII-cTpykryp Ha ochose n-Hgy 73Cdg 2,Te/Al, O3

(n=1,5 % 1015 CM_3) ¢ Bapu3oHHbIM cioeM (1, 2) u 0e3 Bapu3oH-
Horo cinos (3, 4) npn temneparype 77 K

Fig. 8. Calculated low-frequency (1, 3) and high-frequency (2, 4) CV
characteristics of MIS structures on the basis of n-Hg) ,4Cd ) ,,Te/Al,03

(n=15X% 10° cm_3) with a graded-gap layer (1, 2) and without a
graded-gap layer (3, 4) at 77 K

LYaJI; 7 — PacCTOsSTHUE OT TpaHMILIbI pa3aena. [1pu pac-
yeTax Ipearojarajaach JOKaJlbHasl 3JeKTPOHEUTpalb-
HOCTb, YpaBHEHME pellajii C YYETOM M3MEHEHMUS JU-
2JIEKTPUYECKOM TIPOHUILIAEMOCTHU, IIIMPUHBI 3aMpeleH-
HOI 30HBI U COOCTBEHHOI KOHIICHTpAllMX HOCUTEJIEH
B IIPUIIOBEPXHOCTHOM BapM30HHOM cjioe. [ paHMYHEIE
YCJIOBMSI MOTYT OBITh 3aIllMCaHbl B CJICAYIOIIEM BUIIE:

0(0) = o,
o(w) = do/dz|,_,,, = 0,

rae ¢, — HOBerHOCTHBIﬁ IIOTCHLMAJ.

Ha puc. 8 nmpuBeneHbl HU3KOUYACTOTHbIE U BbI-
cokouactoTHble B®X MIII-cTpykTyp Ha OCHOBE
n-Hgy 74Cdg 7o Te ¢ Bapu3oHHBIM cjioeM U 6e3 Tako-
TO CJ'I(;H, paéchTaHHble npu 77 K 1 KOHUEHTpauuu
BJIEKTPOHOB, paBHO 1,5 X 10 em™3. B pexume 000-
ramenns BOX He 3aBUCAT OT HATWMYUS BapU30HHOTO
cnost. 3aBucumocth Buga BDX or Hanuuus Bapu-
30HHOTO CJI0S1 CBSI3aHA C YMEHbILIEHUEM COOCTBEHHOM
KOHIIEHTpaIUM (M KOHILIEHTPAIIM HEOCHOBHBIX HOCH -
TeJiel 3apsiaa) Npy 3aJaHHOM MOBEPXHOCTHOM IOTEH-
[MaJie, YTO CBA3aHO C YBEJIMUCHUEM COCTaBa B IIPUIIO-
BepxHocTHOM cioe HgCdTe. I1pu aToMm a1 Bapu30oH-
HBIX CTPYKTYp YBEJIMUYMBAETCSl AMana3oH U3MEHEHMUS
MOBEPXHOCTHOro mnoreHuuana. JIns aHanuza BOX B
00eTHeHUU—UHBepcun (BOJIM3UM MMHMMYyMa HU3KO-
yacToTHOI BDX) yueT 3¢hheKTOB BHIPOXKIESHUS U He-
MapaboJUYHOCTU 30HBI MPOBOJMMOCTU He oObsi3aTe-
JIEH, TIOCKOJBKY 3TU 3(M@EeKThl IPOSBISIOTCS IS
MJIIT-cTpykTyp Ha ocHoBe n-HgCdTe B pexxume 060-
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raleHusl ¥ IPUBOAAT K OTCYTCTBUIO HACBIIICHUS T10-
BEPXHOCTHOTO MOTEHIIMAJIA TIPU YBETUISHUM TTOJIOXKM -
TEJIBbHOTO HAIPSDKeHUS U K MEHBIIIEMY 3HAUeHUIO eM-
KOCTU OCHOBHBIX HOcUTelleil B oborawenuu [37, 40].
CootBercTtBeHHO, 11t MJIII-cTpykTyp Ha OCHOBe
p-HgCdTe nanHble 3 deKThbl IPOSIBISIIOTCSI B peXUMe
CUJIbHOI MHBEPCUU Y MPUBOAAT K OTCYTCTBUIO HACKI-
IIEHUs] TTOBEPXHOCTHOrO IOTEHIIMaNa MpU YyBeIude-
HUM OTPHULIATEJILHOTO HAMpSKeHUS M K MEHbIIEMY
3HAYEHUIO €eMKOCTH HEOCHOBHBIX HOCUTEJIEH B PeXU-
M€ CUJIbHOM MHBEPCUM.

OmnpenejieHHe KOHIEHTPAIMH OCHOBHBIX HOCHTEEH
B npunoBepxnoctHoM ciioe HgCdTe
H INIOTHOCTH NOBEPXHOCTHBIX COCTOSIHHI

s KOppPEeKTHOTO olpeneaeHus OOJbIIMHCTBA
napameTpoB MII-cTpyKTyp HEOOXOOUMO 3HATh KOH-
LIEHTPAIIMI0O OCHOBHBIX HOCHUTEJIECH 3apsiiga B IPUIIO-
BEPXHOCTHOM cCJioe anuTakcuanbHou tieHku HgCdTe,
KOTOpasi MOXKET CYIIECTBEHHO OTJIMYAThCS OT yCpem-
HEHHOM KOHLIEHTpAlLlUMU, ONPEOEJICHHOW, HalpuMeEp,
MeToAoM XoJja. s TpaguLMOHHBIX MOJYIPOBOI-
HUKOB KOHIEHTPALIMIO OCHOBHBIX HOCHUTEJEH 3apsina
YacTo ONpelnessiioT M3 BBICOKOYACTOTHOIO 3HAYEHMUS
eMkocT MIII-CTpyKTyphl B peKMM€e CUJIbHOM MHBEp-
cuu [9]. ITpobaeMoii siBsieTCs TO, YTO BHICOKOYACTOT-
Hasl OTHOCUTEJIbHO BPEMEHH Iepe3apsiiKi UHBEPCU-
onHoro ciosg B®X mra MAII-cTpykTyp Ha OCHOBE
MJIS Hg; _ ,Cd, Te (x <0,23) npu 77 K HabmonaeTcs
MpU YacTOTaxX MOpsiiKa HECKOJbKUX Merarepil, Npu
KOTOPBIX OUYE€Hb BEJIMKO BJIMSIHUE Ha M3MEpsieMblii
aJIMUTTAHC COIPOTUBICHUSI 00beMa SMUTAKCUATBHOMU
TUIEHKU. DTOT METOA MOXHO MCMHoJib3oBaTh aasg MITT-
crpyktyp Ha ocHose Hg; _ ,Cd,Te (x > 0,3), ma
KOTOPBIX BBICOKOUACTOTHBIN Bua BMDX HabmomaeTcst
MpU 3HAYUTEJIbHO MEHBIIMX 4acToTax. [Ipu 3ToM B
cllydyae HaJuuyMsl TPUMOBEPXHOCTHOTO BapU30HHOTO
CJI0ST HEOOXOIMM YHCIIEHHBIN pacdeT nacanbHolt BOX
C YYETOM peaJibHOTO MpoduJIsi pacrpeesieHus1 cocTa-
Ba I10 TOJIIIMHE TUIEHKU. J[pyroit MeTon onpeaeneHus
KOHILIEHTPallUM OCHOBHBIX HOCUTEJIEHl U 3aBUCUMOC-
TH KOHIICHTPAIIMX OCHOBHBIX HOCUTEJIE OT KOOPIM-
HaTbl B TIPUIIOBEPXHOCTHOM CJIO€ ITOJYIIPOBOIHMKA
TpeOyeT MOCTPOEHUS 3aBUCUMOCTU OT HAIIPSIKEHMS
CMeEIIeHUST BEJIMYMHBI, OOpaTHOI KBaIpaTy eMKOCTHU
MJII-cTpyKTyphl B pexume oOemHeHus [42]. Dot
MeTOH, TIepBOHAYAILHO pa3pabOTaHHBIM ST HEpaB-
HOBECHO-00€IHEHHBIX CTPYKTYP, MOXHO TMPUMEHSIThH
U 1 paBHoBecHoil BDX B pamMkax NMpUOIMKEHUS
HCTOILIEHHOIO CJIOsI, XOTS ITOBEPXHOCTHBIE COCTOSTHUS
(ITC) o6bIYHO MPUBOAAT K 3aBBILIEHHBIM 3HAYEHUSIM
KoHueHTpauuu [9, 43]. Ecniu I1C He ycneBaloT nepe-
3apsiKaThCsl TPU UBMEHEHUHU TeCTOBOIO HAIMPSIXKEHUS,
TO KOHIIEHTpAaLMIO OCHOBHBIX HOCUTEJICH 3apsiaa MOX-
HO HaMTH 10 3HayeHu1o eMkoctu MIII-cTpykTyphl B
MUHUMyMe Hu3KodacToTHou BDX [44].




OTMEeTHM, YTO CJIeayeT pa3inyaTh BHICOKOYACTOT-
HocTh BDX oTHOCHTENEHO BpeMeHU (GOPMUPOBAHUS
WHBEPCUOHHOTO CJIOSI U OTHOCUTEJLHO BPEMEHM Iie-
pesapsaku [1C. Hanmpumep, B pabote [9] paccmoTpeHa
MJII-cTpykTypa Ha ocHOBe KpemHmsT, BOX KoTopoii
B 1pokoM auamnaszoHe yactot (100 I'm...10 MTI'n) saB-
JISIETCSI BBICOKOYACTOTHOM OTHOCUTEJNbHO BpEMEHU
(hopMupoBaHUSI UHBEPCUOHHOTO CJI0S1, HO HE SIBJISIET-
CsI BBICOKOYACTOTHOM OTHOCUTEILHO BPEMEHH TIepe3a-
psiaku T1C.

CoszgaHre TpUIMOBEPXHOCTHOTO BAPU30OHHOTO CJI0S
C TIOBBIIIEHHBIM copepxanueM CdTe mpuBOIUT K 3Ha-
YUTEJIbHOMY YBeJIMUeHUI0 BpeMeHu nepesapsaku [1C,
HO HE€ BBI3BIBAET CYIIIECTBEHHOIO YBEJIUYECHUSI BpeMe-
HU (OPMUPOBAHUS UHBEPCUOHHOTO CJI0SI, TTOCKOJIbKY
LIMpHUHA 00JacTH MPOCTpaHCTBeHHOTO 3apsiaa (OI13)
00BIYHO 0O0JIbllIEe TOJIMHBI BEPXHEro BapM30HHOIO
cJ10s1 ¢ TUMMIHBIMY TTapamerpamu. BOX MTT-cTpyk-
Typ Ha ocHose Hg, _ Cd,Te (x = 0,21...0,23) Ha yac-
totax 10...50 kI’ sIBIsIETCS] BHICOKOYACTOTHOM OTHO-
cutenbHo BpeMmeHn nepesapsaku [1C [45, 46], Ho He
SIBJISIETCSI BBICOKOYACTOTHOW OTHOCUTEJIBHO BPEMEHU
¢opMUpPOBaHUS UHBEPCUOHHOTO C10s. st CTpYKTYp
C Bapu3OHHBIM CJIOEM 3aBUCHMOCTM €MKOCTU Mpu
77 K B MUHUMyMe HU3K0YacTOTHOI BDX OT 4acTOTHI
(4aCTOTHOM AMCHEPCHUM) HE HAOII0JAETCs, TOCKOJIbKY
IIC, pacmonoxeHHble BOMM3M ypoBHS DepMu st
COOCTBEHHOTO TOJYIIPOBOAHMKA, HE YCIIEBAIOT Iepe-
3apsKaThCsl BCJIEN 32 TECTOBBIM CUTHAJIOM M HE JaloT
BKiIaaa B eMKocTb MJIIT-cTpykTyphl. HacToTHOM muc-
Mepcun eMKOCT B MuHuMyme BDX He HabmomaeTcs
npu 77 K n nna ctpykryp Ha ocHose Hgy _ ,Cd,Te
(x = 0,21...0,23) 6e3 BapU30HHOTO CJI0s1, TOCKOJIbKY B
nuarnasone vyactor 10 xI'u...1 MT'1 Bce moBepXHOCT-
HbI€ COCTOSIHUSI YCIIEBAIOT Nepe3apsiKaThCsl PU U3Me-
HEHUM TECTOBOTO HAMPSKEHMS U BKJIAl €eMKOCTHU T10-
BEPXHOCTHBIX COCTOSIHUI B TOJIHYIO eMKocTb MJITT-
CTPYKTYPbl MaKCHMMaJIeH U MocTosiHeH. C MOMOIIbIO
¢opmyibl u3 padboThl [10] MOXHO OLIEHUTH BpeMs Ie-
pe3apsiAKd TIOBEPXHOCTHBIX COCTOSIHUIA, pacIiojio-
KEHHBIX BOMM3U ypoBHS PDepMu IjisI COOCTBEHHOTO
TMOJTyIPOBOAHMKA, KoTopoe mst Hgj 75Cd 5, Te Ges
Bapu30HHOTO cjos npu 77 K MeeT mopsiioK eTuHUIL
MMKPOCEKYH/I, a IIJIST CTPYKTYP C BApU30HHBIM CJIOEM
MPUHUMAET TUTaHTCKME 3HAYeHMSI (106 ¢ u Oonee)
[45]. Takum obpasom, aasg MIAII-cTpykTyp Ha OCHO-
Be Hg; _ ,Cd,Te (x=0,21...0,23) ¢ Bapu30HHBLIM CJIO-
€M MOXHO HaWTHU KOHLIEHTPAIMI0O OCHOBHBIX HOCUTE-
JIeit 3apsiia ImyTeM ynciaeHHoro pacueta BOX ¢ yuetom
BapU30HHOIO CJIOSI MPU Pa3IMYHBIX KOHLUEHTPALMSIX
OCHOBHbIX HocuTeselt 3apsina. [Ipu coBmageHUM 3KC-
MMepUMEHTAILHOTO 3HAYEHUST eMKOCTH B MUHUMYMeE
B®X ¢ pacueTHBIM 3HaYeHWEM MCITOIb30BaHHAS TIPU
pacyeTe KOHIIEHTpalMsl OCHOBHBIX HOCUTEJIEH 3apsiaa
COOTBETCTBYET KOHLEHTpAllMM B MPUIIOBEPXHOCTHOM
cioe HgCdTe.
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Puc. 9. ®parmentsl BOX nis M/II-cTpykTypbl Ha ocHoBe MJID
n-Hgy 73Cdy 5, Te Ge3 Bapusonnoro cios, umepernsie npu 9 K npn

npsAMOi pa3BepTKe HANPSIKEHUs HA PA3JIMYHBIX YACTOTAX

Fig. 9. Fragments of CV characteristics for MIS structures on the basis
of MBE of n-Hg ,4Cd, ,,Te without a graded-gap layer measured at

9 K at a forward voltage scan on various frequencies

Hns  ompeneneHuss KOHLEHTPAIlMU OCHOBHBIX
Hocuteneil 3apsama B MIII-cTpykTypax Ha OCHOBeE
Hg, - ,Cd,Te (x = 0,21...0,23) 6e3 BApM30OHHOIO CJIOS
HEO0OXOIMMO MCCIEN0BaTh aAMUTTAHC TTPU HU3KUX TEM-
neparypax. [Tpyu MOHMKEHHBIX TeMIlepaTypax HaOJIto-
JAeTCsl YaCTOTHAsl AUCIIEPCUS eMKOCTM B MUHUMYyMeE
B®X mra MAIT-ctpykryp Ha ocHose Hg; _ ,Cd, Te
(x = 0,21...0,23) 6e3 BapusoHHoro cios (puc. 9). Ha
puc. 10 mokazaHbl YaCTOTHbIE 3aBUCUMOCTH EMKOCTU B
MuHUMyMe BDOX 1pu pasanyHbIX TeMIlepaTypax.

IosiBieHUMEe YACTOTHOM JUCIIEPCUM EMKOCTU B
muHumyMe B®X pass MIII-cTpykTyp Ha OCHOBe
Hg, _ ,Cd,Te (x = 0,21...0,23) 6e3 BApM30OHHOTO CJIOS
CBSI3aHO C YBEJIMYEHUEM TPU OXJTXKIEHUU BPEeMEHU
nepe3apsgaku I1C, pacnonoXeHHBIX BOJM3U YPOBHS
DepMmu 119 COOCTBEHHOTO ITOJTYIIPOBOIHUKA. YBEIU-
YeHMe BpEMEHU Tepe3apsiikKyd MpY OXJIaKIASHUM CBSI-
3aHO C YMEHbIIeHHeM COOCTBEHHOU KOHIIEHTpaluU
MPU YMEHbIIIEHUH TeMnepatypsbl. 7151 CTpyKTyp Ha oc-
nose Hg, _ Cd,Te (x=0,21...0,23) Ge3 Bapu30HHOTO
CJI0S1 MOXHO ONpPENeSUTbh KOHLIEHTPAIMI0O OCHOBHBIX
HoOcHUTeJIel 3apsiia M3 U3MEPEeHUIl agMUTTaHca TpU
HU3KHUX TeMIIepaTypax U TOCTaTOUHO BBHICOKUX YaCTO-
tax. [Ipu 5TOM MOXHO BOCIOJIb30BaThCSl YMCICHHBIM
WIM aHAIUTHYeCKUM pacuetoM BDX npu HU3KUX
TeMrepartypax sl ONHOPOAHOIO IMOJYIPOBOAHMKA, a
MOXHO pelIuTb ypaBHeHUsI U3 paboThl [47] OTHOCU-
TeJbHO 3HAYEHUI €eMKOCTM B MMHMMYME HU3KOYac-
toTHOM BMDX M COOTBETCTBYIOIIETO MTOBEPXHOCTHOTO
noteHuuanaa. Mcnonb3oBaHue NpUOJIMKEHHBIX BbIpa-
>KeHU [48] BO3BMOXHO TOJIBKO MPY JOCTATOUHO BHICO-
KHX Temrneparypax, koraa ug < 30 (ug = In(ny/n;), tne
Ny — KOHLIEHTpALMs OCHOBHBIX HOCUTENIE 3apsza, a
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Puc. 10. YacToTHbIE 32aBHCHMOCTH €MKOCTH B MAHHMYME HH3K0YAC-
ToTHOi BDX st MTI-cTpykTypsi Ha ocHoBe n-Hgg 74Cdy 5, Te Oe3

BAPHU30HHOTO CJIOS, H3MEPEHHbIE MPH NMPSAMOi Pa3BePTKe HANPSIKEHUS
NpH pa3jIMYHBIX TeMIepaTypax

Fig. 10. Frequency dependences of the capacitance in the minimum of
low-frequency CV characteristics for MIS structure on the basis of
n-Hgy 7¢Cd) 5,Te without a graded-gap layer measured at a forward

voltage scan at various temperatures

n; — COOCTBeHHass KOHUeHTpauus). OnpeneaeHHble
npu HU3KKMX Temnepatypax mist MIIT-cTpykTyp Ha oc-
Hose Hg; _ ,Cd,Te (x=0,21...0,23) 6e3 BApM30HHOTO
CJI0S1 3HAYEHUSI KOHLEHTPAllMW OCHOBHBIX HOCUTENEN
3apsiia OKasajauchb AOCTaTOYHO OJIM3KU K KOHLIEHTpa-
LUK, onpeaenaeHHoi MetonoM Xosuia ipu 78 K. Harpu-
Mep, orpejaeieHbl 3HaueHus 4,2 X 1014, 5,2 X 10 u
3,7 X 101 em3 MpU UHTErPaIbHBIX XOJUIOBCKUX KOH-
LeHTpauusix 5,4 X 1014, 3,4 x 104 u 4,7 X 1014 CM_3,
COOTBeTCTBEHHO). ClieayeT OTMETUTD, YTO IIPUMEHEHUE
JNIAaHHOTO METOojAa ONpeAeJeHUs] KOHUEHTpaluu st
MITI-cTpyKTyp Ha OCHOBE BaKaHCUOHHO-JIETMPOBaH-
Horo p-Hg; _ ,Cd, Te (x = 0,21...0,23) 6e3 Bapu30H-
HOTO CJIOSI CONpPSIKEHO CO 3HAYMTEIbHBIMU TPYAHO-
CTSIMU, TTIOCKOJIBKY NI BAKAHCMOHHO-JIETMPOBAHHOTO
MaTepuajga TUIIMYHO 3HAUYMUTENIbHOE YBEJIUUEHUE IT0-
CJIEIOBATEILHOTO COIPOTUBICHMST SMUTAKCUATBHOM
TUIEHKU MPU HU3KUX TeMIepaTypax BCJIACTBUE HEMOJI-
HO#l MOHM3ALIMM BaKAaHCHMOHHBIX Ie(PEeKTOB aKIIEITOp-
Horo tuna (puc. 11). IMockoneky, ang n-Hg — ,Cd,Te
(x = 0,21...0,23), 1erupoBaHHOTO COOCTBEHHBIMU JIE-
(ekTamMy TOHOPHOTO THIA, B AMAra30He TeMIlepaTyp
9...77 K KoHIeHTpalu1sl 3JeKTPOHOB HE 3aBUCUT OT
TEeMIIepaTyphl, TO MOXHO OLIEHUThb TUIOTHOCTH IOBEp-
XHOCTHBIX COCTOSIHUM B CTPYKTypax 0e3 BapuM30HHOTO
cnost npu 77 K 1o HM3KoUYacToTHOI MeTtoauke [49].
CrenyeT OTMETUTh, YTO I CTPYKTYp C BapuU30H-
HBIM CJIOEM BpeMeHa IMepe3apsiiKu MOBEPXHOCTHBIX
COCTOSTHMI OY€Hb BEJIMKUM M MOXHO MCITOJb30BaTh
BBICOKOYACTOTHBIM METOJ TSI OTpelesIeHUsI CIIeKTpa
MMOBEPXHOCTHHIX cOoCcTOsSTHUI. IIpy 3TOM HEoOXoauMO
YUYUTHIBaTh, 4TO, Hampumep, misg MIII-cTpykTyp Ha
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ocnose n-Hg; - Cd, Te (x = 0,21...0,23) ¢ Bapu-
30HHBIM CJIOEM HAKJIOH EMKOCTHOI XapaKTepUCTUKU
B o0eqHeHUM OoJiee KpyToi Mpu oOpaTHOW pa3Bep-
TKe HamnpskeHusl (CM. puc. 3), MOCKOJbKY MpU Mpsi-
MO pa3BepTKe HAIPSKeHUs B 00eTHEHUH YaCTUIHO
MPOMCXOAUT Tepe3apsiika MeIICHHBIX MOBEPXHOCT-
HBIX coctostHUi. [ToaTomy misa pacuera criekrpa I1C
ana - MIII-ctpyktyp Ha ocHoBe n-Hg, _  Cd,Te
(x = 0,21...0,23) ¢ BApU30OHHbBIM CJI0EM HAJ0 UCIIOJb-
30BaTh BDX, n3MepeHHYIO IIpU OOpaTHOM pasBep-
TKe HampskeHus, a mist MJII-cTpykTyp Ha OCHOBE
p-Hg, _ ,Cd,Te (x = 0,21...0,23) ¢ BapU30HHBIM CJIO-
eM cienyeT ucnoab3oBaTb BMOX, maMepeHHYyIO IpU
TIpSIMOM pa3BepTKe HAMPSIKEHUS (XOTS IS ITBIPOY-
HOro Marepuaja 3ToT 3¢ ¢eKT BhIpaxkeH cnabee [33]).
Ha puc. 12 npuBeneH tunuuHbiii cnektp I1C mgns
MJII-cTpykTyphl Ha ocHoBe n-Hgj 7¢Cd, 5, Te ¢ Ba-
DH3OHHBIM CJIOGM U YPOBEHb IUIOTHOCTH OBICTPBIX
TTOBEPXHOCTHBIX COCTOSTHUI TSI CTPYKTYPHI Ha OCHOBE
n-Hgy 74Cdy 5oTe 6e3 Bapu3oHHOro ci10sl, HalleH-
HBIE T10 npeﬁﬂoerHHM METOIUKAM.

IMockonbky BOX mnst MIITT-cTpykTyp Ha OCHOBE
Hg, - ,Cd, Te (x = 0,21...0,23) ¢ BapU30HHBIM CJIOEM
MMEIOT BEICOKOYACTOTHBRINM BII OTHOCUTEILHO BpeMe-
HU Tepe3apsiaky MOBEPXHOCTHBIX COCTOSIHMM, TO OI-
peleuB KOHUEHTPALMIO 2JEKTPOHOB MOXHO JIEKO
HalTH eMKOCTh M HapsDKeHUE TIOCKUX 30H, KOTOPHIE
OyayT pa3IMUHbBIMUA MpU MIPSIMOA U OOpaTHOM pa3BepT-
Ke HampsKeHHUs BCIEICTBHE 3HAYNTEIILHOTO TUCTEPE-
3uca WHxXekunoHHoro tuna. JIasgs MIII-ctpyktyp Ha
ocnose Hg, _ Cd,Te (x = 0,21...0,23) 6e3 Bapu3oH-
HOTO CJIOSI ONPEeAeIUTh HaMpsKeHUe TIJIOCKUX 30H U3
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Puc. 11. 3aBUCHMOCTH €MKOCTH B pPeXHME O0OrameHusi, a TaKKe
CONpPOTHBJEHU:A o0beMa OJNHMTAKCHAJIbHOH miaenkn (R,) nad

n-Hgy 75Cdg ,Te u p-Hg, 73Cd, 5, Te or Temneparypsi, n3mepen-
Hble Ha yacrore 200 kI'n

Fig. 11. Dependences of the capacitance in the accumulation mode, and
also resistance of the epitaxial film bulk (Ry) for n-Hg 74Cd ,,Te and

p-Hgy 76Cd 5,Te on temperature measured on frequency of 200 kHz
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Puc. 12. CnekTp ObICTPbIX NOBEPXHOCTHBIX cocTosinmii Ny (E) nasa
MJII-cTpykrypst Ha ocHose n-Hgy 75Cdy 5, Te ¢ Bapu3oHHBIM c10eM

(1) v ypoBeHDb IIOTHOCTH OBICTPHIX MOBEPXHOCTHBIX COCTOSIHMI ISt
CTPYKTYpBI Ha ocHose n-Hgg 75Cd, 5, Te Ge3 BapusonHoro cios (2)

Fig. 12. Spectrum of fast surface states Ny (E) for MIS structures on the
basis of n-Hgy 75Cd) 5oTe with a graded-gap layer (1) and level of

density of the fast surface states for a structure on the basis of
n-Hgy 75Cd,) 5,Te without a graded-gap layer (2)

U3MEPEHNI agMUTTaHCa IPOOIIEMATUYHO, TTOCKOJIBKY
eMKocTb MJIIT-CTpyKTYyphl yBEIMYUBAETCS BCIEACTBIE
Bki1ama emkoctu [1C.

3akimouyeHue

Takum 00pa3zoM, 3KCMEPUMEHTAJIBHO UCCIIEIOBA-
Hbl BOJIbT-(PapagHble XapaKTePUCTUKUA U 3aBUCUMOC-
TU IPUBEJECHHOM MPOBOAMMOCTU OT HAMPSKEHUS IS
MJII-ctpykryp Ha ocHoBe MJID n(p)-Hg, _ Cd,Te
(x = 0,21...0,23) ¢ BapU30OHHBLIM CJI0eM U Oe3 Bapu-
30HHOTO cJios1. Haimuue Bapu30HHOTO CJIOSI TPUBOIUT
K 3HAUYUTEIbHOMY YBEJIMYEHUIO TUCTEPE3UCA DJIEKTPO-
¢usnueckux xapaktepuctuk miass MJTII-cTpykTyp c
ausnekrpukamu Si0,/SizNy n Al,O3, KOoTOpBIA CBA-
3aH C TIepe3apsiKoil MEUIEHHBIX COCTOSIHUN B M-
BJIEKTpUKE BOJIM3Y TPaHULILI pa3aesia U B MepexoaHOM
CJI0€ MEXIY IUBJIEKTPUKOM W TMOJYIPOBOIHUKOM.
Hanecenue in sifu B ipoliecce 3MUTaKCUATBLHOIO BHI-
pammBanus cioss CdTe cBepxy BapuM3OHHOIO CJIOS
MO3BOJISIET YCTPAHUTh TUCTEPE3UC MPU HEOOJbIIUX
Jirara3zoHax u3MeHeHus HanpsbkeHus: cMmeneHus. Co-
3[IaHWE BAPU3OHHOTO CJIOS TAKXKE MPUBOAUT K YMEHb-
IIEHUI0 COOCTBEHHOW KOHLEHTpAllUW B MPUIIOBEPX-
HOCTHOM CJIO€ TIOJIYIIPOBOIHMKA, a TAKXKE K yBEIUYe-
HUIO Mara3oHa U3MEHEHUs TTOBEPXHOCTHOIO MOTEH-
1Mana Mnpyv M3MEHEHUU HaNpsDKeHUS CMELIEHUU, YTO
MPOSIBJISIETCS] B UBMEHEHUU BUJIa BOJIbT-(hapaaHbIX Xa-
pakTepucTuk (06ojee rIydoKoMy U IIMPOKOMY IIpOBa-
JIy eMKOCTH IIJIT HMU3KodacToTHOU BM®X, MeHbIIEeMy
3HAYCHUIO BBICOKOYACTOTHOW E€MKOCTHM B CUJIBHOU
WHBEPCHUMN).

IToxazaHo, YTO co3maHue TIPUITIOBEPXHOCTHOTO Ba-
PU30HHOTO CJIOS C MOBBILIEHHBIM coaepxkaHueM CdTe
MPUBOINT K 3HAYMTETBHOMY YBETWUYEHUIO BPEMEHU
rnepe3apsaKy TOBEpXHOCTHBIX cocTostHMit. BOX MITT-
crpykryp Ha ocHose Hg; _ ,Cd, Te (x=0,21...0,23) Ha
yactorax 10...50 xI'11 siBJIsseTCSl BBICOKOYACTOTHOM OT-
HOCHUTEJIbHO BpPEMEHM Iepe3apsiiKi MOBEPXHOCTHBIX
COCTOSIHUW, HO HE SIBJISIETCSI BBICOKOYACTOTHOU OTHO-
CUTEJIbHO BpeMeHU (OPMUPOBAHUSI WHBEPCUOHHOTO
ciost. 1J1st CTpyKTyp ¢ Bapu30HHBIM ciioeM npu 77 K u3
U3MEpeHUll 3HaYeHUsI eMKOCTU B MUHUMYME HU3KO-
yacTtoTHOI BDX MOXHO OmpenenTh KOHIEHTPAIUIO
OCHOBHBIX HOCHUTEJIeil 3apsiia B NPUIOBEPXHOCTHOM
cJIoe TOJIYTIPOBOJIHMKA, a 3aTeM €MKOCTh U Harlpsixe-
HHME TIJIOCKUX 30H, a TaKXKe CIEKTP MOBEPXHOCTHBIX
cocrosHuit. JIna ctpykryp Ha ocHose n-Hg, _ ,Cd, Te
(x = 0,21...0,23) 6e3 BapM30HHOTIO CJIOS IJIsl OIpeae-
JIEHUsI KOHUEHTpAlUU 2JIEKTPOHOB HEOOXOIUMO U3-
MepeHHe aJIMUTTAaHCa IPU HU3KUX TeMIlepaTypax
(10...15 K), xorma BOX Ha 10CTaTOYHO BHICOKUX Yac-
TOTax MPUHUMAKOT BbICOKOYACTOTHBIM BUI OTHOCH-
TeJbHO BPEMEHM Tepe3apsaKi MOBEPXHOCTHBIX COCTO-
STHWH, pacIoJIOXKEeHHBIX BOMM3U ypoBHA DepMm s
COOCTBEHHOIO MOJYIIPOBOAHUKA. {JIsI CTPYKTYp Ha OC-
Hose n-Hg; _ ,Cd,Te (x = 0,21...0,23) Ge3 Bapu3oH-
HOTO CJIOSI MOXXHO OIIEHMTh ILUIOTHOCTb ITOBEPXHOCT-
HbIXx cocTostHuiA nipu 77 K. MJIII-cTpyKTyphl Ha oc-
Hose p-Hg, _ Cd, Te (x = 0,21...0,23) 6e3 Bapu30H-
Horo cios mpu 10...15 K caoXHBI AJ1s1 McclieIoBaHUsI
BCJIEICTBHE OOJIbILIMX 3HAYEHUI COMTPOTHUBICHUST 00b-
€Ma SIUTAKCUATIBHOW TUJIEHKU.
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The authors considered the opportunities for studying of the electrical properties of MIS structures based on n(p)-Hg; _ ,.Cd,Te
(x =0.21...0.23) grown by the molecular beam epitaxy in a wide range of temperatures and frequencies. It was established that cre-
ation of a graded-gap layer increases the hysteresis of the electrical characteristics and the recharge time of the surface states, and
causes changes in the form of the capacitance-voltage characteristics. It was demonstrated that the capacitance-voltage charac-
teristics of MIS structures based on n(p)-Hg; _ ,Cd Te (x = 0.21...0.23) with the near-surface graded-gap layers at 77 K have a
high-frequency behavior with respect to the recharge time of the surface states. This makes it possible to determine for the graded-
gap structures the concentration of most charge carriers in the near-surface semiconductor layer and the spectrum of the surface
states at 77 K. In order to determine the concentration of most charge carriers in the near-surface semiconductor layer and the
density of the surface states in MIS structures based on n-Hg; _ .Cd Te (x = 0.21...0.23) it is necessary fo measure the ad-

mittance at 9...15 K.
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Introduction

The fundamental properties of a narrow band sem-
iconductor solid solution of cadmium mercury telluride
(Hg; — ,Cd,Te, HgCdTe) are used for creation of high-
sensitivity infrared (IR) detectors [1, 2]. Notwithstand-
ing appearance of new detectors, the material makes
the basis for creation of IR sensors of a new generation
[3, 4]. The width energy gap of Hg; _ ,Cd,Te depends
on the content of CdTe, which makes it possible on the
basis of the given material to create detectors for various
spectral ranges, including for the bands of the atmos-

pheric transparency windows of 3...5 and 8...14 um.
Promising for growing of HgCdTe is molecular beam
epitaxy (MBE), allowing to grow films with a set dis-
tribution of the composition by thickness. This oppor-
tunity is used for optimization of characteristics of IR
detectors, for example, for creation of the near-surface
graded-gap layers with a high content of CdTe. Their
creation allows us to improve the threshold character-
istics of the IR detectors based on HgCdTe due to a de-
crease of the influence of the surface recombination for
the lifetime of the photocarriers in the bulk of the epi-
taxial film [5, 6].
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An important operation during creation of the op-
toelectronic devices on the basis of HgCdTe is deposi-
tion of the passivation layers. The requirements to the
passivation coatings for various IR detectors are formu-
lated, for example, in [1]. A metal- insulator-semicon-
ductor structure is a convenient tool for research of the
properties of insulator, interface and the near-surface
layer of a semiconductor. The combinations of HgCdTe,
grown by the bulk methods or liquid-phase epitaxy,
with different dielectric coatings, were investigated [1, 2].
Cadmium telluride suits the passivation of HgCdTe
well, but the search for new passivation coatings is still
going on [7, 8]. For example, on the basis of CdTe it
is impossible to create an antireflecting coating at a
frontal illumination of IR detector in view of a high re-
fractive index of the material, therefore, for solving of
the problem a two-layer dielectric of CdTe/ZnS is used
[2]. Besides, CdTe usually has a low dielectric strength,
which complicates characterization of the properties
of the passivation coatings during the electrophysical
measurements.

Opportunities for application of the traditional
methods of characterization of the passivation coatings
by research of the electrophysical characteristics of
MIS structures [9, 10] are limited by such features of
MIS structures based on MBE of HgCdTe as high re-
sistance of the bulk of the epitaxial films, and also a
possible presence of a near-surface graded-gap layer.
The first researches of the electrophysical characteris-
tics of MIS structures on the basis of MBE of HgCdTe,
grown on substrates from CdZnTe, were done in Texas
Instruments Inc., Dallas [11—13], at that the MIS
structures were formed on the basis of a material con-
taining a superlattice [11] and n-isotype heterojunction
[13] in the active region. Later the properties of the
MIS structures on the basis of graded-gap MBE of
HgCdTe, grown on alternative substrates, were inves-
tigated in the A. V. Rzanov Institute of Semiconductor
Physics of the Siberian Branch of the Russian Academy
of Sciences [11—15]. Theoretical researches of the
mechanisms of formation of the electrophysical char-
acteristics of MIS structures on the basis of a graded-
gap semiconductor are known [19—23], but usually the
results of the theoretical research were not compared
with the experiments. With development of the epitax-
ial technologies for formation of HgCdTe the works be-
gan to appear, in which techniques were proposed for
processing of the experimental capacitance-voltage
characteristics (CV characteristics) of MIS structures
based on HgCdTe with a non-uniform distribution of
the composition. Thus, in [24] the real profile of com-
position in the graded-gap layer of MOVPE HgCdTe,
which appeared as a result of annealing in Cd/Hg at-
mosphere, was replaced with a step-by-step approach.
In [25] it was offered to estimate the concentration of
the majority carriers in the graded-gap LPE HgCdTe by
inclination of CV characteristic in the depletion mode,
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which gave the overestimated values of the concentra-
tion owing to the screening action of the surface states,
and to investigate the composition by the value of the
capacitance in the minimum of low-frequency CV
characteristics.

We should point out that most of the researches of
the electrophysical characteristics of MIS structures on
the basis of graded-gap MBE HgCdTe were done at
77 K. Additional information on the processes in MIS
structures on the basis of MBE HgCdTe can be pro-
vided by the research of the characteristics in a wider
range of temperatures. Thus, in [12, 26—28] the re-
search works were done at temperatures lower than 77 K,
and in [29] the admittance of MIS structures on the ba-
sis of bulk p-Hg,74Cd,,Te was investigated in the
range of 75...120 K. Also informative was the research
of the admittance in a wide range of frequencies, for ex-
ample, in [30] the admittance of MIS structures on the
basis of bulk n-Hg,,Cd,;Te was investigated in the
range of frequencies from 1 MHz up to 4 MHz.

Thus, there was no systematic researches of the ad-
mittance of MIS structures on the basis of MBE
HgCdTe with near-surface graded-gap layers, while the
techniques for characterization of the insulator, inter-
face and near-surface layer of the semiconductor by
measurement of the admittance of MIS structures on
the basis of MBE HgCdTe in a wide range of temper-
atures were not developed.

The aim of the article is generalization and analysis
of the researches of the admittance of MIS structures
on the basis of MBE HgCdTe, including with the near-
surface graded-gap layers, for estimation of the quality
of the passivation coatings of the optoelectronic devices
on the basis of MBE HgCdTe.

Samples and experiment techniques

MIS structures were made on the basis of
n(p)-Hg _ ,Cd,Te grown by MBE on the alternative
substrates of GaAs (013) or Si(013). The composition
in the working layer varied from 0,19 up to 0,40. During
the growth of the heterostructures on both sides of the
working layer the graded-gap layers were created with
a high component composition of CdTe. Before depo-
sition of the dielectric coatings for the investigated het-
erostructures by means of Hall method at 78 K the con-
centrations of the majority carriers, mobility of elec-
trons and conductivity were determined. Certain struc-
tures were created in two versions: for a part of the
heterostructure a insulator was deposited atop the grad-
ed-gap layer, and for another part a preliminary remov-
al of the near-surface graded-gap layer was done by
etching of the surface in Br,-HBr solution, and then the
insulator was deposited (usually, it was SiO,/Si;Ny or
Al,O3). Then indium field electrodes were deposited, at
that, the electrode area was determined for each inves-
tigated structure. Distribution of the composition by




thickness of the epitaxial film for a typical structure
with x = 0.22 was measured by an automatic ellipsom-
eter during growth (fig. 1). Fig. 2 presents a schematic
image of the investigated MIS structures. During cal-
culations for approximation of distribution of content
of CdTe(x) from coordinate z in the near-surface layer
the following formula was used:

x(z) = xp + Alexp{gﬁ}
1

where x; — the composition in the working layer; A,
and B; — the coefficients, which define the composi-
tion’s distribution. Sum A4; + x; determines the com-
position on the surface of the semiconductor and B,
characterizes the speed of reduction of the content of
CdTe to the value of the composition in the working
layer x;. This formula allows us to describe precisely
enough the results of the ellipsometric measurements.
For typical graded-gap layers the following ranges of
change of parameters are characteristic: 4; + x, — from
0.43 up to 0.48, By — from 0.10 up to 0.18 pm.

The measurements were done on an automated set-
up of spectroscopy admittance of heterostructures on
the basis of Janis non-optical cryostat and Agilent
E4980A immittance measuring instrument. The setup
allowed us to measure the capacitance and conduct-
ance of MIS structures on the basis of HgCdTe depend-
ing on the bias voltage, frequency of a test signal and
temperature. During measurement of the voltage de-
pendences of the capacitance and conductance, as a
forward voltage scan we accepted the change of voltage
from the negative to the positive values, and as a reverse
direction of scanning — from the positive to the nega-
tive ones. Resistance of the bulk of the epitaxial films
and insulator capacitance were determined by the re-
sults of measurement of admittance of MIS structures
in accumulation mode. The influence of the resistance
of the bulk on the measured capacitance and conduct-
ance was excluded for all the measurements. Equivalent
schemes of a MIS structure in various modes and for-
mulas for processing of the experimental data are pre-
sented in [31, 32].

Electrophysical characteristics of MIS structures
on the basis of MBE HgCdTe

Fig. 3 presents the dependences of the capacitance
and the reduced normalized conductance on voltage for
MIS structures based on MBE n-Hg 7,Cd,, ,3Te with
Al,Oj5 insulator and substrate from Si(013) measured at
77 K on frequency of 10 kHz at various voltage scans.
It is visible, that creation of a graded-gap layer leads to
an increase of the hysteresis of the capacitive charac-
teristics, and also of the width and depth of CV curve
dip, which under the given conditions have a behavior
close to the low-frequency one. The structures with a
graded-gap layer are characterized by the hysteresis

caused by capture of the charge carriers on slow states,
which are located in the transition layer or in the dielec-
tric, near to the interface. The basic features of the hys-
teresis for MIS structures with dielectrics of SiO,/Si3Ny4
and Al,O5 are close and were considered in detail in
[33]. Increase of the hysteresis during creation a wide-
band layer in the near-surface regions can be connected
with the big range of changes of the surface potential in
the graded-gap structures. The normalized conduct-
ance increases in inversion, which can be used for de-
termination of the type of conductivity of a semicon-
ductor in case of a completely low-frequency behavior
of CV characteristic. Another way to determine the type
of conductivity is measurement of the dependence of
photo-EMF on voltage [34, 35]. For MIS structures on
the basis of MBE n-Hg; _ ,Cd,Te (x=0.21...0.23) typ-
ical is abatement of photo-EMF in the strong inversion
mode, which is connected with an increase of the role
of tunneling via deep levels.

Fig. 4 presents CV characteristics and the depend-
ences of the normalized conductance on voltage for
MIS structures on the basis of MBE p-Hg, 77,Cd, 55Te
with dielectric of Al,O5 and a substrate from Si(013) at
77 K on frequencies of 10 and 50 kHz at various voltage
scans. It is visible, that for CV characteristic on fre-
quency of 10 kHz at 77 K a low-frequency behavior is
practically also typical, creation of a graded-gap layer
leads to an increase of the hysteresis and the width of
the dip of the low-frequency CV characteristic. The
normalized conductance increases in inversion, which
can be used for determination of the type of conduc-
tivity of the semiconductor (the regularity connected
with a kind of voltage dependence of photo-EMF for
MIS structures on the basis of MBE p-Hg, _ Cd,Te
(x = 0.21...0.23) does not work). Usually for MIS
structures on the basis of MBE p-Hg; _ Cd,Te the
lower conductivity of the epitaxial film and higher re-
sistance of the (bulk of the epitaxial film are typical,
which is connected with a low mobility of holes.

Fig. 5 presents CV characteristics and the depend-
ences of the normalized conductance on voltage of MIS
structures on the basis of n(p)-Hg, 70Cd 3gTe with a
graded-gap layer and Al,O5 dielectric at 77 K at various
directions of voltage scans and frequency of 50 kHz.
With an increase of the composition of the working lay-
er the role of the graded-gap layers with typical param-
eters decreases. It is visible, that on frequency of 50 kHz
for MIS structures on the basis of n-Hg, ;0Cd, 3oTe a
behavior of CV characteristic is observed, which is close
to high-frequency, and for MIS structures on the basis
of p-Hg( 79Cd 30Te an intermediate behavior of CV
characteristic is typical. In [10] it is pointed out, that for
the composition of 0.3 a high-frequency behavior of CV
characteristic is observed already on frequency of 10 Hz.
CV characteristis of MIS structures on the basis of
MBE Hg, 70Cd, 3oTe acquire a high-frequency behav-
ior at much higher frequencies, although the use of the
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non-optical cryostat allows to exclude the influence of
a background illumination. From the figure it is visible,
that at x = 0.30 the normalized conductance does not
decrease in strong inversion. The hysteresis of the ca-
pacitive characteristics is great enough. It is possible to
reduce the hysteresis (fig. 6) considerably by in situ cre-
ation during the epitaxial growth from above of the
graded-gap layer of a protective intermediate layer of
CdTe with thickness of about 0.25 um. It is necessary
to point out, that an increase of the range of change of
the voltage leads to occurrence of an appreciable hys-
teresis also for the samples with the intermediate layer
of CdTe. Cadmium telluride forms a qualitative inter-
face with HgCdTe, at that, the minimal density of the
fast surface states on the interface does not exceed
2 x 1010 evlem™2, Fig. 7 presents the dependences of
the frequency of transition of CV characteristics from a
low-frequency to a high-frequency behavior on the
content of CdTe in the working layer for MIS structures
on the basis of MBE p(n)-Hg, _ ,Cd, Te with the grad-
ed-gap layers. The values of the transition frequencies
were determined by the position of the maximum of
frequency dependence of the normalized conductance
of the semiconductor [36] (2nf; = 1/Rgcr Ciny> Where
Rgycr — is differential resistance of the space charge re-
gion (SCR) of the semiconductor, and Cyjny — is ca-
pacitance of the inversion layer). It is visible, that the
frequency of transition decreases, if the composition is
increased in the working layer, and for p-Hg, _ ,Cd, Te
it is also a little bit more. It is necessary to point out, that,
probably, this is connected with smaller values of the ca-
pacitance of the inversion layer for p-Hg, _ ,Cd,Te
owing to the effects of degeneracy and non-parabolicity
of the conduction band [37—40]. For MIS structures
on the basis of HgCdTe without a graded-gap layer the
frequencies of transition are a little bit more because of
an increase of the generation flow of the minority
charge carriers.

For calculation of ideal CV characteristics it is nec-
essary to solve numerically Poisson equation with ac-
count of the real distribution of the composition in the
near-surface semiconductor layer. This equation for the
graded-gap of the semiconductor can be written down
in the following form [40, 41]:

d(ey(2)do/dz) _

7 —aqp(z, ¢),

where p(z, ¢) — density of the induced charge in SCR;
g,(z) — relative dielectric constant of a semiconductor,
which depends on the coordinate in the graded-gap lay-
er, ¢ — electron charge; ¢ — potential; z — distance
from the interface. During calculations a local elec-
troneutrality was assumed. The equation was solved
with account of the change of dielectric constant, the
width of the forbidden gap and intrinsic carrier con-
centration in the near-surface graded-gap layer. The
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boundary conditions can be written down in the fol-
lowing form:

¢(0) = oy
o(w) = do/dd,_,,, = 0,
where ¢, — surface potential.

Fig. 8 presents the results of the low-frequency and
high-frequency CV characteristics of MIS structures on
the basis of n-Hg 73Cd, 5o Te with a graded-gap layer
and without of such a layer at 77 K and the concentra-
tion of electrons equal to 1.5 X 10" ¢cm™3. In the ac-
cumulation mode CV characteristics do not depend on
the graded-gap layer. The dependence of CV charac-
teristics on the graded-gap layer is connected with re-
duction of the intrinsic concentration (and the concen-
tration of the minority charge carriers) at a set surface
potential, which is connected with an increase of the
composition in the near-surface layer of HgCdTe. At
that, for the graded-gap structures the range of change
of the surface potential increases. For analysis of CV
characteristics in depletion-inversion (near the minima
of low-frequency CV characteristic) the account of the
degeneracy and non-parabolicity of the conduction
band is not obligatory, because the effects are revealed
for MIS structures on the basis of n-HgCdTe in the ac-
cumulation mode and lead to absence of saturation of
the surface potential during increase of the positive
voltage and to a smaller value of the capacitance of the
majority carriers in accumulation [37, 40]. According-
ly, for MIS structures on the basis of p-HgCdTe the giv-
en effects are revealed in the strong inversion mode and
lead to absence of saturation of the surface potential
during an increase of the negative voltage and to a
smaller value of the capacitance of the minority carriers
in the strong inversion mode.

Determination of the concentration
of the majority carriers in the near-surface layer
of HgCdTe and density of the surface states

For a correct determination of most parameters of
MIS structures it is necessary to know the concentra-
tion of the majority charge carriers in the near-surface
layer of HgCdTe film, which can essentially differ from
the average concentration determined, for example, by
the Hall method. For the traditional semiconductors
the concentration of the majority charge carriers is of-
ten determined from the high-frequency value of the
capacitance of MIS structure in the strong inversion
mode [9]. The problem is that high-frequency in rela-
tion to the recharge time of the inversion layer CV
characteristic for MIS structures on the basis of MBE
Hg, — ,Cd,Te (x<0,23) at 77 K is observed at frequen-
cies of several megahertz, at which the influence on the
measured admittance of resistance of the bulk of the
epitaxial films is very great. This method can be used for
MIS structures on the basis of Hg; _ ,Cd, Te (x > 0,3),




for which a high-frequency behavior of CV character-
istic is observed at considerably lower frequencies. At
that, if a near-surface graded-gap layer is available, a
numerical calculation of the ideal CV characteristic
taking into account the real profile of distribution of the
composition by film thickness is necessary. Another
method for determination of the concentration of the
majority carriers and dependence of the concentration
of the majority carriers on the coordinate in the near-
surface layer of a semiconductor demands construction
of a dependence on the bias voltage value, inverse to the
square of capacity of MIS structure in the depletion
mode [42]. The method developed for the structures in
non-equilibrium depletion mode, can also be applied
for equilibrium CV characteristic within the limits of
depletion approximation, although the surface states
(SS) usually lead to the overestimated values of the
concentration [9, 43]. If there is no enough time for SS
recharging during a change of the test voltage, the con-
centration of the majority charge carriers can be found
by the capacitance of MIS structures in the minimum
of the low-frequency CV characteristic [44].

Let us point out, that it is necessary to distinguish a
high frequency of CV characteristic in relation to for-
mation of the inversion layer and the time of recharge of
SS. For example, in the work [9] the MIS structures on
the basis of silicon are considered, CV characteristic of
which in a wide range of frequencies (100 Hz—10 MHz)
is a high-frequency in relation to the formation time of
the inversion layer, but is not a high-frequency in re-
lation to the recharge time of SS.

Creation of a near-surface graded-gap layer with a
high content of CdTe leads to an increase of the time
of recharge of SS, but does not cause an essential in-
crease of the time for formation of the inversion layer,
because the width of the SCR is usually more than the
thickness of the upper graded-gap layer with typical pa-
rameters. For CV characteristics of MIS structures on
the basis of Hg; _ ,Cd, Te (x = 0.21...0.23) on frequen-
cies of 10...50 kHz is a high-frequency in relation to the
recharge time of SS [45, 46], but is not high-frequency
in relation to the formation time of the inversion layer.
For the structures with a graded-gap layer the depend-
ence of capacitance at 77 K in the minimum of low-fre-
quency CV characteristics on frequency (frequency dis-
persion) is not observed, because SS located near Fermi
level for the intrinsic semiconductor have not enough
time for recharging after a test signal and do not con-
tribute to the capacitance of MIS structures. Frequency
dispersion of the capacitance in minimum of CV char-
acteristic is not observed at 77 K also for the structures
on the basis of Hg; _ Cd,Te (x = 0.21...0.23) without
a graded-gap layer, because in the range of frequencies
of 10 kHz...1 MHz all the surface states have enough
time to be recharged at the change of the test voltage,
and the contribution of the capacitance of the surface
states to total capacitance of MIS structures is maximal

and constant. By means of the formula from [10] it is
possible to estimate the time of a recharge of the surface
states located near the Fermi level for intrinsic semi-
conductor, which for Hg, 74Cd,, ,,Te without a graded-
gap layer at 77 K has roughly units of microseconds,
while for the structures with a graded-gap layer it has
huge values (106 seconds and more) [45]. Thus, for MIS
structures on the basis of Hg; _ ,Cd,Te (x = 0.21...0.23)
with a graded-gap layer it is possible to find a concen-
tration of the majority charge carriers by a numerical
calculation of CV characteristics with account of the
graded-gap layer at various concentrations of the ma-
jority charge carriers. At a coincidence of the experi-
mental capacitance in the minimum of CV character-
istic with the calculated value, the concentration of the
majority charge carriers used for the calculation corre-
sponds to the concentration in the near-surface layer of
HgCdTe.

For determination of the concentration of ma-
jority charge carriers in MIS structures on the basis of
Hg, - ,Cd, Te (x = 0.21...0.23) without a graded-gap
layer it is necessary to investigate admittance at low tem-
peratures. At lower temperatures the frequency disper-
sion of the capacitance in the minimum of CV charac-
teristics for MIS structures on the basis of Hg; _ ,Cd,Te
(x = 0.21...0.23) without a graded-gap layer (fig. 9) is
observed. Fig. 10 presents the frequency dependences
of the capacitance in the minimum of CV characteris-
tics at various temperatures.

Appearance of a frequency dispersion of the capac-
itance in the minimum of CV characteristics for MIS
structures on the basis of Hg; _ Cd,Te (x = 0.21...0.23)
without a graded-gap layer is connected with an in-
crease during cooling of the recharge time of SS, lo-
cated near Fermi level for the intrinsic semiconductor.
An increase of the recharge time during cooling is con-
nected with the reduction of the intrinsic concentration
during lowering of temperature. For the structures on
the basis of Hg, _ Cd,Te (x = 0.21...0.23) without a
graded-gap layer it is possible to determine the concen-
tration of the majority charge carriers from the meas-
urements of admittance at low temperatures and rather
high frequencies. At that, it is possible to take advantage
of the numerical or analytical calculation of CV char-
acteristic at low temperatures for the homogeneous
semiconductor, or it is possible to solve the equations
from [47] in relation to the capacitance in the mini-
mum of low-frequency CV characteristic and the cor-
responding surface potential. Use of the approximated
expressions [48] is possible only at rather high temper-
atures, when ug < 30 (ug = In(ny/n;), where ny, — con-
centration of the majority charge carriers, and n; — the
intrinsic concentration). The values of concentration of
the majority charge carriers defined at low tempera-
tures for MIS structures on the basis of Hg; _ ,Cd,Te
(x=0.21...0.23) without a graded-gap layer appeared
close enough to the concentration, defined by the
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method of Hall at 78 K. For example, the values of
4.2 % 1014, 5.2 x 10 and 3.7 x 10'* cm ™3 were deter-
mined at the integral Hall concentrations of 5.4 X 1014,
3.4 x 10 and 4.7 x 10" em ™3, respectively. It is nec-
essary to point out that application of the method for
determination of the concentration for MIS structures
on the basis of the vacancy-doped p-Hg; _ ,Cd, Te
(x = 0.21...0.23) without a graded-gap layer is prob-
lematic, because for the vacancy-doped material typical
is a substantial growth of the consecutive resistance of the
epitaxial films at low temperatures owing to incomplete
ionization of the vacancy defects of the acceptor type
(fig. 11). Since for n-Hg; _ Cd,Te (x = 0.21...0.23),
doped by the native defects of the donor type, in the
range of 9...77 K the concentration of electrons does
not depend on temperature, it is possible to estimate the
density of the surface states in the structures without a
graded-gap layer at 77 K by a low-frequency method
[49].

For the structures with a graded-gap layer the re-
charge times of the surface states are very great and it
is possible to use a high-frequency method for defi-
nition of the spectrum of the surface states. At that, it
is necessary to take into account, that, for example,
for MIS structures on the basis of n-Hg, _ ,Cd, Te
(x = 0.21...0.23) with a graded-gap layer the inclination
of the capacitive characteristic in depletion is more
sharp at a reverse voltage scan (see fig. 3), because at a
forward voltage scan in depletion there is a partial re-
charge of the slow surface states. Therefore, for calcu-
lation of the spectrum of SS for MIS structures on the
basis of n-Hg, _ Cd,Te (x = 0.21...0.23) with a grad-
ed-gap layer it is necessary to use CV characteristic,
measured at a reverse voltage scan, and for MIS struc-
tures on the basis of p-Hg; _ Cd,Te (x = 0.21...0.23)
with a graded-gap layer it is necessary to use CV char-
acteristic, measured at a forward voltage scan (although
for a hole material this effect is less pronounced [33]).
Fig. 12 presents a typical spectrum of SS for MIS struc-
tures on the basis of n-Hg 74Cd, ,,Te with a graded-
gap layer and the level of density of the fast surface
states for the structure on the basis of n-Hg, 73Cd ,,Te
without a graded-gap layer, found by the offered meth-
ods. Since CV characteristics for MIS structures on the
basis of Hg, _ ,Cd,Te (x = 0.21...0.23) with a graded-
gap layer have a high-frequency behavior in relation to
the time of recharge of the surface states, when the con-
centration of electrons is determined, it is possible to
find easily the capacitance and voltage of the flat band,
which are different at forward and reverse voltage scans,
because of a considerable hysteresis of the injection
type. For MIS structures on the basis of Hg, _ ,Cd, Te
(x = 0.21...0.23) without a graded-gap layer it is prob-
lematic to define the voltage of the flat band from the
measurements of the admittance, because the capaci-
tance of MIS structures increases owing to the contri-
bution of the capacitance of SS.
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Conclusion

Thus, CV characteristics and the dependences of the
normalized conductance on voltage for MIS structures
on the basis of MBE n(p)-Hg, _ ,Cd,Te (x=10.21...0.23),
with a graded-gap layer and without it, were experi-
mentally investigated. Presence of the graded-gap layer
leads to a substantial growth of the hysteresis of the
electrophysical characteristics for MIS structures with
dielectric of SiO,/SisN,4 and Al,O5, which is connected
with a recharge of the slow states in the dielectric near
the interface and in the transition layer between the in-
sulator and the semiconductor. Deposition iz sifu in the
process of the epitaxial growth of CdTe layer atop of the
graded-gap layer allows us to eliminate a hysteresis at
small ranges of change of the bias voltage. Creation of
a graded-gap layer also leads to a reduction of the in-
trinsic concentration in the near-surface semiconduc-
tor layer, an increase of the range of change of the sur-
face potential at a change of the bias voltage, which is
revealed in the change of the kind of CV characteristic
(a deeper and wider dip of capacitance for the low-fre-
quency CV characteristic, a smaller value of high-fre-
quency capacitance in a strong inversion).

It was demonstrated, that creation of a near-surface
graded-gap layer with a high content of CdTe leads to
a substantial growth of the recharge time of the surface
states. For CV characteristic of MIS structures on the
basis of Hg; _ ,Cd, Te (x = 0.21...0.23) on frequencies
of 10...50 kHz is high-frequency in relation to the re-
charge time of the surface states, but not a high-fre-
quency in relation to the time of formation of the in-
version layer. For the structures with a graded-gap layer
at 77 K from the capacitance measurements in the min-
imum of low-frequency CV characteristic it is possible
to define the concentration of the majority charge car-
riers in the near-surface semiconductor layer, and then
the capacitance and voltage of the flat bands, and also
the spectrum of the surface states. For the structures on
the basis of n-Hg, _ Cd, Te (x = 0.21...0.23) without a
graded-gap layer for determination of the concentra-
tion of electrons, the measurement of admittance is
necessary at 10...15 K, when CV characteristic on high
enough frequencies acquire a high-frequency behavior
in relation to the time of recharge of the surface states lo-
cated near the Fermi level for the intrinsic semiconduc-
tor. For the structures on the basis of n-Hg; _ ,Cd, Te
(x = 0.21...0.23) without a graded-gap layer it is pos-
sible to estimate the density of the surface states at
77 K. MIS structures on the basis of p-Hg; _ ,Cd, Te
(x = 0.21...0.23) without a graded-gap layer at 10...15 K
are problematic for research owing to the big resistance
of the bulk of the epitaxial film.
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BBenenue

B HacTosiiiee BpeMsi ogHOU U3 HauboJjiee akTyasb-
HBIX IIpobJieM (poToKaTaimu3a SIBJIsIeTcs IpodieMa Io-
ucka (hOTOKATATUTUYECKHUX CUCTEM HAa OCHOBE IIMPO-
KO30HHBIX MOJIyTPOBOAHUKOB, aKTMBHBIX TMOA JAEUCT-
BUEM BUIMMOTO CBeTa. Takuhe CUCTEMBI MPUBJIEKAIOT
BHMUMaHMe Ojarogaps BO3MOXHOCTHM HUX ILIMPOKOIO
MPaKTUYECKOTO MPUMEHEHMS, B YACTHOCTH, K MpoOJie-
MaM 3alllMThl OKpYyXalolllell cpeibl, MpeoOpa3oBaHUs
CBE€TOBOM COJTHEYHOM SHEPIMU B XMMUYECKYIO U DJICK-
TPUYECKYIO, a TaKXe ISl CO3[JaHUsl CEHCOPOB U YCT-
poiicTB HaHOGOTOHMKKU. OIHUM U3 MEePCHEKTUBHBIX
HarpaBJIeHUI SIBISIETCS] MCIOJb30BaHUE AUCUIMLIMAA
tutaHa (TiSi,) KaK HeZOPOroro XMMHUYECKU CTOMKOIO
matepmana [1—3].
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OnHako 0 CUX IOP OCTaeTCsl HESICHBIM MEXaHW3M
pas3noXeHus BOAbl Ha AUCUJIMIIMIAE TUTaHa Kak ¢o-
TOKaTaju3aTope TNpU COJHeYHON pammanuu. Hamwu
MPEeaNpPUHSITA MOMNbITKA YCTPaHUTh 3TOT npobelt. [1po-
uecc (porokaTanuza CIOXEH U MHOTOACTIEKTEH U 3a-
BUCUT OT OYE€Hb OOJBLIOTO 4uciaa (hakTOpOB, BKIIAJ
KOTOPBIX MEHSIETCS B 3aBUCMMOCTU OT YCJIOBUIA TIPO-
TeKaHUsI TIpoliecca, OCOOEHHO, C MOSIBIEHUEM TaKOTo
HampaBJIeHHs KaK HaHOoKaTaau3. Ero ocHoBHas 3ama-
ya — yIpaBjieHUEe XMMUYECKUMU pPEaKLUsIMU ITyTeM
M3MEHEHMS pa3Mepa, pa3MepHOCTH, XMMUYECKOTO CO-
craBa U Mopdosoruu (hopMbl) peaKIIMOHHOTO LIeHT-
pa. HaHokaranus, Kak 4 KaTtajiu3, eCTb HU YTO MHOE
KakK M30upaTesibHOe YCKOPEeHUE OJHOIO M3 BO3MOX-
HBIX TEPMOJMHAMMYECKU pa3pellieHHbIX HaMpaBIeHU




XMMMYECKON peaKlUu IOI IeMCTBUEM KaTalum3aTopa,
KOTOPBIA MHOTOKPAaTHO BCTYNAeT B MPOMEXYTOYHOE
XMMUUYECKOE B3aMMOJAEHCTBUE C YYaCTHUKaAMU peak-
IIMM W BOCCTAHABJIMBAET CBOM XMMMYECKMI COCTaB
MOCJIe KaXI0ro LMKIa MPOMEXYTOUHBIX XUMUYECKUX
B3auMOICUCTBUIL [4].

M3MeHeHue XMMUYECKUX CBOMCTB HAHOCTPYKTY-
PUPOBaHHBIX (DYHKIIMOHAJILHBIX MaTepuaoB JUKTY-
eTCS HAJIMYMEM JOCTATOYHO OOIBIION J0NU "MOBEPX-
HOCTHBIX aTOMOB" U, COOTBETCTBEHHO, 3HAYUTEJIbHbIM
BKJIaJIOM SHEPTUU IPaHULIbl pa3fesa B TEPMOAUHAMMU -
YECKUE XapaKTepPUCTUKW CUCTEMBI B lieJoM. B psae
cllyyaeB ITPOMCXONSIT U3MEHEHNSI OTHOCUTEIbHOM cTa-
OMJIBLHOCTU MOIMMUKAIIMKA yAbTpaauCIePCHBIX (a3 ¢
pa3AUYHOM, MHOTAA HE CYIIECTBYIOIIEN B 00bEMHOM
COCTOSIHUM, KPUCTAJZIMYECKON CTPYKTYypoii, hopMu-
poBaHME arjioMepaToB WJIM arperaToB HaHOYAaCTMII,
U3MEHEHME MeXaHUW3Ma WJIM KUHETUKMU peanu3aluu
TOMOXUMMYECKUX peakuuii, 1uc¢y3MOHHOTO TpaHC-
MopTa BellleCTBa M MepeHoca 3apsia yepe3 pa3BUThIe
TrpaHUIIbl pa3aena.

bonbiias roaas NOBEPXHOCTA U HAUIWYUE ME-
TacTaOWUJbHBIX (ha3 ¢ AOCTATOYHO OOJBLIMM YKUCIOM
MOTEHIMAJbHO AaKTUBHBIX LIEHTPOB TreTepoda3zHOro
B3aUMOJEMCTBUSI CITIOCOOCTBYIOT CYILIECTBEHHOMY IO-
BBILLIEHUIO KATAUIMTUYECKOW aKTUBHOCTU TaKUX OOb-
ekToB [4—11]. OcHoBHOI1 TIpobIeMoii KaTamm3a (¢po-
TOKaTajau3a) SIBJISIETCS CO3JaHME MaTepuasoB C dJie-
MEHTaMU HaHOCTPYKTYPUPOBAaHMSI, B KOTOPBHIX YHU-
KaJibHbIe (DYHKIIMOHATIbLHbBIE CBOMCTBA WJIY TTPOSIBJIEHUS
MOJM(PYHKIIMOHATLHOCTY BO3HMKAIOT 3a CUET BKJana
B (hopMUpOBaHUE 3TUX CBOWCTB pa3IUUYHbBIX YPOBHEN
CTPYKTYpPBl — U HE TOJILKO Ha HAHO-, HO ¥ Ha MUKPO-
ypoBHe. CBOiCTBa HAaHOMAaTEPUAaJIOB B KaTalu3e, Kak 1
JIIOOBIX IPYTMX MaTepUaoB, 3aBUCIT OT UX XUMHUUYEC-
KOTrO cOCTaBa, CTPYKTYpbl, MOp¢OJI0TMUYeCcKOoil opra-
HU3allMK, pa3Mepa, pa3MEepHOCTUM U CTENEHU YMopsi-
JIOYEHUSI COCTABJISIIOIIMX MX HaHOMparmeHToB. EcTec-
TBEHHBIMU CIOCOOAMU MOJYYEHHS] HAHOKATaIu3aTOpoOB
MOXET OBITb CaMOOPraHU3alUsl HOBOW YMOPSIAOYEH-
HOU HAOMOJIEKYISAPHOM CTPYKTYpPhI, B KOTOPOM MpaK-
TUYECKM B HEU3MEHHOM BHUJE MPUHUMAIOT ydyacTue
TOJIBKO KOMITOHEHThI MCXOIHON CTPYKTYphI, cOOMpa-
I011[M€ HOBYIO CJIOXHYIO CTPYKTYpYy Ha 00Jjiee BHICOKOM
HepapXuyeckKoM YPOBHE OpraHu3aluu, 4eM TOT, KOTO-
pblii HaOIOAAICSl B UCXOHOM crucTeme. B aToM cityuae
BO3HUKAET YHUKAJIbHAS KaTAIUTUYECKasl aKTUBHOCTb
HAHOJMCIIEPCHBIX CUCTEM, YTO 0€3 COMHEHHUSI BaxKHO
MpU NoaydeHUn 3(pPEeKTUBHBIX KaTaanu3aTopoB (OTO-
JIN3a BOJBI ISl BOAOPOIHOM 3HepreTuku. BeiencTeue
PE3KOro yBeJIUYEHUsI MOTPEOHOCTE B BO30OHOBIISIE-
MbIX UCTOUYHMKAX BHEPruu IMpobdsiaeMa pa3BUTUS TIPO-
1IECCOB CaMOOpraHu3allMyM HaHOKAaTaJIM3aTOpPOB cTajla
OJIHOW U3 aKTyaJIbHBIX.

Ienan HacTosmeit padoTbl — uUCCIENOBAHUE 3aKO-
HOMEPHOCTE caMOOpraHu3allii HAHOKJIACTEPOB TET-
PAOKCUCWIMIIMIA TUTaHA TIPU PA3JIOXEHUW BOIBI Ha

IIOJIYIIPOBOAHUKOBOM JUCHUJIMIINIAC TUTaAHA 1 YCTAHOB-
JICHUEC MCXaHMU3Ma €€ pPa3I0XKCHMUA.

Metoauka u IKCIICPUMEHTAJIbHAA YACTh

st mosrydeHusl HaHOCTPYKTypUpoBaHHOTO (cop-
MMPOBAHHOTO M3 HAHOYACTUIL KaK CTPYKTYPHBIX 3JIe-
MeHTOB) nopoiuka TiSiy MbI MCITOIB30BaIM METONOJIO-
TUI0, U3JIOXKEHHYIO B paboTtax [3, 12—14].

Da30BHIi COCTAB, CTPYKTYPY U TTapaMeTphl SJIeMeH-
TapHoii syeiiku HaHoyactull TiSi; u TiSiO,4 onpenens-
JIN peHTTeHOBCKMUM aHajau3oM Ha yctaHoBke JIPOH-4
B CuK , nanyuenuu. ITapameTpbl /1eMEHTApHO A4eii-
KW HAaHOYACTHI] pACCUYNTHIBATI METOIOM HAMMEHBIINX
KBaZpaToB 1o pedJiekcaMm, st KOTophix 20 > 60°. Io-
3JIEMEHTHBIN COCTaB TOJIYYEHHBIX HAHOCTPYKTYPUPO-
BaHHBIX CTPYKTYPHBIX OOBEKTOB OIPEICIISUIN C TTOMO-
1[I0 MUKPO30HJIOBOI'0 PEHTIeHOCIIEKTPAIbHOIO aHa-
Jn3a Ha ycraHoBKe Cameca — MBX. Conepxanue Ti,
Sin O, B TiSiO,4 TakKe onpenessii METOAOM CKaHU-
pyoouein Oxe-MUKPOCKOIIUU C AMaMETPOM 3JIEKTPOH-
Horo 3oHaa 20 HM.

C nomouwto yctaHoBku JIPOH-4, snektpoHorpa-
¢a DMP-102 u aTOMHO-CUJIOBOro MUKpockora Ntegra
Prima wuccnemoBaiu CTpyKTypHO-MOpdoaoruyeckue
XapaKTepPUCTUKU HAHOCTPYKTYPUPOBAHHOTO MOPOII-
ka TiSi, n ancam6neit TiSiO4. I'eomeTpuueckue pas-
Mepbl YaCcTUIl M UX KOJUYECTBEHHOE pacrpenesicHue
MO pa3MepaM omnpeaessuid no ¢pororpadusiM co CKaHU-
pymolIero 3J1eKTpoHHOro Mukpockona S-4800 (Hitachi,
Japan) c paspeuienuem 1,0 Hm. CpeaHue pa3Mepbl Ha-
HOYACTHII ONPENETISUIN MOCPENCTBOM TUMPPAKIINU PEH-
TreHOBCKUX JIyYeil Ha KpUCTALIMYECKOM SIIPE YACTHULIbI.

MUKPOCTPYKTYPY UACHTUDULIMPOBATIN C UCTIONb-
30BaHUEM DBJIEKTPOHHOW JIMdpaKkiMu BbIOpaAaHHOTO
y4yacTKa M 3JIEKTPOHHOU MUKPOAUGpaKIIVU.

B kayecTBe MCTOYHMKA CBeTa MPU PasOXEHUU
BOJIbI UCIIOJIB30BAJIM €CTECTBEHHOE COJIHEYHOE U3JY-
YeHUEe U DKBUBAJICHTHOE M3JIyUeHHE KCEHOHOBBIX U
TaJIOTEHOBBIX JIAMIT CO CIIEKTPOM W3ITydeHUS CBeTa
286...800 HM.

IIpu pacyere cBOOOTHOI 3HEPTUU OCHOBHBIX peaK-
LM B cUCTeMe TUCWIMLMI TUTaHa—BoJa ¢ 00pa3oBa-
HUEM TeTPAOKCUCUIUIIMAA TUTAHA MCTIOIB30BaIN ME-
TOMOJIOTHIO, COIJIACHO KOTOpPO CBOOOMHASI 3HEPIUs
XUMUYECKON peaklMu 3aBUCUT OT TepMOIMHAMUYEC-
KHX TTapaMeTPOB HaYaJIbHBIX pearupyrolux BelecTB U
KOHEUYHBIX TIPOAYKTOB, a TAaKXKe OT TeMIIepaTyphl Ipo-
mecca [15—17].

Pe3yJILTaTbI H NX oﬁcy)lee}me

AHanu3 11000ro KaTaIMTUYECKOro IIpeBpalleHUs
OCHOBAaH Ha TMpPEACTaBICHUU 00 SHEPruu. 3amucatb
€ro B BUJIE XMMUYECKOIO YpaBHEHUSI HEIOCTATOYHO,
€CJIM IIPY 3TOM HeT CBEACHUIA O MPOUCXOASIINX U3ME-
HEHUSIX XUMUYECKOW PHEPTUM. be3 3Toro Hemab3s mo-
HSIThb, CMOXET JIM 3TO IMpeBpallleHUe CKOJbKO-HUOYIb
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Puc. 1. TemnepaTypnas 3aBucumocTb AG il KATAIMTHYECKOH pe-
aKOUA CAMOOPTaHM3AIMH aHCAMOJIeli HAHOKJIACTEPOB TETPAOKCHCH-
JIMIMIA THTAHA

Fig. 1. Temperature dependence of AG7 for the catalytic reaction of self-
organization of ensembles of nanoclusters of tetraoxysilicide of titanium

3aMETHO IMPOTeKaTh B pacTBOPE U B KaKOW Mepe OHO
OymeT ypaBHOBELIMBAThCs OOpaTHOM peakuueit. s
MOHUMAaHUS KaTAIUTUYECKUX MPOLIECCOB TOCTATOYHO
caMBbIX OOLLMX 3HAaHUK TepMoarHaMuku [15—18], uro-
OBl OLIECHUTHh M3MEHEHME CBOOOAHOI sHepruu I'mboca
(AG), ucnonb3yss 3HAMEHUTOE YpaBHEHUE

AG =AH — TAS,

B KoTopoM T — abcojoTHas Temieparypa; AH — us3-
MEHEeHUE SHTATbNUU; AS — U3MEHEHUE SHTPOIUM.

OnpeneneHue "cBoOOIHAS SHEPTUS" 31eCh O3HAYAET
He cBoOOIYy BOOOIIIE, a CBOOOMY MCIIOJIb30BaTh 3TY SHEP-
TUIO JJIS COBEPLIEHUS MOJIe3HOU paboThl. AG mpen-
cTaBysieT coO00il MakcHMMajibHOE 3HAYEHUE SHEPTUM,
KOTOpPOE JOCTYITHO JJisi COBEPLUEHUS MOJE3HON pado-
THI 32 CYET XMMUUYECKON peakluu. [IpuMeHuTebHO K
KaTaIu3y NoJsie3Hasl paboTa — 3TO CTPYKTYpPHOE Ipe-
00pa3oBaHue, XMMMUECKUI CHHTE3 Ha IOBEPXHOCTHU
Karanu3atopa (¢orokaraausaropa). MIsMeHeHUe CBO-
0OmHOI PHEPTUM B XO/Ie JTI000T0 Ipoliecca — BaXKHEI-
U TepMoaAUHAMUYECKUI MmapameTp. [IpumeHuTes b-
HO K XMMWYECKUM IIPOIIeccaM MOXKHO C(HOPMYIHUPO-
BaTh O0lIee MPaBUJIO: XMMMUYECKas peakiiusl MpoTe-
Kaet Juilb B ciaydyae AG < (, T.e. B yCJIOBHUSIX, KOrna
CBOOOMHAsI 3HEpPrusi MPONYKTOB peakLUMU MEHbIIe,
YeM MCXOIHBIX BEIIECTB.

Kak mpaBmiIo, KaTaIUTHYECKOE Pa3IOKEHUE BOIBI
Ha JUCWJIMIMAC TUTaHA, T.e. PeaKUMU pacluerlICHUs
CBSI3€ll C y4yacTUMEM MOJIEKYJbl BOJbI, HEOOPaTUMO B
TOM CMBbICJIE, UTO 00pa3oBaHME ITUX CBs3EH Ha Karta-
JIU3aTOpE HE SIBJISIETCSl Pe3yJabTaTOM TOJbKO (hOTOKa-
tanu3a. Ha mepBoii craguu npoliecca pa3iokeHusT BO-
JIbl JUCUJIULIAI TUTAHA UTPaeT poJib (poToKaTaIu3aTo-
pa u obecreynBaeT 0Opa3oBaHKE MaJOro KOJIMYeCTBa
BOJOPO/A U TAaKOTO KOJIMYECTBA KUCJIOpPOAa, KOTOPOe
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TaK HEOOXOOMMO IJIsI caMOOpraHM3aluK aHcaMOJieit
HAHOKJIACTePOB TETPAOKCUCUIMIIMIA TUTAHA MO CXEMeE:

Si(0) + O, — nanokiacrepsl SiO,,

Ti(0) + O, — Hanokznactepsl TiO,, (1)

2H,0 - O, + 4H", 4H' +4e” - 2H,, (3)
Ti,Si, + 2(x + »)H,0 - Ti,Si,0, + 2(x + y)H,, (4)
4H,0 + hv + Ti,Si,0, > Oy + 4H" + 4e™,  (5)
4H" + 4e” - 2H,. (6)

B xoae sToit (hOTOKATANTUTUYECKON pEeaKlUU OK-
CUIHBIE CaMOOOpa3oBaHUs TUTaHA U KPEMHMUS, BXO-
JsIM€e B TUATAHOCWIMLIMAHYIO TPYINY, cCHavyasa mnepe-
HocATcA Ha peakuuoHHbIA TiSi,, a 3areM Ha Moie-
KyJy Boabl. CKOpOCTh (POTOKATATUTUYECKOUN peakiuu
OOBIYHO SIBJISIETCS XapaKTepUCTUKOM KaTan3aTtopa.
B naHHOM ciyyae ¢hoToKaTtaauTUuecKasi peakiiusl siB-
JISIETCS JIMILb TOJYKOM K caMOOpraHu3aluy aHcamb-
Jiel TeTPaOKCUCHJIMIIMAA TUTAaHA Ha MTOBEPXHOCTHU JH-
CUJIMIMAA TUTAHA K OCHOBHOM KaTaJIUTUYECKON peak-
LIUM — BTOPOI cTamuu 3¢p(HEKTUBHOTO Pa3IOXKEHUS
BOZbI, O YEM CBUAETEJbCTBYIOT PE3YJIBTAThl PACUECTOB
TEPMOIMHAMMYECKUX IMapaMeTpOB, MPUBEISHHBIX Ha
puc. 1 [15, 17]. OHM 1TOKa3bIBAIOT, YTO HA MOBEPXHOC-
TH OUCWIMIIMIA TUTAaHA BO3MOXKHA KaTaJUTHYeCKas
peakuMsi caMoopraHM3aluyd aHcamoJieli HaHOKJ1acTe-
POB TETPAOKCUCWIMLIMAA TUTAHA TIO CIAEAYIOLIEN CXEME:

TiSi, + 4H,0 — 4H, + 2Si0, (7)
TiSi, + 2H,0 — 2H, + TiO, (8)
TiSi, + 4H,0 — 4H, + TiSiO, 9)

TiO, + SiO, — TiSiO, (10)

TISIO4 + 6 HzO 4 6H2 + 302 + 8102 + T102 (11)

AHamM3Upysl MOJyYeHHBbIe JaHHBIC, MOXHO KOHC-
TaTUPOBATh, YTO caMoopranusauus ancamoueit TiSiOy
MIPOXOAUT Yepe3 CTanui 00pa30BaHUs OKCUIOB TUTA-
Ha ¥ KPEeMHHUs BCEro JIMIIb B HECKOJIbKO MOHOCJIOEB
¢ mocheayiumM (popMupoBaHueM aHcaMOJeli OoJiee
cioxHoro coeauHenus TiSiO4. Mertonom ckaHupy-
foreit OXe-MUKPOCKOIIMU yIAJIOCh OMPEISIUTh T10-
sneMeHTHBIA coctaB TiSiOy4. Ycranosneno, urto TiSiOy
comepxurt 16,6 at. % Ti, 16,8 ar. % Si n 66,6 at. % O
U TIPAKTHYECKH OTBEYAET CTEXMOMETPUUECKOMY CO-
cTaBy KomIio3ura (puc. 2).

C TOUYKM 3peHUsT XUMUYECKOrO CTPOCHUSI TETPAOK-
CUCWINIIHJ TUTaHA COCTOUT M3 aTOMOB KPpEMHUSI, TH-
TaHa M KUCJIOPOJA, COSNMHEHHBIX B ONpEIeJICeHHOM
TTOpsTaKe. XOTSI UMEETCST TOCTAaTOYHO MHOTO MaTepua-
JIOB, COYETAIOIINX TUTAH, KPEMHUI U KUCIOPO. C 00-
pa3oBaHMEM TUIOCKHMX CTPYKTYpP, TOJTBKO OTHO KOHK-
pETHOE PACTIONIOKEHHNE STUX 3JIEMEHTOB IMPUBOIUT K
CTaOWJIBLHOM CTPYKTYpE, B KOTOPOI aTOMBI JIEMEHTOB,




Puc. 2. Crexuomerpuueckuii coctas komnosura TiSiO4: 7 — Ti;
2—Si;3—0

Fig.2. Stoichiometric composition of TiSiO 4 composite: 1 — Ti; 2 — Si;
3—0

BXOJISILIMX B COCTaB TETPAOKCUCUIMLIMIA TUTAHA, pac-
MTOJIOKEHBI B TeKCaroHaJIbHO# CTpykType. [lpm 3TOM
OllHA 13 TPUYMH, 10 KOTOPOI TeTPAOKCUCUIULIUI TU-
TaHa TaK aKTMBEH, 3aKJIIOYAeTCs B TOM, UTO BCE TPU
aJIeMEHTa, 00pa3ylollre TETPAOKCUCUIMLIMI TUTaHa,
HMMEIOT pa3Hble pa3Mepbl aTOMOB 1 Pa3HYIO IJIMHY CBSI-
3eid Mexay cobOoii. B pesynbTaTe, CTOPOHBI 1IECTU-
YIOJIbHUKOB, OOPa30BaHHBIX STUMU aTOMaMU, HE paB-
Hbl (puc. 3), yTO OOECNEeYMBAET TETPAOKCUCWIMLIUIY
TUTaHA YHUKAJIbHOCTb CBOMCTB. CTPYKTYpHBIE, 2JIeK-
Tpodusnueckue, oNTUYECKre U MexaHu4yeckre mapa-
METPbI MOTYT CEJIEKTUBHO U3MEHSTHLCS B 3aBUCMMOCTHU
OT pa3Mepa HaHOKJIacTepoOB U OT COOTHOILEHUS OC-
HOBHBIX M JIETUPYIOIIUX 3JIEMEHTOB. DTO, IO CYTH,
KOMITO3UTHOE COEAMHEHHUE C HAHOCTPYKTYPUPOBaH-
HBIMM yactunamu. [Ipudem, naxe y caMbIX MaJIEeHBKIX
HAHOCTPYKTYpPUPOBAaHHBIX aHcaMmOJjieil KaraauzaTopa
oHu Haxoxsgrcs B mpegenax 0,1...0,2 HM, a y MHOTUX
onu <0,1 uMm. OmgHa U3 IPUYMH, IO KOTOPO 3TU Ka-
TaJU3aTOPbl TaK aKTUMBHBI, 3aKJIOYaeTCsl B TOM, UYTO
HAHOCTPYKTYpHMPOBAHHbBIE HaHOpa3MepHbIE aHCAMOJIH,
U3 KOTOPBIX OHU COCTOSIT, CBEPTHIBAIOTCSI B 3aMKHY-
TBII KapKac ¢ o0pa3oBaHMEM aKTMBHOTIO lLieHTpa OJia-
rojgapsi HaJuuui©O OOOpBaHHBIX (CBOOOAHO OoJTalO-
muxcs) caseit. IIpu momamaHuy B TaKOM KapKac MO-
JIEKYJTY BOAbI C UCKJITIOUUTEIbHON TOUHOCTBIO aTaKyIOT
(byHKUMOHAJIbHBIE TPYIIbI KaTanuzaTopa. [Tox atakoit
3Mech cenyeT MOHMMAaTh XMMUYECKOe MpeBpalliecHue
BOJIbI B BOJOPOJ M KUCJIOPOJ, KOTOPOE MPUHSTO Ha-
3bIBaTh paclleIIeHUeM TIPY YIaCTUU KaTaJllu3aTopa.
OCHOBHBIE KaTAIUTUYECKM BaXXHBIE XUMMUYECKHE
MPOLIECCHl OOBIYHO BKIIIOYAIOT HE ONHY, 2 HECKOJIbKO
MOCJIe0BaTEIbHO TMPOTEKAIOIINX peaKIuil, 00bemr-
HEHHBIX B TaK Ha3blBaeMble MeTabosnyeckue (rmocue-

JloBaTeJIbHbIE) TTYTU, TAE MPOAYKT NEPBOM peakiuu sIB-
JISIETCSI UCXOAHBIM BEILECTBOM [IJII BTOPOW peakiuu
u 1.4. Hanmpumep, B cirydae npespamenus Ti, Sin O,
B TiSiO4 Kak MUHUMYM TpU IOCJIEIOBATENbHbBIX XU-
MUYyecKux peakuuu. OOLIMM CBOMCTBOM IOCJIeI0Ba-
TEJbHBIX IIyTeil sBaseTCs UX HeoOpaTtumocTbh. Kak
npaBWIo, UMEHHO HeoOpaTUMble CTaaAuM IOCaea0Ba-
TEJIbHBIX peaKUK SABISIOTCS MECTOM MPUJIOXKEHUS pe-
TYJISITOPHBIX MEXaHU3MOB.

VYuutbiBasi, yTo BeJMuMHA AG SIBJSIETCSI TTOCTOSIH-
HOM B CTaHJApPTHBIX YCJIOBUSIX, T.€. B YCJIOBHUSX, TAe
KOHILIEHTpallMM BCEX BEIIECTB-yYaCTHUKOB peakiuu
1,0 M, Temnepatypa 25 °C u 3Hauenue pH = 7,0. B Ta-
KOM CcJlyyae OTBeJalollasi 3TUM YCIOBUSIM BeIMUMHA AG
€CTb HE UTO MHOE, KaK CTaHAApTHOE U3MEHEHUE CBO-
0OJHOI SHEPruu JaHHOI peakliuu, KOTOPYo 0003Ha-
yaloT Kak AG°. OHa onpenessieTcss Kak pa3HOCTb CBO-
OOIHBIX 3HEPTUI MTPOAYKTOB PEAKIIMU U UCXOIHBIX BE-
mectB [16, 17] (cMm. puc. 1).

st mpoTeKaHUsI XUMMYECKOW peakluu HeoOXo-
IVUMO, 4TOOBI €ii OTBEYaJ0 YMEHBIIEHWE CBOOOIHOM
sHeprun. OnHaKo U3 3TOro0 BOBCE HE CJEAYEeT, UTO OHA
OyleT mpoTeKaTb C OUIYTUMON cKopocTbio. OleHKa,
C TOUKM 3PEHMSI TePMOJAMHAMUKMU peakiMu B3anMMO-
JIECTBUSI KPEMHUS U TUTaHA C KUCJIOPOAOM C oOpa-
30BaHHUEM MX OKCHUJIOB U C MOCJEAYIOLIUM ITpeodpa3o-
BaHUMEM MOCJAEIHUX B TETPAOKCHUCUJIMLMA TUTaHA B
xone peakuuit (7)—(11), moka3biBaeT, UTO SHEPreTU-
YeCcKM 3TO IOCTaTOYHO BBITOJAHBIN mpoluecc. B To xe
BpeMsl TIpYM KOMHATHOM TeMmepaType AUCWIMLIUA THU-
TaHa BIIOJIHE yCcTOWYMB. OgHAKO TUCUIULMI TUTaHA,
CTOJIb YCTOMYMBBINA B MUHEPTHOM cpeae, OBICTPO B3au-
MOJICMCTBYET NpU M3MEJbUYEHUM 10 pa3Mepa YacTHI]
<30 HM yXe Tpu KOMHATHOM TeMrepaType U ¢ BOJOMH,
u ¢ xucioponom [3, 13].

CKOpPOCTb KaTaTUTUUYECKOTO Pa3/IOXEeHUS BOJbI 3a-
BUCHUT OT KOJMYECTBEHHOIO COOTHOIICHUS €€ U Ka-
TanuzaTtopa. Eciay mpuHSATH €ro MOCTOSIHHBIM, TO 3Ta
CKOpOCTb OyJET ONPENEAThCS JUIb BHYTPEHHUM CO-
IepxXaHueM KatanmsaTtopa. JJodaBum, 4TO KaK AUCH-

Puc. 3. Crpykrypnas dopmyna TiSiO,4
Fig. 3. Structural formula of TiSiOy
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Puc. 4. 3aBucumocTtsb 3()(PEKTHBHOCTH PEAKIUM PA3JIOKEHHS B MPH-
CYTCTBMH HAHOCTPYKTYPHPOBAHHOTO TBEPAOr0 PACTBOPA AMCHIANHAIA
Tarana ot pH Bogpr: / — =50°C; 2— Tyop = 75°C

Fig. 4. Dependence of the efficiency of the decomposition reaction in the
presence of a nanostructured solid solution of titanium disilicide on pH
of water: 1 — T, =50°C; 2—T, =75°C

water water
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JIMLIMJ TUTaHA, TaK TETPAOKCUCUIMLMIA TUTaHa Kak
KaTajanu3aTopbl 00J1alaloT peryasaTOPHBIMU MeXaHU3-
MaMU, MO3BOJISIOIIMMU WU3MEHSTh KaTaauTUYECKYIO
aKTUBHOCTb B COOTBETCTBUM C KOJIMYECTBEHHBIM BbI-
XOJIOM YHCTOT'O BOAOPO.A.

Bmecte ¢ Tem, uMeeT 3HaYEHUE TaKXKe MOHU3ALIUS
Boabl. MHBIMU clIOBaMU, CKOPOCTh KaTaau3UpPyeMOM
peakuuu 3aBUcUT oT pH. BTa 3aBUCHMMOCTb MOXET
ObITh pa3IMYHON, HO OOBIYHO OHA XapaKTepuzyeTcs
MaKCUMYMOM, PAcCITOJIOXEHHbIM B HEWTpanabHOW 00-
nactu 3HayeHuit pH (pH = 7) (puc. 4).

Karanutudyeckass akKTUBHOCTh 3aBHUCHUT TaKXKe OT
TeMmIiepatypbl npouecca (puc. 5). Ha mepBom srtame
pu Temmepatype 10 60 °C mMpouCXOaUT MOAKUCICHHE
OTIEJbHBIX CBOOOIHBIX aTOMOB TUTaHAa M KPEMHUs B
JUCUJIMLIMIE TUTaHA BOJAOW C HapacTaHUEM KaTajlu-
TUYECKUX ObJlacTeil B pe3yJbTaTe 0Opa3oBaHUSI HAHO-
KJIaCTepOB BHOBb CaMOOPTaHU3YIOIIErocsl KaTajau3a-
topa TiSiO4 1 He3HAUUTENILHOE BbIIEICHUE BOLOPOLA
(puc. 5) B cooTBeTcTBMM C peakiveit (9). Boiienenue
BOJIOPO/Ia HAUYMHAaeTCs B MOMEHT ¢ = () ¢ KOHLIEHTpa-
uueit H, = 0 u uMeeT HeJTMHEWHBII POCT 3aBUCUMOCTHU
B obsactu Temneparyp Boabl 0...20 °C. DHeprust akTr-
BallMy Ha 3TOM CTaauy Mpolecca I 3aBUCUMOCTEHN
(1)—(4), paccuuTaHHasi MO ypaBHEHUIO AppeHuyca
[3], cocraBasiter 88,42...274,31 kIX/MOIb B 3aBUCHU-
MOCTH OT IpYrux hakTopoB Mpouecca. DTo CBUIETEb-
CTBYET O BBHICOKOM UYBCTBUTEJIBHOCTH IIpolecca K 13-
MeHeHMIo TeMrnepatyphl. [Ipu Temmeparype =60 °C B
armocdepe MHEPTHOro rasza (aproH, a3oT) CTagusl C
MeUICHHBIM BbIJEJIC€HMEM BOJAOPOAA OTYETIMBO Iepe-
XOIUT B CTaaul0 ¢ ero 3((HEKTUBHBIM BbIACICHUEM.
DHeprus aKTUBALMM Tpoliecca B 3TOM ClIydyae paBHA
20,79...51,88 x/I>x/M0Jb. DTO CBUAECTENLCTBYET O CY-
ILIECTBOBAHMHU, I1I0 KpalHEl Mepe, ABYX MPOLECCOB,
KOTOpbIE OTBETCTBEHHBI 32 00Opa3zoBaHME BOJOPOJA.
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CuuTaeMm, 4TO 3aBUCUMOCTH BBIICJIEHUS BOIOPOIA OT
TeMIMepaTypbl SIBJISIIOTCSI CJIEACTBUEM OIHOBPEMEHHO
nporexkammux peakuuit (7)—(9), (11).

AHanu3upysl 3aKOHOMEPHOCTH 00pa30BaHUs BOIO-
poia B 3aBUCMMOCTM OT TeMIlepaTypbl BOIbI, Mpe.-
CTaBJICHHBIC Ha PUC. 5, OYEBUIHO, UTO TIepBasi CTAIUS
no temmepatypsl 60 °C — 3TO MemJieHHasl CTaaus.
HMMeHHO Ha MPOTSKEHUH 3TOM CTaIuy TepBOHAYATb-
HO TOJTYYalOTCsI aKTUBHBIE 00JIaCTH IJIs1 pacllerIeHUS
BOJbI. 3aTeM MPOUCXOAUT Pe3KUil MOoabeM 00pa3yio-
IIETOCcs MIOTOKAa BOAOPOAA B pe3yabTaTe YCUICHUS pe-
akumit (7)—(9), (11) (3aBucumoctu (1)—(4)). I1o Bumy
3aKOHOMEPHOCTEH SCHO, YTO TepBOHAYAILHO (POpMU-
pyeTcsl IPOMEXKYTOUHBII 00bEM T0JIy4aeMOro BOAOPO-
IIa, KOTOPBIM OCTaeTcs B Te€UEHUE SKCIIepUMEHTa Hen3-
MEHHBIM B IIpefesiax OLIMOKM 3KCIIepMMEHTa, a 0oJjiee
96 % uncroil BOABI PACIIEIUISCTCS TIPM TeMIlepaType
Boiie 60 °C, B TOM 4uCIe U TIPU COJTHEYHOM OCBELLE-
HMU WIU 3KBUBAJICHTHOM OCBEILLIEHUU OT raJlOTeHOBbIX,
KCEHOHOBBIX JIaMII UJI CBETOINOMIOB C (QUIBTPOM, He
nponyckaommM Y@ uznydenne (cM. puc. 5). Ha puc. 5
MTOKa3aHbl 3aKOHOMEPHOCTH M3MEHEHMST 00beMa BbI-
JIeJISIeMOro KOJIMYECTBa BOIOPOAA OT TEMIEepaTyphl C
y4eTom cocTasa TBepaoro pactsopa TiSiy, pH u Tem-
rnepaTypsl Boabl (3aBucuMoctu (1)—(4)), TakKe moka-
3aHO BBIICNIEHNE KUcaopona (3aBucumoctu (5), (6)).
B cucreme Boma—BOZOPacCTBOPUMBIN KHUCJIOPOA OH
MOKUJAET KaTaJuTUYECKe 00JIacTh MocJe paculerie-
HUS BOABI 1o peakiuu (11) 1 xpaHUTCS 3aTeM Ha CBe-

Puc. 5. 3aBucumocTn 00beMa BbizeIsieMOro Boxopoaa (1—4) u kuc-
Jiopoaa (5, 6) mpu pa3ioKeHHH BOIbI HA JUCHIMIHUIE THTAHA B aT-
Mocgepe aprona ot temneparypsl 7. Bpems pasioxenus 72 4, KO-
JIMYECTBO HAHOCTPYKTYPHPOBAHHOIO MOPOLIKA MOJYNPOBOAHMKOBOIO

aucHmuaa turasa 1 rua 75 em® Bonel, pH = 7 (kpuBbie 1, 2, 5, 6),
pH = 9 (xpuBaa 3), pH = 5 (xpuBas 4)

Fig. 5. Dependences of the volume of the released hydrogen (1—4) and
oxygen (5, 6) during the water decomposition on the titanium disilicide
in the atmosphere of argon on temperature T. The time of decomposition
is 72 h, the quantity of the nanostructured powder of the semi-conductor

titanium disilicide is 1 g per 75 em? of water, pH = 7 (curved lines 1,
2,5, 6), pH = 9 (curved line 3), pH = 5 (curved line 4)




Ty Ha OKCUIHBIX CJIOSIX KaTaJar3aTropa, 00pa3yoimxcs
[IpYA MOTPYXKEHUU TUCWIMLKALA TUTAHA B BOLY IIO pe-
akuuu (10). OcBoboxknaeTcst KUCIOPOA U3 aHcaMmOJIeit
HaHOKJIacTepoB npu Temmeparype ~100 °C B TeMHOTe
WM Ha CBETY B MAarHUTHOM I10JIe. DHEPrusl aKTUBaIMU
BbIJeJIEHUsI CBOOOIHOrO Kuciaopoaa 532,58 k/Ixx/Mob,
T.€. TIPOLIECC BBIACJIEHMS KMCIOPOIa MOJTHOCTHIO KOHT-
poaupyeTcsl TeMmreparypoii mpouecca. Kak yxe orme-
yajioch BbIllle U B paboTe [3], CKOpOCTb pa3ioXeHUs
BOZBI omnpexaensercs ee pH, kauecTBOM mMCUIMLIMIA
TUTaHa, TEMITepaTypoil Tpoliecca W JJIMHOW BOJHBI
BUIMMOTO CBETa.

B HameM ciydyae MakKCUMaJIbHBIN BBIXOI TIPOIYKTA
HabmonaeTcss mpu temieparype 60...90 °C. AKTuB-
HOCTh OUCWJIWIIMAA TUTaHA TTOBBIIIAETCS B TIPUCYTCT-
BUU MOHOB METAJJIOB IIJIATUHOBOM TPYIIIIBI, PEAKO3€e-
MeJIbHBIX 2JIEMEHTOB, a TakXKe KaaMus, TeJulypa U ce-
pBI, UTO COTJIACYeTCS M C JaHHBIMU I10 APYTMM Kara-
nmzatopam [17, 18].

3aKkmoueHnne

IIponecc pasmoxkeHWs] BOOBI Ha ITMCUIMLIMITHATA-
HOBOM (hOTOKATaIM3aTOpe MPOUCXOAWUT B JBa 3Talla.
Ha mepBoM atane npu temnepatype 1o 60 °C mpouc-
XOIUT MEIUIEHHBIN TIPOIIECC Pa3IOXKEeHUS BOIBI IO BO-
JIopoJa M KMCIopoa ¢ TONKUCIEHNEM TUTaHa U KpeM-
HMSI B COCTaBe AUCWIMILIMAA TUTaHa O0Opa3ylolIMMCs
KHUCJIOPOJOM C HapacTaHMEM KaTaJluTUYeCKuX obJac-
Tel B pe3yabTaTe CaMOOpPraHM3allMid HAHOKJIACTEPOB
karammsaTtopa TiSiO4. Camoopranusauus aHcamoOuei
TiSiO4 mpoxoaut yepe3 craguu 00pasoBaHUs OKCUIOB
TUTaHa U KPEMHUSI Ha YPOBHE HECKOJIBKMX MOHOCJIOEB
¢ TocheayouMm GhopMupoBaHUeM 0oJjiee CI0XHOIO
coennnenus TiSiO4. ATOMBI 31EMEHTOB, BXOASLINX B
COCTaB TETPAOKCUCWJIMIIMAA TUTaHA, PacIOJIOXEHbI B
HeM B TeKCaroHajbHOU CcTpyKType. OmHa W3 TIPpUYHH,
10 KOTOPO#l TETPAOKCUCUJIUIINI TUTAHA TaK aKTUBEH,
3aKJII0YaeTcs B TOM, UTO BCE TPU JIEMEHTa, 00pasyio-
A€ TeTPAOKCUCWINIINI TUTaHA, UMEIOT pa3HbIe pa3-
MEphEI aTOMOB U Pa3HYIO IUIMHY CBSI3eid MexXAy COOOIA.
B pesynbrare, CTOPOHBI 1LIECTUYTOJBHUKOB, 00pa3o-
BaHHBIX STMMHU aTOMaMHM, He PaBHEI, 9YTO 00eCIICUNBACT
TETPAOKCUCUJIMIIMAY TUTAHA YHUKATBLHOCTb CBOMCTB.

DHeprus akTUBalMU Ha MEMJICHHOM CTaauu pas-
JIOXXeHUsT Boabl B obyractu temnepatyp 0...20 °C, pac-
CUMTAHHASI MO YPaBHEHMIO AppPEHUYCa, COCTABJISIET
88,42...274,31 xJIx/Moab. DTO CBUAETEILCTBYET O
BBICOKOM YYBCTBUTEIBLHOCTH TIpoIlecca K HM3MEHE-
Huto temnepatypsl. [1pu Temneparype 60 °C B atmMO-
chepe MHEPTHOro raza (aproH, a3oT) CTaaus C Meld-
JICHHBIM BBIZCICHHEM BOIOPOAA OTUYETIMBO IIepe-
XOOUT B CTagUIO C €ro 3(P(OEKTUBHBIM BHIACICHUEM.
DHeprus akKTUBALIMK Mpoliecca B 3TOM cllyyae paBHa
20,79...51,88 x/X/Moib. DTO CBUAETEJILCTBYET O CYy-
IIIECTBOBAaHUHU, II0 KpalHE Mepe, ABYX MPOLECCOB,
KOTOpbIE OTBETCTBEHHBI 3a 00pa3oBaHME BOAOPOJIA.

ITepBrlii poliecc — 3TO (OTOKATATUTUYECKOE Pas3yio-
>K€HUe BOJAbI HA TUCWJIMIUAEC TUTaHA C MaJbIM BBIXO-
JIOM BOIOPOIA W KHUCIIOPOJa M CaMOOPTaHM3aIlvs aH-
caM0OJielt TeTpaOKCUCUJIMIIMAA TUTaHA, a BTOPOI IMPo-
liecc — 3TO najbHeiuiee 3¢ @eKTUBHOE MOJHOE pa3-
JIOXXKEHHUE BOABI HA TETPAOKCUCUIMLIMIE TUTAHA.
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One of the topical problems of photocatalysis is the
search for the systems on the basis of wide band gap
semiconductors, active under the influence of the vis-
ible light. Such systems attract attention, in particular,
because of an opportunity of their practical application
as a solution to the problems of the environment pro-
tection, transformation of light energy into chemical
and electric energies, development of sensors and de-
vices of nanophotonics. One of the promising ways is
the use of the titanium disilicide (TiSi,) as an inexpen-
sive resistant material [1—3].

However, the mechanism of decomposition of water
on the titanium disilicide as a photocatalyst remains
unclear. We undertook an attempt to solve this prob-
lem. Photocatalysis is a complex and multiple-aspect
factor, and it depends on a big number of other factors,
the contribution of which varies depending on the proc-
ess conditions, even more so, with the advent of such
a direction as nanocatalysis. Its primary task is control
of the chemical reactions by changing of the size, di-
mensions, chemical composition and morphology of
the reaction centre. Nanocatalysis is a selective accel-
eration of one of the possible thermodynamically solved
directions of a chemical reaction under the influence of
the catalyst, which repeatedly enters into an interme-
diate interaction with the participants in reaction and
restores the composition after each cycle of the inter-
mediate chemical interactions [4].

Change of the chemical properties of the nanostruc-
tured functional materials is dictated by the presence of
a rather big share of "the surface atoms" and, accord-
ingly, by a considerable contribution of the energy of
the section border to the thermodynamic characteris-
tics of the system as a whole. In some cases there are
changes in the relative stability of the modifications of
the superdispersed phases with a varied, sometimes not
existing in a volume state, crystal structure, formation
of agglomerates or aggregates of nanoparticles, change
of the mechanism or kinetics of realization of the
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topochemical reactions, diffusion transport of sub-
stance and charge transfer through the developed sec-
tion borders.

A large surface area and presence of the metastable
phases with a big number of potentially active centers
of a heterophase interaction promote an essential in-
crease of the catalytic activity of such objects [4—11].
The basic problem of the photocatalysis is creation of
materials with nanostructuring elements, in which
unique functional properties or polyfunctionality arise
due to the contribution to the formation of those prop-
erties of various levels of the structure at the nano- and
microlevels. In catalysis the properties of nanomateri-
als, just like properties of any other materials, depend
on a chemical composition, structure, morphological
organization, size, dimensions and degree of orderliness
of the nanofragments’ components. A natural way for
obtaining of the nanocatalysts can be a self-organiza-
tion of a new ordered supramolecular structure, in
which only the components of the initial structure take
part in an invariable form and collect a new complex
structure at a higher hierarchical organization level than
that, which was observed in the initial system. In this
case a unique catalytic activity of the nanodispersed
systems arises, which is important for reception of the
effective catalysts for water photolysis in hydrogen
power engineering. Because of a sharp increase of the
demand for the renewable energy sources the problem
of development of a self-organization of the nanocata-
lysts became a topical one. The aim of this work is re-
search of the regularities of the self-organization of the
nanoclusters of the tetraoxysilicide of titanium during the
water decomposition on the semi-conductor titanium
disilicide, and of the mechanism of its decomposition.

Methods and experimental part

For obtaining of a nanostructured (formed from
nanoparticles as structural elements) TiSi, powder the
methodology described in [3, 12—14] was used.




The phase composition, structure and parameters of
an elementary cell of TiSi, and TiSiO, nanoparticles
were determined by the x-ray analysis on DRON-4 in
CuK,, radiation. Parameters of an elementary cell of the
nanoparticles were calculated with the help of the least-
squares method by the reflexes, for which 20 > 60°. The
elementwise composition of the nanostructured objects
was determined by means of a microprobe X-ray spec-
trum analysis on Cameca — MBX. The content of Ti,
Si and O, in TiSiO,4 were determined by the scanning
Auger-microscopy with diameter of the electronic
probe of 20 nm.

With the help of DRON-4, EMR-102 electron dif-
fraction analyzer and Ntegra Prima atomic-force mi-
croscope the structural-morphological characteristics
of the nanostructured powder of TiSi, and ensembles of
TiSiO4 were investigated. The geometrical sizes of the
particles and their quantitative distribution by sizes
were determined by the photos from S-4800 scanning
electronic microscope (Hitachi, Japan) with resolution
of 1.0 nm. The average sizes of the nanoparticles were
determined by means of diffraction of X-rays on the
crystal nucleus of a particle.

The microstructure was identified with the use of
electronic diffraction of a selected site and electronic
microdiffraction. As a light source during the water de-
composition a natural sunlight was used, as well as the
equivalent radiation of the xenon and halogen lamps
with the spectrum of 286...800 nm.

During calculation of the free energy of the basic re-
actions in the titanium disilicide-water system with for-
mation of tetraoxysilicide of titanium the methodology
was used, according to which the free energy of a chem-
ical reaction depends on the thermodynamic parame-
ters of the initial reacting substances and the end prod-
ucts, and also on temperature [15—17].

Results and their discussion

Analysis of the catalytic transformation is based on
the idea of energy. It is not enough to record it in the
form of a chemical equation, if there are no data con-
cerning the changes of the chemical energy. Without
this it is impossible to understand, if the transformation
will noticeably go on in a solution and to what extent
it will be balanced by an inverse reaction. For under-
standing of the catalytic processes it is enough to have
a general knowledge of the thermodynamics [15—18] to
estimate the change of free Gibbs energy (AG), using
the following equation:

AG = AH — TAS,

in which T — is absolute temperature; AH — enthalpy
change; AS — entropy change.

Definition of "a free energy” means not freedom in
general, but the freedom to use this energy for imple-
mentation of a useful work. AG represents the maxi-
mum value of the energy, which is available for imple-
mentation of a useful work due to a chemical reaction.
With reference to the catalysis, the useful work is a

structural transformation, chemical synthesis on the
surface of a photocatalyst. Change of the free energy
during the process is the major thermodynamic param-
eter. With reference to the chemical processes it is pos-
sible to formulate the following rule: a chemical reac-
tion proceeds only in case when AG <0, i.e. in the con-
ditions, when the free energy of the reaction products
is less, than that of the initial substances.

As a rule, a catalytic water decomposition on the ti-
tanium disilicide, i.e., a reaction of breaking up of the
bonds with participation of a water molecule, is irre-
versible in the sense that formation of those bonds on
a catalyst is not a result of the photocatalysis only. At the
first stage of decomposition of water the titanium disili-
cide plays the role of a photocatalyst and ensures forma-
tion of a small quantity of hydrogen and such quantity of
oxygen, which is necessary for the self-organization of
ensembles of nanoclusters of tetraoxysilicide of titanium
in accordance with the following scheme:

Si(0) + O, — SiO, nanoclusters,

Ti(0) + O, — TiO, nanoclusters, (1)
TlSl2 + HzO + hv > SiOZ(CaT) + H2,

2H,0 - O, + 4H", 4H" +4e” - 2H, (3)
Ti,Si, + 2(x + »)H,0 - Ti,Si,0, + 2(x + »)H, (4)
4H,0 + hv + Ti,Si,0, > O, + 4H" + 4e~  (5)
4H' + 4e” - 2H,. (6)

During a photocatalytic reaction the oxide self-for-
mations of titanium and silicon, comprising the titani-
um silicide group, at first, are transferred on reacting
TiSi,, and then on a water molecule. The speed of the
photocatalytic reaction is usually a catalyst character-
istic. In this case a photocatalytic reaction is an impetus
to the self-organization of the ensembles of tetraoxysil-
icide of titanium on the surface of the titanium disili-
cide, to the main catalytic reaction — the second stage
of the effective decomposition of water, which is testi-
fied by the calculations of the thermodynamic param-
eters presented in fig. 1 [19]. They demonstrate that on
the surface of the titanium disilicide a catalytic reaction
of the self-organization of the ensembles of nanoclus-
ters of tetraoxysilicide of titanium is possible in accord-
ance with the following scheme:

TiSi, + 4H,0 — 4H, + 2Si0, (7)
TiSi, + 2H,0 — 2H, + TiO, (8)
TiSi, + 4H,0 — 4H, + TiSiO, ©9)

TiO, + Si0, — TiSiO, (10)

TiSiO, + 6H,0 — 6H, + 30, + Si0, + TiO,. (11)

Analyzing the data, it is possible to say that the self-
organization of TiSiO4 ensembles goes through forma-
tion of the titanium and silicon oxides in several mon-
olayers with the subsequent formation of ensembles of
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a more complex compound of TiSiO4. By means of the
scanning Auger-microscopy it was possible to deter-
mine the elementwise composition of TiSiOy. It was es-
tablished, that it contained 16,6 at. % of Ti, 16.8 at. %
of Si and 66.6 at. % of O and it practically met the re-
quirements to a stoichiometric composite (fig. 2).

From the point of view of a chemical structure
tetraoxysilicide of titanium consists of the atoms of sil-
icon, titanium and oxygen, connected in a certain or-
der. Although there are many materials combining ti-
tanium, silicon and oxygen with formation of flat struc-
tures, only one concrete arrangement of the elements
leads to a stable structure, in which the atoms of
tetraoxysilicide of titanium are located in a hexagonal
structure. One of the reasons explaining such activeness
of the tetraoxysilicide of titanium is that all the three el-
ements forming the tetraoxysilicide of titanium have
different sizes of atoms and different lengths of bonds
between themselves. As a result, the sides of the hexa-
gons formed by these atoms are not equal (fig. 3), which
ensures unique properties of the tetraoxysilicide of ti-
tanium. The structural, electrophysical, optical and
mechanical parameters can selectively vary depending
on the size of the nanoclusters and correlations of the
basic and the alloying elements. As a matter of fact this
is a composite compound with nanostructured parti-
cles. At that, even in the smallest nanostructured catalyst
ensembles they are within the limits of 0.10...0.2 nm, and
many of them are <0.1 nm. One of the reasons, why
these catalysts are active, is that the nanostructured na-
nosized ensembles, of which they consist, are curtailed
into an enclosed skeleton with formation of an active
centre, due to the presence of the freely dangling bonds.
When a molecule of water gets into such a skeleton, it
is attacked with exclusive accuracy by the functional
groups of the catalyst. It should be understood that this
attack is a chemical transformation of water into hy-
drogen and oxygen, which is usually called splitting,
with the help of a catalyst.

The basic catalytically important chemical processes
usually include not one, but several consistently pro-
ceeding reactions integrated in metabolic (consecutive)
ways, where the product of the first reaction is the in-
itial substance for the second reaction, etc. For exam-
ple, in case of transformation of Ti, Si and O, into
TiSiO, there are at least three consecutive chemical re-
actions. The common feature of the consecutive ways
is their irreversibility. As a rule, the irreversible stages of
the consecutive reactions are the places for application
of the regulatory mechanisms.

Considering the fact, that AG is constant in stand-
ard conditions, i.e. in the conditions, where the con-
centration of the substances-participants of the reac-
tion — 1,0 M, temperature — 25 °C and pH — 7,0. In
that case AG meeting these conditions is a standard
change of the free energy of the given reaction, which
is designated as AG”. It is determined as a difference be-
tween the free energies of the reaction products and the
initial substances [16, 17] (see fig. 1).
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For a reaction lessening of the free energy is neces-
sary. However, this does not mean, that it will proceed
with a notable speed. Estimation of interaction of sili-
con and titanium with oxygen with formation of oxides
and with the subsequent transformation of the latter into
the tetraoxysilicide of titanium during reactions (7)—(11)
shows that energetically this is rather favorable. At the
same time at a room temperature the titanium disilicide
is steady. However, when its particles are crushed down
to <30 nm, it, being so steady in an inert environment,
interacts quickly at already a room temperature with
water and with oxygen [3, 13].

The speed of the catalytic water decomposition de-
pends on the quantitative correlation of it and the cat-
alyst. If we assume it as constant, this speed will be de-
termined by the internal content of the catalyst. We
should add that as catalysts the titanium disilicide and
tetraoxysilicide of titanium have regulatory mecha-
nisms, allowing to change the catalytic activity in con-
formity with the quantitative output of pure hydrogen.

At the same time water ionization is also important.
In other words, the speed of the catalyzed reactions de-
pends on pH. The dependence can vary, but usually it
is characterized by the maximum of located in the neu-
tral area pH (pH = 7) (fig. 4).

There is also a dependence of the catalytic activity
on temperature (fig. 5). At the first stage, up to 60 °C,
an acidification occurs of the separate free atoms of ti-
tanium and silicon in the titanium disilicide by water
with an increase of the catalytic areas as a result of for-
mation of nanoclusters of the newly formed self-organ-
izing TiSiO,4 catalyst and insignificant release of hy-
drogen in accordance with the reaction (9). Hydrogen
release begins at the moment 7 = 0 with a concentra-
tion of H, = 0 and demonstrates a nonlinear growth
within the range of water temperatures of 0...20 °C. At
this stage the energy of activation for the dependences
(1)—(4), calculated by Arrhenius equation [3], equals
to 88.42...274.31 kJ/mol, depending on the other fac-
tors. This testifies to a high sensitivity to a temperature
change. At temperature >60 °C in the atmosphere of an
inert gas (argon, nitrogen) the stage of a slow release of
hydrogen distinctly transfers into a stage with its effec-
tive release. In this case the energy of activation is equal
to 20.79...51.88 kJ/mol. This testifies to the existence
of at least two processes, which are responsible for the
hydrogen formation. We believe that the dependences
of the release of hydrogen on the temperature are a
consequence of the simultaneously proceeding reac-
tions (7—9), (11).

Analyzing the regularities of formation of hydrogen
depending on water temperature, it is obvious, that the
first stage, up to temperature of 60 °C, is a slow stage.
Exactly at this stage the active areas turn out originally
for water splitting. Then there is a sharp lifting of the
flow of hydrogen formed as a result of strengthening of
the reactions (7—9), (11) (dependences (1—4). By the
form of the regularities it is clear that an intermediate
volume of the received hydrogen is originally formed,




which remains invariable within an error during the ex-
periment, while more than 96 % of pure water are split
at the temperature over 60 °C, including at solar illu-
mination or equivalent illumination from the halogen
and xenon lamps, or light-emitting diodes with an UV
filter. Fig. 5 shows regularities of changes in the volume
of the released quantity of hydrogen depending on tem-
perature with account of the composition of the solid
solution of TiSi,, pH and water temperature (depend-
ences (1—4), it also shows the release of oxygen (de-
pendences (5), (6)). In the water—water-soluble oxy-
gen system it leaves the catalytic areas after water split-
ting according to reaction (11) and then is stored, illu-
minated, on the oxide layers of the catalyst formed
during immersion of the titanium disilicide in water ac-
cording to reaction (10). The oxygen is released from
the ensembles by nanoclusters at ~100 °C in darkness or
in the light in a magnetic field. The energy of activation
of the release of free oxygen is 532.58 kJ/mol, i.e. the
release of oxygen is completely controlled by tempera-
ture. As it was mentioned above and in [3], the speed
of decomposition of water is determined by pH, quality
of the titanium disilicide, temperature and the wave-
length of the visible light.

In our case the maximum output of a product is ob-
served at 60...90 °C. Activity of the titanium disilicide
raises in the presence of ions of metals of the platinum
group, REE, and also cadmium, tellurium and sulphur,
which agrees with the data concerning the other cata-
lysts [17, 18].

Conclusion

Decomposition of water on the titanium disilicide
photocatalyst takes place in two stages. At the first stage
up to 60 °C there is a slow process of decomposition of
water into hydrogen and oxygen with an acidulation of
the titanium and silicon in the composition of the tita-
nium disilicide by the released oxygen with an increase
of the catalytic areas as a result of the self-organization
of nanoclusters of TiSiO, catalyst. Self-organization of
TiSiO4 ensembles passes through formation of oxides of
titanium and silicon at the level of several monolayers
with the subsequent formation of a more complex com-
pound of TiSiO,4. The atoms of the elements, which are
a part of tetraoxysilicide of titanium, are located in it in
a hexagonal structure. One of the reasons, why the
tetraoxysilicide of titanium is active, is due to the fact that
all the three elements forming the tetraoxysilicide of ti-
tanium have different sizes of atoms and different lengths
of bonds among themselves. As a result, the sides of the
hexagons formed by those atoms are not equal, which en-
sures unique properties for tetraoxysilicide of titanium.

The energy of activation at the slow stage of decom-
position of water within the range of 0...20 °C, calculated
by Arrhenius equation, equals to 88.42...274.31 kJ/mol.
This testifies to a high sensitivity to the changes of tem-
perature. At 60 °C in the atmosphere of an inert gas (ar-
gon, nitrogen) the stage with slow release of hydrogen
distinctly transfers into the stage with its effective re-

lease. In this case the energy of activation is equal to
20.79...51.88 kJ/mol. This testifies to the existence of at
least two processes, which are responsible for the hy-
drogen formation. The first process is the photocatalyt-
ic water decomposition on the titanium disilicide with
a small output of hydrogen and oxygen and self-organ-
ization of the ensembles of tetraoxysilicide of titanium,
and the second process is the further effective complete
decomposition of water on tetraoxysilicide of titanium.
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AAS MPOBEAEHUA TEXHOAOTUYECKUX OMEPALIMMA
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Anpo6upoeaHa Memoouka U3MepeHusl MexaHu4ecKux Hanpﬂo;cenuﬁ no u3eu6y nAACMUHbL. H3M€p€Hbl mexanu4ecKue Hanps-
HCEHUA 6 HepaGHOMepHOlZ no moawuHe naeHKe n1asmoxumu4ecKoco S102 Ha erMHlleBOlZ naacmune 6 10KAAbHOU obaacmu. Hpea-
N0XCEHbL CNOCOObL NOO20MOBKU noeepxHocmu naacmuH, no3604An0uLue yMeHbuums npoeu6 o6pa3l4a ons nome@y;omux MEexHOoA0-

2U4eCcKUx onepayuil.

Karoueevie caoea: mexarnuueckue HANpAMNCEeHUA, KPpUeU3Ha nNO0BepxXHocmu, npoeu6 naacmuHbl, npod)uﬂOMemp, anauncomemp

BBenenune

B HacTosiiiee Bpemst TEXHOJIOTUM MUKPOMEXaHUKU
WIN MUKpO3JIeKTpoMexaHnueckux cucteM (MOMC) u
uHTerpanbHbix cxeM (MC) OwicTpo pasBuBarotcs [1].
MexaHuuyeckre HaNpsKeHWs, BOZHUKAIOIINE TIPU U3-
roroBieHuun UC u MOMC-yctpoiicTB Ha Si miacTu-
HaxX, OKa3bIBaIOT CHJIbHOE BIMSHUE HA UX HAIEKHOCTD
U JMHAMUWYECKUE XapaKTepucTuku [2].

CylliecTByOlIM€ METOAUKHW OTNPEAECTICHUS MEXaHU -
YeCKMX HalpsKeHU OCHOBaHbI Ha AedopMaliuu Tiiac-
TUHBI (TpoduaoMeTpust [2]) Uau cBI3aHBI C U3MEpe-
HUEM TapaMeTPOB pelleTKU (peHTreHoBcKasi Audpak-
TOMETpHUS, MPOCBEUMBAIOIIAsl DJIEKTPOHHASI MUKPO-
cKormus).

Panee aBTOopamu Obuia pa3paboTaHa MeETOAMKA
U3MEPEHUST MEXaHUUYECKUX HaIpsiKeHUH Mo u3ruby
IUIACTUHBI, KOTOpasi MOApOOHO omucaHa B pabote [3].
MeToauKa BKJIIOYAeT B ceOs1 MporpaMmy, peaan3yro-
1IYI0 JITOPUTM aHaIu3a pesibeca 1151 BIUMCIeHUS pa-
JIyca KPUBU3HBI TIOBEPXHOCTU B JIOKAJIBHOI 00JaCcTH
[4]. 3HaueHus1 paaMycOB KPUBM3HBI ITOBEPXHOCTH
roAcTaBiIsAoTcsd B ¢popmyny CTOHM IS BBIYMCICHUS
MeXaHUYEeCKUX HampskeHUi. B naHHO# paboTe aBTO-
pBI anpoOUPYIOT pa3pabOTaHHBIN CIIOCOO.

DKcnepuMeHT

HccnenoBanach mjiacTMiHa MOHOKPUCTAUTUYECKO-
ro xpemuust nuamerpoMm 150 MM TommmHOMi 600 MKM
¢ nuasnekrpuueckoii enkoit PECVD SiO,, HepaBHO-
MepHOI 1o TojuHe. O61acTh u3MepeHus Oblia pas3-
JeneHa Ha 15 uHTepBanoB o 10 MM Kaxapiii. Kak ns-
BECTHO, 3HAUEHME TOCTOSTHHON ABYXOCHOTO MOJIYJISI
BapbUpyeTCsl B 3aBUCMMOCTU OT KpUcTajiorpaduyec-
Kol opueHTauuu. [ToaTomy omnpeznesneHue peiabeda 0o-
pasia MpoBOAWIOCH B HaNpaBJCHUM, TapaieJbHOM
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0a30BOMY Cpe3y 10 JIMLIEBOI CTOPOHE, YTO ITO3BOJIUIO
WCIIOJIb30BaTh B ITOC/ICAYIONIMX pacyeTax OaHO (hUK-
CUPOBaHHOE 3HAYCHME BYXOCHOTO MOJYJIS.

[anee Obula MpoBeJeHa onepauusi peakTuBHO-NOH-
Horo TpaBieHus (PUT) okcuna KpeMHUS B OTKPHITYIO
MOBEPXHOCTH Ha 2,5 MKM. B pe3ynbTaTe nuamepeHuii ¢
MOMOIIBIO 3JUIMIICOMETPA IOCE TpaBJIEeHUS ObLIO
Moay4YeHo 15 3HauyeHuWi TOJILMMHBI OKCUAA KPEMHMUSI.
[Ipenmnonaraercs, 4To B polecce MPOBEACHUS orepa-
uuu PUT okcun ynansiercs paBHOMEPHO Ha BCEX WMH-
TepBajiaXx Ha 2,5 MKM, CJIeI0BaTeIbHO, XapaKTep pac-
npeaesieHus TOJIIMHBI OKCHUIAa KPEMHUs Ha oOpaslie
JI0 TpaBJE€HUsI aHAJIOTUYEH pe3y/bTaTy Mocje TpapJie-
Hus (puc. 1).

Mocne PUT
After RIE

; :
50 100 150

Koopnunara ocu abeumce, MM
Coordinate axis of absciss, mm

Puc. 1. Pacnpenenenne TOMHBI OKCHAA KPEMHHS HA 00pasue
Fig. 1. Distribution of thickness of silicon oxide on the sample
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Fig. 2. Measurement of the relief of the surface
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Puc. 3. Pacnpeneenne KpUBU3HbI MOBEPXHOCTH
Fig. 3. Distribution of a surface curvature

M3 puc. 1 MOXHO 3aKJII0YUTh, YTO UMEETCS OOJIb-
II0I pa3dpocC TONIMWHEI TUIEHKW Ha UCCIIEAyeMOM 00-
pasue. IlocpencTBoM OECKOHTAKTHOIO OIITMYECKOTO
mpoduiioMeTpa IMPOBEACHO N3MepeHNe N3rnbda Irac-
TUHBI 110 OCH, TTapaJljieIbHOI 6a30BOMY Cpe3y Ha Jiu-
1IEBOU CTOpOHE. 3aTeM MpoBeleHa TepMooOpaboTKa
IacTuHbl B TeueHue 30 muH nipu tremmeparype 400 °C
B aTMOc(epe a30Ta U cAeIaHbl TOBTOPHBIE U3MEPEHMS
penaveda. Ha puc. 2 npeacraBieHbl pe3yabTaThl W3-
MEpEHUM.

M3 rpacduka puc. 2 BUAHO, YTO MOCJE MTPOBEACHMUS
onepauun PUT okcunma kpeMHMs cTpejia nporuba
yMeHbImIach Ha 260 MkM. Takke MOXHO 3aMETUTh,

YTO oIlepalus TepMOooOpaObOTKM YMEHbIIAeT MpOruod
obpasua. TakuM oOpa3om, mocie MPOBEACHUST TEXHO-
JIOTUYECKMX OIlepalnii IIporud odpasia yMeHbIIUIICS
B 4 paza u cocrapiusier 103 MKMm.

Ha puc. 3 mokaszaH pe3ynbTaT BBIYMCIEHMST KpU-
BU3HbBI MOBEPXHOCTH.

M3 puc. 3 BUAHO, YTO MOBEPXHOCTh CTaja Oosiee
POBHOI1 TIOCIIE TIPOBEICHMS TEXHOJIOTUUYECKUX OIepa-
uuii PUT u orxwura.

Pacuer MexaHMYecKMX HANPSKEHUI B 3aBUCUMOC-
TH OT TOJLIMHBI JUNIEKTPUIYECKOM TIJIEHKU Ha KaXI0M
u3 15 uHTEpBaNoOB MpeacTaBieH Ha puc. 4. Beiuucie-
HUE MEeXaHWYECKUX HaMpsDKeHUU B UCClIenyeMoM 00-
paslie BhIMOIHSUIUCH 1Mo MeToay CtoHu (popmyna (1)):

Ed; 1

or= : ; )]

e Gy — MEXaHMYECKHE HAIpPSLKeHMUSI; E — Monynb
IOnra mMaTepuana NoanoXKu; d; — TOJNLIMHA IIACTH-
Hbl; p — KoadduuueHT IlyaccoHa moaIoXKu; dﬁ,m —
TOJIIIMHA TIJICHKU Ha ITOIJIOXKE; Rﬁ,m — paguyc Kpu-
BU3HbI MMOBEPXHOCTH.

Ha puc. 4 npeacraBiaeHbl pe3ybTaThl pacyeTa Me-
XaHUYECKUX HAIpsSKeHUH, re MOCTOSIHHAS JABYXOC-
Horo monyist (E/(1 — u)) B Kpuctamiorpaduieckom
miockocTu obpasia (100) cocrapnsier 180,5 I'Tla [5].

M3 puc. 4 MOXHO 3aKJIIOUUTh, YTO pacrpeneyeHre
MEXaHMYECKUX HAIPSKEHW M3MEHUIOCh HE3HAuM-
TeJbHO nocJie onepanu PUT u ymeHbIIMAIaCh O MO-
JIYIIIO TI0C/e IpoBeaeHus TepMooOpaboTku. CpenHee
3HaYeHUEe HaIPSKEHUM Mo Bcell u3MepsieMoil 001acT
n3MeHuIoch ¢ —518 na —356 MIla.

ToncTeiii oxcHa
Thick oxide

o Mocne PUT
; Afiier RIE

Mechanical stresses, %1 0’ Pa
&
L

Oranr nocne PHT
Amealafter RIE. ©

B
Tekyume mexannueckue nanpasenns,* 10° a

i
50 100 150"

Koopnunara ocn abeumee, My
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Puc. 4. Pe3yabraT pacuera MexaHMIeCKINX HANPSIKEHU
Fig. 4. Calculation of the mechanical stresses
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3akioueHue

IIpoBenenue texHoyorndyeckux omnepauuii PUT u
TepMOOOpPaOOTKM IO3BOJISIET MU3MEHUTb MOBEPXHOCTh
IJIaCTHHBI, cAenaB ee 6osiee poBHOU. CienoBaTeabHO,
YBEJUYMBAETCS TUIOLIAAb KOHTAKTUPOBAHUS MEXIY
IUTACTUHAMM, YTO TMOBBIILIAET BEPOSITHOCTb UX YCIEl-
HOIO CpalllMBaHUS IpU ollepauuu O0oHauHra. B mpo-
liecce MpoBeNeHUsI KOHTAKTHOM JUTOrpadvu yBeIu-
YUBAETCS IUIOIIAAbL COITPUKOCHOBEHUS MEXIY MacKOM
U MOBEPXHOCTHIO TJIACTUHBI, a 3HAYUT, TTOBBIIIAETCS
BEpOSITHOCTh (DOPMUPOBAHUS SJIIEMEHTOB ¢ MUHUMAJIb-
HBIMU TOMOJIOTUYECKUMU pa3MepaMu. Y MEHbIIEHUE Me-
XaHUYECKMX HaIpsDKEHUM B OKCHIE KPEMHUSI YMEHb-
1IaeT BEPOSITHOCTh PACTPECKMBaHUS OU3JEKTpUYeC-
KOH IJIEHKH, YTO TMO3BOJSET (POPMUPOBATH TOJICTHIC
cion SiO, g MOMC-ycTpoiicTs.

Paboma evinoanena na obopyoosanuu IIKIT "MCT u
BDKbB" npu noddepxcke Munobpuayxu PD, coerauienue
Ne 14.578.21.0001 (RFMEFI57814X0001).
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The method of measurement of the mechanical stresses by the bending of a plate was approved. The mechanical stresses in
PECVD SiO, film with a non-uniform thickness on a silicon wafer in a local area were measured. In this work the authors changed
the wafer surface, making it planar, for conducting of RIE processes and thermal treatment operations. In this case, the deflection was
decreased 4 times. Consequently, for operation of bonding it increased the area of contact between the plates, and, hence, the probability
of a successful matching. The process of contact lithography increases the contact area between a mask and a plate and thus the prob-
ability of formation of the topological elements with minimal dimensions is also increased. Reduction of the mechanical stresses in the
silicon oxide (518 MPa — before the operations, and 356 MPa — after the operations) reduces the likelihood of cracking of a dielectric
Jilm, which makes it possible to create thick layers of SiO, for MEMS devices.
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ing during manufacturing of IC and MEMS devices on
Si plates have a strong impact on their reliability and

Introduction

Technologies of micromechanics or microelectro-
mechanical systems (MEMS) and integrated circuits
(IC) develop quickly [1]. The mechanical stresses aris-
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dynamic characteristics [2].
The existing techniques for determination of the
mechanical stresses are based on plate deformation




(profilometry [2]) or connected with measurement of
the lattice parameters (x-ray diffractometry, transmis-
sion electron microscopy).

The authors developed a technique for measurement
of the mechanical stresses by bending of a plate, which
is described in detail in [3]. It includes a program re-
alizing the algorithm for the relief analysis for calcula-
tion of the curvature radius of the surface in a local area
[4]. They are used in Stoney formula for calculation of
the mechanical stresses. In the given work the authors
test the developed method.

Experiment

The authors investigated a plate of single-crystal sil-
icon (diameter of 150 mm and thickness of 600 um)
with PECVD 8SiO, dielectric film nonuniform by thick-
ness. The area of measurement was divided into 15 in-
tervals, 10 mm each. As is known, the constant of the
biaxial module varies, depending on the crystallo-
graphic orientation. Therefore, determination of the
relief of the sample was done in the direction, parallel
to the base cut on the face side, which made it possible
to use in calculations one fixed value of the biaxial
module.

Operation of the reactive ion etching (RIE) of sili-
con oxide was done on the open surface of 2.5 um. As
a result of measurements by means of ellipsometer after
etching 15 values of thickness of silicon oxide were re-
ceived. It was expected, that due to RIE the oxide is re-
moved evenly in all the intervals by 2.5 um, hence, the
character of distribution of thickness of silicon oxide on
a sample before the etching was similar to the result af-
ter the etching (fig. 1).

From fig. 1 it is possible to conclude, that there is a
wide spread of the film thickness on the sample. By
means of a contactless optical profilometer a measure-
ment was done of the plate’s bend along the axis, par-
allel to the base cut on the face side. Then the plate was
subjected to a heat treatment during 30 min. at 400 °C
in the atmosphere of nitrogen, and the repeated meas-
urements were done of the relief. Fig. 2 presents the re-
sults of the measurements.

It is visible that after carrying out of operation RIE of
silicon oxide the deflection arrow decreased by 260 pm.
Also it is possible to see, that heat treatment reduces the
size of the arrow of deflection. Thus, after the techno-
logical operations, the deflection of the sample de-
creased 4 times and was equal to 103 pm.

Fig. 3 presents the result of calculation of the surface
curvature. It is visible that after the technological op-
erations of RIE and annealing the surface became more
even.

Calculation of the mechanical stresses, depending
on the thickness of the dielectric film, on each of 15 in-
tervals is presented in fig. 4. The calculation of the me-

chanical stresses in the investigated sample was done by
the method of Stoney (formula (1)):

2
o= .1 (1)

where o, — mechanical stresses; £ — Young modulus
of the substrate material; d; — thickness of the plate;
pn — Poisson’s ratio of the substrate; dy;,, — thickness of
the film on the substrate; Ry, — curvature radius of the
surface.

Fig. 4 presents the results of calculation of the me-
chanical stresses, where the constant of the biaxial
module (E/(1 — p)) in the crystallographic plane of the
sample (100) equals to 180,5 GPa [5].

From fig. 4 it is possible to conclude that, the dis-
tribution of the mechanical stresses changed slightly af-
ter RIE and decreased by the modulus after the heat
treatment. The average value of the stresses in all the
measured area changed from —518 to —356 MPa.

Conclusion

RIE technological operations and heat treatment
make it possible to change the plate’s surface, making
it more even. Hence, the contact area between the
plates is increased, which raises the probability of their
successful merging during bonding. The contact lithog-
raphy increases the contact area between a mask and
the surface of a plate, and that raises the probability of
formation of the elements with the minimal topological
sizes. Reduction of the mechanical stresses in silicon
oxide diminishes the probability of alligatoring of the
dielectric film, which makes it possible to form thick
layers of SiO, for MEMS devices.

The work was done on the equipment from MST &
EKB with support of the Ministry of Education and
Science of Russia, agreement No 14.578.21.0001
(RFMEFI57814X0001).
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BAUAHUE OCBELLEHUNSA HA TA3OYYBCTBUTEABHOCTb TOHKUX MNAEHOK
ANMOKCHAA OAOBA K MAPAM 3TAHOAA NMPU KOMHATHOM TEMIMEPATYPE

Ilocmynuna 6 pedaxyuro 26.07.2016

Ilpedcmasnenst pe3ynomamsl uccae008arUs 8AUSHUS 0C8euleHUs 8 oonacmu 0aul 60aH 397...409 um Ha ea304y8cmeumenbHOCmb
MOHKUX NACHOK OUOKCUOA 01084 K NAPAM SMAHOAA NPU KOMHAMHOU memnepamype. [lokazano, umo 2a3ouyecmeumenvHvle nieHKU
duokcuda o106a 6 ammocghepe cCUHmMeMuU4ecKk020 8030yXa (HomoUyecmeumenvtbsl, NPUHemM 3a8UCUMOCTb (OMONPO8OOUMOCIL OM OC-
BeUeHHOCMU HOCUM CYOAUHEUHbIIL XapaKmep. YCmaHo8aeHo, Ymo oceeujeHue NiAeHoK OUOKCUOA 01084 NPUBOOUM K YMEHbUICHUIO UX
2a304Y6CMBUMENbHOCIU K NAPAM dSMAHOAA NPU KOMHAMHOU meMnepamype U 6pemeHu 60CCIaH06AeHUsL UX NPOBOOUMOCMU NOCAE 803~
deticmeus 2a308601i npobbl. Bpems 60ccman08AeHUs CUSHANA CEHCOPA C AKMUBHBIM C/A0eM HA 0CHO8e NACHKU OUOKCUOA 04084 NOCAE HA-
NYCcKa napoe 3maHona MOJNCHO YMEHbUIUMb, 0C8eUlas AKMUBHBLIL CAOU CeHCOpa Nocae NPeKpaueHul 6030eicmeus 2a3060u nPoobl.

Karoueewie caosa: pomonposodumocms, 2a3ouyecmeumensbHOCmMb, MOHKUE NAEHKU, OUOKCUO 01084

BBenenue

CucreMbl JeTeKTMPOBAHUS Ta30BBIX CMecei 1 3a-
MaxoB, BKJIIOYAIONIME TMOJYIPOBOAHUKOBBIE CEHCOPBI
raza, yCTpOMCTBa IpeaBapuUTEIbHON 0OpPabOTKM CHUT-
HaJIOB, KOHTPOJISI U YIpaBJeHUsI pabOuuM PeXrMMOM
MOTYT OBITh C(POPMHUPOBAHBI HAa €IMHOU IIOIJIOXKE
MeToAaMM MHMKpO- U HaHoTexHojorui [1]. Kak mpa-
BWJIO, MOJYMPOBOJHUKOBBIE CEHCOPHI raza (PyHKIIMO-
HUPYIOT MPU TeMIlepaTypax CyleCTBEHHO BbIIIE€ KOM-
HaTHOM TemIiepaTypbl. I1oBEIILIEHHBIE paboune TeMIle-
paTypbl CTUMYJUPYIOT 0Opa3oBaHME Ha MOBEPXHOCTU
AKTUBHOTO CJIOSI CEHCOpa XMMUYECKU aKTUBHBIX (hopM
agcopbupoBaHHoro kuciopoga (O 02_) [2]. Kpome
TOro, MOBbILIEHHAas1 paboyas TeMrepaTypa MO3BOJISIET
CHU3UTh BpeMs OTKJIMKa CEHCOpa Ha BO3IEHCTBHUE ra-
30BBIX MPOO, a TakKe BpeMsl ero BOCCTAHOBJEHUS 3a
CYeT TePMUYECKON aKTUBALMU MPOLECCOB OOMeHa 3a-
pSIIOB MeXIy OOBEMOM MaTepurajia aKTUBHOTO CJIOSI U
IMOBEPXHOCTHBIMU YPOBHSIMHU, WHAYIIMPOBAHHBIMHU aI-
COpOMPOBAaHHBIMU YacTULIaMU Ta3oB. OZHAKO TOJy-
MMPOBOJHUKOBBIE Ta30BbI€ CEHCOPbI, paboTalolINe pU
MOBBILIEHHBIX TEeMIIepaTypax, UMEIT OrpaHUYEHHOE
IIpUMEHEeHUE TP JAeTeKTUPOBAHMU M aHAJIN3€ B3PbI-
BOOITACHBIX Fa30B U OMO0OBEKTOB, B TOPTATUBHBIX YC-
TPOMCTBaX W aBTOHOMHBIX CUCTEMax, MHTErpaJbHbIX
Mukpocxemax. [ToBblllieHHbIE paboune TemIepaTypbl
MPUBOJSAT K BOBHMKHOBEHMUIO Jipeiiha 6a30BOM JIMHUU
aKTUBHBIX CJIOEB Ta30BBIX CEHCOPOB M CHUCTEM Ha MX
ocHoBe [3] BceACTBUE aKTUBALIMU MPOLIECCOB Mepe-
KpUCTAJZIU3allMM 3€pPeH, TeHepaluu 3JeKTPOAKTUB-
HbIX Je(PEKTOB HAa MOBEPXHOCTU aKTUBHBIX CJIOEB (Ha-
MprMep, BaKaHCUM KMCIOpoaa) U ux apeiida B oobeme
Marepuana u T.1. Mcronb3oBaHre 9HEPTMU BHELITHETO
U3yYeHUs OTKPhIBAET MEPCIIeKTUBBI CHUXKEHUS pabo-
Yyeil TeMIiepaTypbl CEHCOPOB Ta3a 10 KOMHaTHoO [4].

B pabote mnpencrtaBiaeHBI pe3yJbTaThl MCCIIENO-
BaHUI BJIMSHMSI OCBEIIEHUS B O0JIACTU JUIMH BOJH
397...409 HM Ha MPOBOAMMOCTh TOHKOM TIJIEHKHU IUOK-
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cnaga OJIoBa B CMHTCTUYECKOM BO3AYXEC M B I'a30BbIX
Hp06ax, coacpXKallux Imapbl 3TaHOJIA.

MeTtoauka IKCNICPpUMEHTA H 06[)331“)]

Ciou auoxkcujaa osnoBa (hOpMUPOBAIMCh METOAOM
BBICOKOYACTOTHOTO MarHETPOHHOTO PAaCTBUICHUS MU-
wenu SnO, B cMecu aproHa u xucjiopoza [5, 6]. ITo-
BepX IJICHK! TMOKCHIA OJIOBA Yepe3 MacKy HaITbUISLIaCh
cucteMa KOHTakToB. OcBellleHHe TOBEPXHOCTH TOH-
KOH TUIEHKM IMOKCHMIA OJIOBa MPOBOAWIM CBETOAMO-
1mom Mapku DFL-5AP4SC-400 ¢ uznyyeHreM B IOJIO-
ce miuH BoiH 397...409 HM. OcBelleHHOCTb 3a1aBa-
JJach TOKOM 4Yepe3 CBETOIMOMA C ITOMOIIBIO IIpoTpaM-
mupyemoro uctounuka nuraHus PST-3201 (Good Will
Instrument Co.). B kauecTBe KOJIMYECTBEHHO Mepbl
WHTEHCUBHOCTU OCBEULIEHUsI aKTMBHOTO cCjiosl Oblia
BBEIOpaHa BeJTMYMHA OCBEIIEHHOCTH.

HccnenoBanust a51eKTpoU3NIECKUX CBOMCTB TOY-
YEHHBIX Ta30YYBCTBUTEIBHBIX CTPYKTYP MPOBOIUINCH
C WCITOJTb30BaHWEM allapaTHO-TIPOTrPaMMHOTO KOMII-
Jiekca [7] moa ynpaBjieHHeM CUCTEMbI cOOpa U aHar3a
maHHbix LabVIEW 8.5. Temmeparypa CeHCOpPOB BO
BCEX OKCMEPUMEHTaXx MoaaepxuBaiach Ha ypoBHe 30 °C
¢ nmomourbto TepmoctaTa Tumna TC-1/80. I'azoBbIe TIpo-
ObI, comepKallle Mmaphl TaHO]A, COCTABIISUIMCH ITy-
TeM 6apboTrpoBaHus 96 %-HOTO pacTBOpa STUJIOBOTO
CITMPTA ITOTOKOM CHHTETUYECKOTO BO3IyXa 1 TajbHel-
IIMM CMEIIMBAaHMEM II0TOKAa TOJIyYEeHHOH IMapoBO3-
JIYITHOM CMEeCU M CUMHTETUYECKOIo BO3IyXa.

CoaepxxaHre MapoB 3TaHOJA B BO3MyXe 3a1aBajoCh
COOTHOIIIEHUEM TOTOKOB MAapOBO3AYIIHOW CMEcH U
CUMHTETUUYECKOro Bo3myxa. OOl MOTOK Yepe3 U3Me-
PUTEIHHYIO KaMepy BO BCEX JKCIIEPHMMEHTaX COCTaB-
Js1 100 m/mMuH. g ucciaenoBaHus BAUSIHUS MapoB
3TaHoOjla Ha TPOBOAMMOCTb CEHCOpa M3MEpUTENIbHAs
KaMmepa Ha TpoTsekeHuu 40 MUH mpomyBajiach IOTO-
KOM CHUHTETMYECKOI'0 BO3yXa, OCYIIECTBIISICS HAITyCK




IapoB 3TaHoJja B TeueHue 10 MuH, 3aTeM Kamepa IIpo-
JyBajach IIOTOKOM BO3Iyxa B TeueHHe 60 MUH.

Pe3yabTaThl 1 MX 00CYXKIAEHHE

OcBellieHe aKTUBHOTO CIIOST CEHCopa B aTMocdepe
CYXOT0 BO3Iyxa IMIPUBOIUT K 00pAaTUMOMY YBEIMYCHUIO
ero mnposoaumoctu (puc. 1, a), KoTopoe yKasbIBaeT
Ha oTcyTcTBUE (DOoTOAETpatalluy dIAEKTPOPUIUNIECKUX
XapaKTepUCTUK aKTUBHOTO CJIos ceHcopa. OTHOCH-
TeJbHOE CTaHIAPTHOE OTKJIOHEHWE 0a30BOTO YPOBHS
MPOBOAMMOCTH cocTaBiisuio 10 %, a cTallMOHApHOIO
YPOBHSI ITIPOBOAMMOCTH MpH ocBeleHnn — 13 %. Yee-
JIMYeHWe TIPOBOAVMMOCTHM IUIEHOK JWOKCHIA OJIOBa,
MMO-BUIMMOMY, CBSI3aHO C (DOTOBO30YKACHUEM 3JIEKT-
POHOB 0O ¢ TTyOOKMX YPOBHE! JIOBYIIEK B 00ObeMe
Marepuaja 3epHa, JU0O C JIOKAJTM30BAHHBIX MOBEPX-
HOCTHBIX aKUENTOPHBIX YPOBHEU, WHAYLUMPOBAHHBIX
afcopOMpPOBAHHBIMM YaCTUIIAMU KUCJIOPO/A.

YBenmmueHne OCBEIIEHHOCTH ITPUBOIUT K YBEIIUe-
HUIO (POTONPOBOAMMOCTH TOHKMX IUIEHOK IMOKCHAA
osioBa (puc. 1, b) BcieacTBUe MOBBILLIEHUS CKOPOCTHU T'e-
Hepallui HepaBHOBECHBIX HOCHUTEJICH 3apsiia B 0ObeMe
3epHa. JIJIsT OIIeHKY BIMSTHUS OCBEIIICH-
HOCTH Ha (OTOMPOBOINUMOCTb TOHKMX — ©
wieHoK SnO, onpezessanach KpaTHOCTb
M3MEHEHHMS TIPOBOANMOCTH Sph TIpA OC-

MPOBOAMMOCTD TPY OCBElleHMM obpasua; AGy — cTa-
LIMOHapHOEe 3HaueHHe (POTOIPOBOAMMOCTHU; ¢ — BpeMs
OCBEIEHUS; T,,, — BPEMS OTKIIMKA.
ITpu BbIKJIIOUEHUHN OCBelleHUsT (POTOMPOBOIUMOCTh
o0Opa3iia BOCCTaHABJIMBAETCS B COOTBETCTBUU C 3aKOHOM
/TI‘EC

AG = AGye ™, 3)

TAg 1,,, — BPEMA BOCCTAHOBJICHUS IIPOBOANMOCTH, KO-
TOPOC CBA3aHO CO BpEMEHEM OTKIIMKA COOTHOLICHUEM
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mieHueM (4) MO3BOJUI ONpele/iuTh cedeHue (oTo-
MOHMU3ALMUA TIYyOOKUX AaKLENTOPHBIX YPOBHEH Ha
MOBEPXHOCTU AMOKCHUIA OJIOBA, KOTOPOE COCTABJISIIO
Oph ~ 10717 em?.
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HEHUSI TPOBOAMMOCTU OT OCBEILEeH-
HOCTHM HOCWJIa CYOJIMHEMHBIN XapakTep
Spyp~ 1+ AI", rne I — OCBEILEHHOCTD,
n < 1 — mokazarenapb creneHu, A —
MoCTOsIHHAs (puc. 2, a).

Ha puc. 2, b npencraBieHbl 3aBU-
CHMOCTHM BPEMEHM OTKJINKA U BpEMEHU -
3aTyxaHUsl (POTONMPOBOAMMOCTU TOH-
KO TIJIEHKU JUOKCH/IA OJIOBAa OT OCBE-
mweHHocTU. C yBeJIMYEeHUEM CBETOBO-
ro MOTOKa BpeMsl OTKJIMKAa YMEHBIIIAa-
eTcsl, a BpeMs BOCCTAHOBJICHUSI TIpaK-
TUYECKU HEe MU3MEHSETCS.

ITpu Manoit oCBelIeHHOCTU MaTepU-
aja n-TUTA TIPOBOAMMOCTH, COmEpXKa-
IIETO TITyOOKME aKIIETITOPHBIE IIEHTPBI
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Puc. 1. lunamMuka u3mMeHeHUsl NPOBOJMMOCTH ILUIEHKH JUOKCHIA 0J10Ba B aTMochepe cuH-
TETHYECKOT0 BO3JIYyXa NPH CTYNEHYATOM OCBeIleHNH (@) ¥ NMPH PA3HOM CBETOBOM IOTOKE
(b): 1 — 5000 nx; 2 — 10 000 nk; 3 — 25 000 nx

Fig. 1. Dynamics of the change of conductivity of a film of tin dioxide in the atmosphere of
the synthetic air at a stepwise illumination (a) and at different light flows (b): 1 — 5000 Ix;
2— 10000 Ix; 3 — 25 000 Ix
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Puc. 2. 3aBucumMoCTh KPATHOCTH H3MEHEHNS MPOBOMMOCTH (a) ¥ BpEMEH OTKJIMKA M BOC-
CTAHOBJIEHUS TPOBOAMMOCTH (b) OT CBETOBOro MOTOKA
Fig. 2. Dependence of the multiplication factor of the change of conductivity (a) and the times
of response and conductivity recovery (b) on a light flow
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Puc. 3. lunamMuKa W3MeHEeHNs POBOAMMOCTH IJIEHKH TMOKCHIA 0JI0BA NPH CTYNEHIATOM
BO3/ICIiCTBHM Ta30BOM MpPOOBI, coleplKallell HAChINIEHHbIE Mapbl 3TAHOJA B BO3ayXe:
a — 0e3 ocBelleHUs, b — OCBEILIEHHOCTh 1,2 KK

Fig. 3. Dynamics of the conductivity change of a film of tin dioxide at a stepwise influence

of the gas sample containing saturated vapors of ethanol in the air: a — without illumination,
b — with illumination of 1,2 kix
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Puc. 4. 3aBUCHMOCTDb ra304yBCTBUTEILHOCTH K HACHINIEHHBIM Napam 3TaHoJia (a) 4 Bpe-
MeHH BOCCTAHOBJIEHHSI IPOBOAMMOCTH ceHcopa (D) oT cBeTOBOro moroka

Fig. 4. Dependence of the gas sensitivity to the saturated vapors of ethanol (a) and the time
of recovery of the sensor’s conductivity (b) on the light flow

BOJMMOCTHU B aTMOc(epe CUHTETUYEC-
KOTrO BO3yXa IpU OCBELICHUU (CM.
puc. 2, a). Ha puc. 4, b npuBeneHa 3a-
BUCUMOCTb BPEMEHU BOCCTAHOBJICHMSI
IMPOBOJAMMOCTH TIOCJIE HAITyCKa ra3o-
BOI1 IpOOKI OT ocBeleHHOCTU. Y3 pu-
CyHKa BUAHO, YTO MCIOJb30BaHUE
OCBELLEHMST aKTUBHOTO CJIOSI CEHCopa
MIPUBOAUT K YMEHBIICHUIO BpEeMEHU
BOCCTAHOBJICHUSI IIPOBOAUMOCTH I1OC-
Jie HaIlyCKa ra30BOil TPOOLI, TpUUEM C
yBeJIMYEHNEM OCBEIIEHHOCTU BpeMs
BOCCTAHOBJICHUSI YMEHbIIAETCS.

IIpu sxcrio3uuMu B ra30Boii Ipode
aKTUBHOTO CJIOSI CEHCOpa B YCIOBUSIX
OCBELEHUsI KOHLEHTpaLMsl 3JeKTPO-
HOB B 30HE€ IMPOBOAMMOCTHU BBIIIE UX
KOHIIEHTpALMK IIPA OTCYTCTBUM OCBE-
LLIEHUST BCIEACTBUE (hOTOBO3OYKICHMS
HocuTesel 3apsiia ¢ JJOKAJIM30BaHHBIX
ypoBHe#l. Ilocie mpekpalleHusT Ha-
IMycKa Ta30BOi IIPOOBI CKOPOCTH pe-
JIaKCallM TIPOBOJUMOCTU aKTUBHOTO
cllos orpeaesiseTcsl TEMIIOM HeWTpa-
JIN3aLMY MOHU3UPOBAHHBIX JIOKATIU30-
BaHHbBIX JOHOPHBIX YPOBHEN 3TaHOJIA,
KOTOpPHIN MPOMOPLMOHANIEH KOHIIEHT-
paLuy CBOOOIHBIX HOCUTENICH 3apsiia B
obbeMe 3epHa 1miaeHku. [Toatomy npu
OCBELIEHUU BPEMSI BOCCTAHOBJICHMS
MPOBOJIMMOCTHU CEHCOpa IMocJie HaIyC-
Ka ra3zoBoii IpoObl CHUXKAETCSI.

Ha puc. 5 npeacraBiaeHbl KOHIIEHT-
pallMOHHbIE 3aBUCUMOCTU Ta304yBCT-
BUTEJILHOCTH TOHKUX TUIEHOK JMOKCH-
Jla 0JI0Ba B OTCYTCTBME OCBELUECHUS U

TOHKOI TUIEHKM IMOKcUaa ojosa (puc. 3, a). Ilo-Bu-
NIMMOMY, 3TO OOYCJIOBJIEHO IMOSIBIEHUEM Ha IOBEpX-
HOCTHM aKTUBHOTO CJIOS JOHOPHBIX IEHTPOB, WHIYII-
POBaHHBIX aJICOPOMPOBAHHBIMU YaCTUIIAMM 3TaHOJA.
IIpu ocBellleHMM aKTUBHOTO CJIOSI CeHcopa Hamyck
ra3oBoil MPOObI TaKKe MPUBOAUT K YBEJIWYEHUIO €ro
MPOBOAMMOCTU (puUC. 3, b), MpuyeM CTalLlMOHAPHBIN
YPOBEeHb MPOBOAVMMOCTH IUIEHKM IMOKCHAA OJOBa B
ra3oBoii mpobe He U3MEHSIETCSI. DTO MOXET OBbITh CBSI-
3aHO co cTabum3anueir ypoBHst @epmMu BOIM3U T10-
BEPXHOCTHBIX JOHOPHBIX YPOBHEN [2].

7151 OLIEHKM BIIMSTHUS COIMEPsKaHMS MapOB 3TaHOJIA B
ra3oBoii Tpobe OIpeaessiach ra304yBCTBUTEIBHOCTD S
KakK OTHOCUTEJIbHOE U3MEHEHUE TTPOBOAMMOCTY aKTUB-
HOT'O CJIOSI CEHCOopa B MPUCYTCTBUU Ta30BOil MPOOHI:

G- G,
- b
Gy
rae G u Gy — NpOBOAMMOCTL B ra30BOii Ipode U B ar-
Mocdepe CMHTeTUYECKOTO BO3IyXa COOTBETCTBEHHO.
C yBeJIMYeHMEeM OCBEIIEHHOCTU Ira304yBCTBUTEb-

HOCTb TOHKMX IUIEHOK JUOKCHIA 0JI0Ba YMEHbIIalach
(puc. 4, a) n3-3a yBeqm4eHUsT 0a30BOrO YPOBHSI IIPO-

S:
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IpH OCBCLICHNUHN aKTUBHOI'O CJIOA. C YBECJIIMYCHUEM KOH-
OCHTpAaOMWU IMapoB 3TaHOJIa ra304yBCTBUTCJIbHOCTL CECH-
copa ra3za Ha OCHOBE TOHKOW IIJIEHKU IUOKCUAA OJI0Ba
MOHOTOHHO YBC/IMYMBACTCA KaK B OTCYTCTBMEC OCBCIIC-
HUA, TaK U IIPU OCBCUICHUM aKTUBHOI'O CJIOA CEHCOpaA.
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Puc. 5. 3aBucumocTb ra304yBCTBUTEIbHOCTH TOHKOM MJIEHKH THOK-
CHIA 0JI10BA OT KOHIEHTPAILMH MAPOB 3TAaHOJIA

Fig. 5. Dependence of the gas sensitivity of a thin film of tin dioxide on
the concentration of the ethanol vapors




B o6nactn xonueHTpanuii 10 40 % OT HaCBILIEHHBIX
MapoB 3TaHOJIa B BO3MyXe ra304yBCTBUTEIBHOCTb TOH-
KHX TUIEHOK AMOKCHUZA OJioBa €1ab0 3aBUCUT OT KOH-
LIEHTpAllMM 3TaHOJIa, a MPU KOHLEHTPAUMSIX BbILIE
60 % HabsI0maeTCsl CBEPXJIMHEMHBINA POCT ra304yBCT-
BUTEJIbHOCTH.

OcBelleHUE aKTUBHOIO CJIOSI CEHCOopa CHMXKaeT
ra304yBCTBUTEJIBHOCTh CEHCOpa K IapaM 3TaHoJja.
Taxk kKak ra304yBCTBUTEJIbHOCTb CEHCOpA SIBJISIETCS] €ro
BaXKHOI MPUOOPHOI XapaKTepUCTUKOI, TO AJISI COXpa-
HEHUS BICOKOTO YPOBHS Ta304yBCTBUTEIHHOCTU CEH-
COPOB M YMEHbILIEHUSI BpeMEHY BOCCTAHOBJIEHUS OC-
Jie HaIycKa napoB 3TaHOJ1a HEOOXOAMMO OCBELIATh aK-
TUBHBIA CJIOM CEHCOpa II0CIE MPEKpaIleHUs BO3ACHCT-
BUS Ta30BOM IIPOOHL.

3akimouyeHue

B pabGote mpuBeneHbl pe3yabTaTbl MCCAEAOBaHUM
BJIMSIHUSI OCBELIEHUS] Ha MTPOBOAMMOCTb TOHKMX TLJie-
HOK JIMOKCHJIA OJI0BA U ra304yBCTBUTEILHOCTb CEHCO-
POB Ha MX OCHOBE K IMapaM 3TaHOJa NMPU KOMHATHOM
Temriepatype. [Ipu KOMHaTHO# TeMmepaType 3KCIO-
3ULIMS TOHKUX TUIEHOK IMOKCHUAA OJioBa B aTMocde-
pe MapoB 3TaHOJa MPUBOIUT K YBETUUYEHUIO UX TIPO-
BOIMMOCTU. ['a304yBCTBUTENbHBIE TIJIEHKU AWOKCHUIA
0JIoBa B aTMoOc(depe CUHTETUYECKOro Bo3ayxa (GoTo-
YyBCTBUTEJIbHBI K U3JyYEHUIO B 00JIACTU MJIMH BOJH
397...409 HM, npuueM 3aBUCUMOCTb (POTOMPOBOIAU-
MOCTH OT OCBEILIEHHOCTU HOCUT CyOJMHENHBIN Xapak-
Tep. OcBelleHue TICHOK IMOKCHUIA 0JI0Ba MPUBOJIUT K
YMEHBIIEHWIO UX Ta304yBCTBUTEJIbHOCTHU K TTapaM 3Ta-
HOJIa MPU KOMHATHOW TeMIepaType U BpeMEeHM BOC-
CTAHOBJIEHUS WX MPOBOAMMOCTHU TOCJE€ BO3IEUCTBUS
ra3oBoil npoObl. Bpems BocCCTaHOBJIEHUS CUTHaJIa
CEHCOpa C aKTUBHBIM CJIOEM Ha OCHOBE TIJIEHKW TUOK-

CHUlla OJioBa MOCJ€ Hamycka MapoB 3TaHOJa MOXHO
YMEHBIIUTD, OCBEIasl aKTUBHBIN CJION CEHCOopa MocCe
MPEKPAIEHUN BO3ICHCTBUS Ta30BOW MPOOBI.
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to Ethanol Vapors at Room Temperature
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The topic of the article is the influence of illumination on the conductivity and gas sensitivity of the thin films of tin dioxide at
room temperature. An increase of the tin dioxide conductivity during exposition to ethanol vapors was observed at room temperature.
Apparently, the main role in this effect is played by the localized donor levels induced by the adsorbed ethanol particles. Tin dioxide
is photosensitive to radiation with a wavelength of about 400 nm, at that the dependence of the photoconductivity on light has a sub-
linear character. The photoconductivity, apparently, is caused by excitation of the electrons from the bulk deep-level traps or from
the localized surface acceptor levels, induced by the adsorbed oxygen particles. The stepwise exposure to ethanol vapors during il-
lumination also increases the conductivity, although the stationary conductivity magnitude under the gas exposure remains un-
changed. This may be due to the stabilization of the Fermi-level (pinning effect) at the level of the surface donors. The recovery time
of the sensor signal after an exposure to the ethanol vapors can be reduced by illumination of the sensor during the recovery process.

Keywords: photoconductivity, gas sensitivity, room temperature, thin films, tin dioxide
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Introduction

Systems for detection of the gas mixtures and smells,
including the semi-conductor sensors, devices for pre-
liminary processing of signals, control and management
of the operating conditions can be formed on a uniform
substrate by means of the micro- and nanotechnologies
[1]. As a rule, the semi-conductor gas sensors function
at the temperatures essentially higher than the room one.
Higher temperatures encourage formation of the chem-
ically active forms of the adsorbed oxygen (O, 02_)
[2] on the surface of the active layer. Besides, a higher
temperature allows us to lower the time of the response
of a sensor to the influence of the gas samples, time of
its recovery due to the thermal activation of a charge
exchange between the volume of the material of the ac-
tive layer and the surface levels induced by the adsorbed
particles of gases. However, the semi-conductor gas
sensors working at higher temperatures have limited ap-
plications in detection and analysis of the explosive gas-
es and bio-objects, in portable devices and independent
systems, and integrated microcircuits. Higher temper-
atures cause a drift of the base line of the active layers
of the gas sensors and systems on their basis [3] due to
activation of the recrystallization of grains, generation
of the electrically active defects on the surface of the ac-
tive layers (for example, oxygen vacancies) and their
drift in the volume of the material. Use of the energy
of an external radiation opens prospects for a decrease
of the working temperature of the gas sensors down to
the room temperature [4].

The work presents a research of the influence of light
in the wavelength range of 397...409 nm on the con-
ductivity of a thin film of tin dioxide in a synthetic air
and in the gas samples containing vapors of ethanol.

Methods and samples of the experiment

Layers of tin dioxide were formed by high-frequency
magnetron scattering of SnO, target in a mixture of ar-
gon and oxygen [5, 6]. A system of contacts was de-
posited over a film of tin dioxide through a mask. II-
lumination of the surface of the thin film of the tin di-
oxide was done by DFL-5AP4SC-400 light-emitting
diode with radiation within the range of wavelengths of
397...409 nm. The light exposure was set by a current
through a light-emitting diode by means of PST-3201
programmable power source (Good Will Instrument
Co.). The light exposure was chosen as a quantitative
measure of the intensity of illumination of the active
layer. The research of the electrophysical properties of
the obtained gas-sensitive structures was done with the
use of the hardware-software complex controlled by
LabVIEW 8.5 [7] system for data collection and anal-
ysis. The temperature of the sensors during the exper-
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iments was maintained at the level of 30 °C by means
of TC-1/80 thermostat. The gas samples containing va-
pors of ethanol were made by bubbling of 96 % solution
of ethanol by a flow of the synthetic air and further
mixing of the flow of the obtained vapor-air and syn-
thetic air mixture. The content of the ethanol vapors
in the air was set by the correlation of the flows of the
vapor-air mixture and synthetic air. The total flow
through the measuring chamber during the experiments
was 100 ml/min. For research of the influence of the
ethanol vapors on the conductivity of the sensor, the
measuring chamber was blown by a flow of the synthet-
ic air throughout 40 min, the ethanol vapors were let in
during 10 min, and then the chamber was blown by a
flow of air during 60 min.

Results and their discussion

Illumination of the active layer of the sensor in a
dry air leads to a reversible increase of the conductivity
(fig. 1, a), which testifies to the absence of a photodeg-
radation of the electrophysical characteristics of that lay-
er. The relative standard deviation of the base level of
conductivity was 10 %, and that of the stationary level of
conductivity under illumination — 13 %. Apparently, the
increase of the conductivity of the tin dioxide films was
connected with the photoexcitation of the electrons ei-
ther from the deep levels of traps in the volume of the
grain material, or from the localized surface acceptor lev-
els induced by the adsorbed particles of oxygen.

Increase of the light exposure leads to a higher pho-
toconductivity of the thin films of tin dioxide (fig. 1, b)
due to increase of the speed of generation of the non-
equilibrium charge carriers in the grain volume. For es-
timation of the influence of the light exposure on the
photoconductivity of the thin films of SnO, the multi-
plication factor of the rate of change of conductivity Sph
was determined during illumination of the samples
(response):

G
Sph = G_Ol’l ’ (l)
off

where G, and G,,— the stationary value of the sample
conductivity with illumination and without illumina-
tion, accordingly.

The dependence of the multiplication factor of the
change of conductivity on the light exposure had a sub-
linear character S,;, ~ 1 + AI", where I — illumination;
n < 1 — degree index; A — constant (fig. 2, a).

Fig. 2, b presents the dependences of the times of re-
sponse and attenuation of the photoconductivity of the
thin film of tin dioxide on the light exposure. With in-
crease of a light flow the response time decreases, while
the recovery time practically does not change.




In case of a poor illumination of the material of
n-type, containing deep acceptor centers (traps), the
dynamics of the response of the photoconductivity can
be approximated by the following correlation:

AG = AGy(l — e ). )

where AG= (G — Goff) — the photoconductivity of the
film of tin dioxide; G — the conductivity, when the
sample is illuminated; AG, — the stationary photocon-
ductivity; + — the time of illumination; z,,, — the re-
sponse time.

If illumination is turned out, the photoconductivity
of the sample is restored according to the following law:

res

—t
AG = AGye 3)
where 1,,. — time of recovery of the conductivity, con-
nected with the response time by the following corre-
lation:

1 -1 +Gphl’ (4)

TI'CC TI‘(:‘S

where c,, — photoionization section of the electron
from a cﬁaep acceptor level; I — light flow.

Analysis of the dependences of the times of response
and the photoconductivity attenuation according to the
correlation (4) allowed us to determine the section of
the photoionization of the deep acceptor levels on the
surface of the tin dioxide, which was o, ~ 10717 em?,

Presence of the ethanol vapors in the atmosphere
leads to an increase of the conductivity of the thin film
of tin dioxide (fig. 3, a). Apparently, this is caused by
appearance on the surface of an active layer of the do-
nor centers induced by the adsorbed particles of etha-
nol. During illumination of the active layer of the sen-
sor, letting in of a gas sample also increases its conduc-
tivity (fig. 3, b), at that, the stationary level of the con-
ductivity of the film of tin oxide in the gas sample does
not change. This can be connected with a stabilization
of the level of Fermi near the surface donor levels [2].

For estimation of the influence of the content of the
ethanol vapors in the gas sample the gas sensitivity S
was defined as a relative change of the conductivity of
the active layer of the sensor control in the presence of
the gas sample:

G- G,
Gy,

where G and Gy — conductivity in the gas sample and
in the atmosphere of the synthetic air, accordingly.
With an increase of illumination the gas sensitivity
of the thin films of tin dioxide decreased (fig. 4, a) be-
cause of increase of the base level of the conductivity in
the atmosphere of the synthetic air under illumination
(see fig. 2, a). Fig. 4, b presents the dependence of the
time of recovery of the conductivity after letting in of
the gas sample on illumination. It is obvious that illu-
mination of the active layer of the sensor leads to re-
duction of the time of recovery of the conductivity after

letting in of the gas sample, and with an increase of il-
lumination the recovery time decreases.

During an exposition in the gas sample of the active
layer of the sensor in the conditions of illumination the
concentration of the electrons in the zone of conductivity
is higher than the concentration in the absence of illu-
mination, because of the photoexcitation of the charge
carriers from the localized levels. After the termination of
letting in of the gas sample the speed of relaxation of the
conductivity of the active layer is determined by the rate
of the ionized localized donor levels of ethanol, which is
proportional to the concentration of the free charge car-
riers in the volume of the film grain. Therefore, during il-
lumination the time of recovery of the conductivity of the
sensor after letting in of the gas sample decreases.

Fig. 5 presents the concentration dependences of the
gas sensitivity of the thin films of tin dioxide in the ab-
sence of illumination and in the presence of illumination
of the active layer. With an increase of the concentration
of the ethanol vapors the gas sensitivity of the sensor on
the basis of thin films of tin dioxide increases monoto-
nously, both in the absence of illumination, and in the
presence of illumination of the active layer of the sensor.
In the field of concentrations up to 40 % from the satu-
rated vapors of ethanol in the air, the gas sensitivity of the
thin films of tin dioxide do not depend much on the con-
centration of ethanol, and at concentrations over 60 % a
superlinear growth of the gas sensitivity is observed.

Illumination of the active layer of the sensor reduces
the gas sensitivity of the sensor to the ethanol vapors.
Since the gas sensitivity of the sensor is an important in-
strument characteristic, for preservation of a high level
of the gas sensitivity of the sensors and reduction of the
time for recovery after letting in of the ethanol vapors
it is necessary to illuminate the active layer of the sensor
after cessation of the influence of the gas sample.

Conclusion

The work presents the results of the research of the
influence of illumination on the conductivity of the thin
films of tin dioxide and the gas sensitivity of the sensors
on their basis to the ethanol vapors at a room temper-
ature. At a room temperature an exposition of the thin
films of tin dioxide in the atmosphere of ethanol vapors
leads to an increase of their conductivity. The gas sen-
sitive films of tin dioxide in the atmosphere of the syn-
thetic air are photosensitive to the radiation in the range
of the wavelengths of 397...409 nm, at that, the depend-
ence of the photoconductivity on illumination has a
sublinear character. Illumination of the films leads to a
reduction of their gas sensitivity to the ethanol vapors
at a room temperature and of the time of recovery of
their conductivity after the influence of the gas sample.
The time of recovery of the signal of a sensor with the
active layer on the basis of a film of tin dioxide after let-
ting in of the ethanol vapors can be reduced due to il-
lumination of the active layer of the sensor after termi-
nation of the influence of the gas sample.
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®OPMUPOBAHMUE CTPYKTYP NMAEHOYHbBIX MPEOBGPA3OBATEAEM

C 3AAAHHbIMA MNMAPAMETPAMU

Ilocmynuaa 6 pedaxyuro 13.07.2016

Paccmompenst 60npochl mexnoaoeuU nOAYHeHUs NACHOK XAAbKO2EHUO08 INeMEHMO8 Nepeoi epynnbl ¢ B0CHPOU3BOOUMBIMU Napa-
Mempamu UCX00H020 MAMepuana Ha nieHke npu QopMuposaruu cmpykmyp nAeHOUHbIX dnemermos. IIpoeéeden ananus memodog no-
JYHeHUs1 MOHKUX NAEHOK XAAbK02eHUO08 AeMeHmM08 nepsoli epynnbl. T1okazano, 4mo npasusbHblil 6b100p Memooa U pescuma HaHeceHus.
MOHKUX NAECHOK COeOUHEHUU N036045em CopMUPO8ams NAEHKU UCXOOH020 COCMABa ¢ COOMBEMCMEYIOUWUMU CEOUCMBAMU, NOAYHEHUe
NACHOK XANbK02EHUO08 21eMEHMO08 Nepeoll epynnbl 3a0aHH00 COCIMABA HAXOOUMCS 8 NPAMOU 3ABUCUMOCMIU OM NepecbiujeHUsl napa KOH-
deHcupyemoeo éeujecmea. [1oKkazana 603MONCHOCHb NOAYHEHUS 3AUUMHBIX NOKPBIMULL HA NOBEPXHOCIU NAEHOK, YCHOUYUBLIX K 6HE-
WHUM 6030eUiCMBYIOUUM PAKMOPAM U XOPOULO NPe0oXPaHsIouUe NAeHOUHbIe d1eMEeHMbL OMm UsMeHeHull napamempos. [Iposeden anaius
cocmaea MoHKUX NAEHOK COeOUHEHUI XANbK02eHUA08 1eMEHMO8 Nepeoll epynnvl MemoooM INeKMPOHHOU 0J4ce-CHeKMPOCKONUU.

Karoueesvie caoea: memoo, nienka, c8oucmeo, cocmae, CMpyKmypa, npouecc, mexHoaoeus, Ucnapenue, napamemp, KOMno-

HeHm, aHaau3s, N0OAOICKA

BBenenune

Co3maHnst COBpeMEHHBIX MUKPO3JICKTPOHHBIX TTPH-
0OpOB B 3HAYMTEILHON CTEIIEHU OIPEnesIeTCs TeXHO-
Jiorveit hopMUPOBaHUS CTPYKTYP € 3alaHHBIMU CBOMCT-
BaMU W TTapaMeTpaMHU.

B xozxe cozmaHusT MUKPO3JIEKTPOHHBIX TIPUOOPHBIX
CTPYKTYP HEOOXOIMMO COBEPIIEHCTBOBAHUE U OITH-
MM3alMsl CBOMCTB MaTepUaIOB, MOJTYYEHHE TOHKHUX
IUIEHOK Ha UX OCHOBE C 3aJaHHBIMU CBOMCTBAMU, BbI-
0Op W COBEPIIEHCTBOBAHWE TEXHOJOTUM WX TIPOU3-
BoacTBa [1, 2]. Cpenn HUX 0COOOE MECTO 3aHMMAIOT
COEIMHEHUS XaJTbKOTeHUIOB 3JIEMEHTOB IEPBOI1 IPyII-
nel. Ha ocHOBe XaJbKOreHUAOB 3JIEMEHTOB IE€pPBOI
TPYIIITBI BOBMOXHO CO3IaHMe MpeoOpa3oBaTeseil n3-
MEpPUTEIbHBIX YCTPONUCTB, obecreunBalolmx Heooxo-
JTUMYIO 9yBCTBUTEJILHOCTh M TOYHOCTb.

TexHoaorusl Co3AaHUSI MUKPOIJIEKTPOHHBIX IPH-
0OpOB O0BEIUHSIET MPOU3BOACTBEHHBIE ONepalluu 00-
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pabaThIBalOleid TPYIITbI, KOTOPHIE SIBJISIIOTCSI OCHOBO
I71s1 GOpMUPOBaHUS UX CTPYKTYp [3].

CTpykTypa MOpeiacTaBisieT coO0i YMOpPSAOYEHHYIO
COBOKYITHOCTb CJIOEB, HAHECEHHBIX Ha MOMTOXKY. Ka-
YECTBO MPOBEACHUS MTPOLECCOB (POPMUPOBAHUS CTPYK-
Typ B 3HAQUMTEJIbHOM CTENIEHU ONpPEAENISET KauyeCTBO
u3aenuii B ejomM. HecoBepilieHCTBO 3TUX TMPOLIECCOB
BbI3bIBAET OTKJIOHEHMSI ACWCTBUTEIbHBIX 3HAUCHMI
rnapaMeTpoB MPUOOPOB OT HOMUHAJbHBIX.

®opMHPOBAHHE CTPYKTYP 3JIEMEHTOB IIEHOUYHBIX
npeodpa3oBareJieil ¢ 3aIaHHBIMA CBOHCTBAMH
W mapaMeTpamMu

IIpu co3gannym MUKPOSIEKTPOHHBIX MPUOOPHBIX
CTPYKTYp BaxKHOU 3amaudeil sIBJIsIeTCSI pa3paboTKa Tex-
HOJIOTUY MOJYYEHUS IUICHOK, MO3BOJISIONIAs BOCIIPO-
MU3BOJIUTH ITapaMeTPbl KUCXOIHOTO MaTepUasla Ha ILUICH-
Ke. IloaydeHrne BOCIPOM3BOAMMBIX IJIEHOK XaJIbKO-




TeHHUIOB 3JIEMEHTOB IIEPBOIl TPYINBLI OOecIeunBaeT

BO3MOXXHOCTb (hOPMUPOBAHUS CTPYKTYP 3JEMEHTOB

IJIEHOYHBbIX Npeobpa3oBaTesieil ¢ 3aJaHHbBIMU CBOIC-

TBaMM W TapaMeTpamu, IO3BOJISIET PacCIIMPUTh 00-

JIACTb UX MPUMEHEHUS U TTIOBBICUTDH (PYHKIIMOHAJIbHbIE

BO3MOXHOCTH IMpeodpa3oBareieil Ha UX OCHOBE. DTO

obecrneynBaeTcs peleHUeM CeayIOIIUX 3aaay:

e aHAIU3 MATePUAIOB U TEXHOJOIMYECKMX OCOOEH-
HOCTel co3IaHusl TNIEHOYHBIX Mpeodpa3oBarteieii;

e BBHIOOpP MaTepualioB U pa3paboTKa TeXHOJOTrMYec-
KHX OCHOB TTOJYYeHUS XaJbKOTEHUIOB 3JIEMEHTOB
MepBOI IPYMITbI 3aAAHHOTO COCTaBa;

e pazpaboTKa METONOB COBEPIICHCTBOBAHUS MaTepU-
aJl0B HA OCHOBE XaJIbKOT€HUIOB 3JIEMEHTOB MePBOI
IPYIIIBI JUIS1 TNIEHOYHBIX TTpeoOpa3oBaTeieii;

e OIpeje/ieHUe TEXHOJIOTUUECKUX PEXXKUMOB BOCIIPO-
U3BOJMMOIO MOJYYeHUS] TUIEHOK XaJbKOTEHUAO0B
5JIEMEHTOB TEePBOI1 TPYIIIIHI;

e MCCJIEOOBAaHUE ITyTEH MOBBIIICHUS U OOECIIeYeHMS
KayecTBa M HaJeXXHOCTU MpeoOpa3oBareseil U Tex-
HOJIOTMM UX MTPOW3BOJICTBA;

e obecrieyeHrue TOUYHOCTU TEXHOJOTUHU TIPU MPOU3-
BOJICTBE TUIEHOYHbBIX Mpeobpa3oBaTtesieil.

Pemrenne 3Tmx 3amady OCHOBAHO Ha B3aMMOCBS3U
(br3MYeCKUX, TEXHOJOTUUYECKUX 1 OKCILTyaTalIMOHHBIX
rnapamMeTpoB MPUOOPOB U OCOOEHHOCTU TEXHOJOIMU
npousBoacTBa. Mx peanusanusi mo3BOJUT YJIYUIIUTh
(byHKLIMOHAJIbHBIE 1 BKCIITyaTallMOHHbIE XapaKTepuc-
TUKU u3aenuii, 3(pOeKTUBHOCTh UX MIPUMEHEHUS.

TpynHOCTH TIONYYeHUs TIJIEHOK COEAMHEHUI 3a-
JIAHHOT'O COCTaBa CBSI3aHbl C TEM, YTO MPU UCTIAPEHUU
MPOUCXOAUT paslie/ieHue COeAUHEHUs] Ha OTAEbHbIC
KOMIOHEHTBI, UCHaPSIOLIMECs C Pa3TUUHBIMU CKOPO-
ctamu. [1oaTomMy BoImpocaM COXpaHEHMSI U KOHTPOJIM -
pOBaHUsI COCTaBa TOHKHMX TUIEHOK COCIMHEHUI Xallb-
KOT€HUJIOB 3JIEMEHTOB MEPBOIl I'PYMIbl HEOOXOAUMO
VIEJISATh JOCTAaTOYHOEe BHMMaHue [4, 5].

B TexHOJMIOTMY MUKPORAEKTPOHUKY AJIS TTOJTYYEHUST
TOHKMX TJIEHOK IMPUMEHSIOT pa3InyHble MeTOHI [6, 7].
IIpaBuibHBIA BHIOOP METOdA M peXMMa HaHECEHUS
TOHKUX TUICHOK COCAWHEHUI TO3BOJIsIeT CHOpMUPO-
BaTh IJIEHKM UCXOJIHOTO COCTaBa C COOTBETCTBYIOLIM -
MM cBoiicTBamMu. [Ipy TepMHIECKOM BaKyyMHOM HC-
MapeHUuH BO3MOXKHO TMOJIyYeHNEe TUIEHOK ¢ MUHUMAJIb-
HBIMM 3arpsi3HEHUsIMU, HO TIPU 3TOM MMEET MECTO 13-
MEHEeHHEe MTPOLEHTHOTO COOTHOILIEHHUSI COCTaBJISIIOIINX
MPU MCTIAPEHNU BELLECTB COEANHEHMS, BICOKAsI MHEP-
LIMOHHOCTb Tpoliecca, CPAaBHUTEIbHO HEBBICOKAS afl-
re3usi IJIEHKU K MaTepyany MoJyIoKKA U HeJOCTaTOU-
Hasl CTaOMJILHOCTD TJICHOK.

ITpu ncnapeHMU KOMIOHEHTOB U3 ABYX HE3aBHUCU-
MbIX UICTOUHMKOB BO3HMKAET HEOOXOAUMOCTb PEryjiu-
pPOBaHMS MHTEHCUBHOCTH WCHApPEHUS KOMITOHEHTOB
JUTST TIOJTyYeHU s 3aIaHHOTO COeIMHEHMS Ha MOIOXKKeE,
a TakXXe KOHTPOJISI CKOPOCTe KOHAeHCcaluu KOMIIO-
HEHTOB IUIEHKU U MOAAEPXAHUS UX B TOYHOM COOT-
HoureHuU. [lpym mMcmapeHun METOIOM BCIBIIIKH BO3-
HUKaeT HEOOXOAMMOCTb TOUHOTO KOHTPOJISI TeMIlepa-
TYPbI MOJTOXKHU.

IIpu BakyyMHOM pacHblIEHUU TTOJTyYeHHBIE TIICH-
KM 00JamaloT JYYIIMMM aaAre3MOHHBIMU CBOKCTBAMU,
HO BO3HMKAET CJIOKHOCTb KOHTPOJISI MPOLIECCOB pac-
MbLJICHUS] U YIIPaBJICHUSI UMM U MMEeT MECTO HU3Kasl
CKOPOCTh POCTa TIICHOK.

ITpoBeaeHHbIE HCCIEAOBAHUS U aHATU3 MOKa3biBa-
0T, YTO IJISI CHUDKEHMS KOHILICHTpAlUM MpUMecei U
B3aMMOJIEHCTBUS MaTepyrajia UCIapsieMOoro BeIllecTBa C
aTMocepoil oCcTaTOUHBIX T'a30B B mpolecce (hopMu-
pOBaHMSI TIEHOK, TOJy4yaeMbIX UCITapeHUEM B BaKyy-
Me, HeOOXOIMMO YBEJIWYUTh CKOPOCTh KOHIEHCAIIWM.
B03MOXHOCTb MOJTy4eHMsI TUIEHOK XaJIbKOT€HUIOB 3J1e-
MEHTOB TIepBOIi I'PYIIIbI 3aIaHHOTO COCTaBa HAXOAUT-
Ccs B NPSIMOM 3aBUCUMOCTU OT TEPECHILIEHUS Mapa
KOHIEHCUPYEeMOTO BelecTBa. s momydeHnsT TOHKHUX
TUIEHOK XaJbKOT€HUIOB 3JIEMEHTOB MEPBOI TPYIIIILI
HMCXOJHOI'O COCTaBa HEOOXOIMMO UCIOb30BaTh METO-
JIbl, XapaKTepu3yIolluecsi BBICOKUMM TIepPeChIILeHUsI-
MU (MeToAbl MTHOBEHHOTO MCITapeHUsT U UMITYJbCHO-
ro HambuieHus). [I1eHKu XaabKOreHUIO0B 3JIEMEHTOB
MEepBOIl IPyMIbl UICXOMHOIO COCTaBa MOTYT ObITh IO-
JIy4eHBI TyTeM MTHOBEHHOTO W TOJHOTO HCIapeHus
nopuuu mMatepuana. st 3Toro HaBeCKu UCCIEAYEMO-
ro BeulecTBa HarpeBaroT npumepHo Ha 30 °C Bbile ux
TeMIepartyphl IiaBiaeHus. McrapeHue ocyliecTBseT-
cs B Bakyyme (1,33 - 1073 [Ta).

IIpu coznaHuy TUIEHOYHBIX Mpeodpa3oBaTeeil Ha
MOBEPXHOCTD IJIEHOK XaJIbKOI€HUIOB 3JIEMEHTOB Iep-
BOI I'PYIIbl HAHOCUTCS 3allIUTHOE MOKpbITUE. JIJIs1 TOH-
KOTUICHOYHBIX 3aIlMTHBIX TOKPBITUI, HAHOCUMBIX ITy-
TEM UCMapeHUsl B BaKyyMe, UCIOJb3YIOTCSI MaTepua-
JIbl, KOTOPbIE UCMAPSIIOTCS B BaKyyMe 0e3 pa3ioxXeHus 1
00pa3yloT Ha MOIJI0XKKE MEXaHUYECKU MPOYHbIE TUIeH-
KM, YCTOMUYMBBIE K BHEIIHUM BO3AEHCTBYIOLIUM (pak-
TopaM. B KauecTBe 3alIUTHBIX MJIEHOK MPHUMEHSIOTCS
TUIEHKU MOHOOKMCH KpeMHUSI (SiO), HaHECEHHBIE B BbI-
COKOM BakyyMe myteM ucrnapeHus. [Tnenku SiO, ocax-
IEHHBIE B BaKyyMe, O0JIagalOT XOpPOIIMMM aiare3noH-
HBIMUM CBOMCTBAMU, TOCTATOYHON MeXaHUUECKOM MPo-
YHOCTBIO U XOPOIIIO MPEeIOXPAHSIOT JI€eMEHThI TIeHOY-
HBIX MMpeodpa3oBaTeieil OT UBMEHEHUI mapaMeTpOB.

AHaIM3 COCTAaBA TOHKHMX IUIEHOK COeIWHEHHii

IMonyyeHne oOBEKTUBHON WMH(MOpPMALMU HEMoC-
PEJACTBEHHO OT MOBEPXHOCTHU TOJILIMHON B HECKOJIBKO
ATOMHBIX CJIOEB ITO3BOJISIET, B YACTHOCTH, 0OOCHOBAH-
HO pellaTh BOMPOCHI, CBSI3aHHBIE C COBEPLIEHCTBOBA-
HUEM CYILIECTBYIOUIMX UM Pa3pabOTKON HOBBIX TEXHO-
JIOTUMA CO3JaHUM U3IEJIUI SJIIEKTPOHHON TEXHUKMU.

ToHKue TIeHKN COeIMHEHUI XaTbKOTeHUIOB dJie-
MEHTOB MEPBOW TPYIIbI TOJXKHbBI 001a1aTh OJHOPO/I -
HOCTBIO COCTaBa 1 COBEPILIEHCTBOM CTPYKTYpPHI. B yact-
HOCTH, JUISI TOJYYEeHMS] 3alaHHBIX MapaMeTpoB U
CBOMCTB COCTaB TOHKUX IIJIEHOK COeAMHEHUI XaJbKO-
TEHUJ0B BJIEMEHTOB MEPBOW TPYIMbI JOJXKEH COOT-
BETCTBOBATh 3aIaHHOMY COCTaBY.

AHamM3 cocTaBa TOHKMX IIICHOK COEIMHEHUM
XaJIbKOTeHUJIOB 3JIEMEHTOB NEPBOM TPYIIBI MOXHO
MPOBOIUTH METOIOM DJIEKTPOHHOI 0Xke-CIEeKTPOCKO-
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nuu (B0C) [8]. Ilpu 3ToM aHAIU3UPYETCS pacIpe-
JeJIEHUE T10 DHEPTUSIM BTOPUYHBIX DJIEKTPOHOB, BO3-
HUKAIOLIMX MIPY B3aUMOJEUCTBUU MEPBUYHOIO JIEKT-
POHHOTO My4YkKa (HECKOJIbKO K3B) ¢ moBepXHOCTHBIM
ciioeM TieHKU. Bo30yxaeHue oxe-TepexoloB B aTo-
Max IPUIIOBEPXHOCTHOTO CJI0S1 OOYCIOBIMBAET TOSIB-
JIEHUE TIMKOB B SHEPreTUUYECKOM paclpeieeHuu, Mpu-
yeM, YeM HIXKe DHEpIHs oXe-ITepexoaa, TeM ¢ MEHb-
1€l TIyOMHBI BBIXOAST OXe-3JeKTpOoHbl. OOBIYHO 3Ta
mIyouHa coctabiisieT 1...2 MoHocios. YyBCTBUTEb-
HOCTb DJIEKTPOHHOI 0Xe-CIMEeKTPOCKOMUHU MPU aHATM -
3¢ MOBepXHOCTU JocTuraeT 10 < MOHOCOSI.

O06pa3sLibl MOAIOXKEK C HAHECEHHBIMU TJIEHKAMU 1C-
CJIEIYIOTCSl Ha OXKe-CIIEKTpOMETpe, CHAOXKEHHOM IBYX-
KacKagHbIM aHaJW3aTOPOM THUIIA LWIMHIPUYECKOTO
3epKaja M yCTPOUCTBOM [JIsI TTOCJIOMHOIO TpaBJICHMSI
noHaMHu aproHa. Ilpemenm M3MepeHMsT KOHIICHTPAIIUN
KoMIToHeHTOB cocrasiseT ot 0,01 mo 0,1 %.

Hns mpoBeneHus DOC-aHanu3a B CUCTEME CO3/1a-
eTCsI YAbTPAaBBICOKMI BakKyym — 2.5 - 1077 Ma. Yeno-
BUSI PETUCTPALIMM CIIEKTPOB COCTAaBIISIIOT: TOK IEpP-
BUYHBIX 3JIEKTPOHOB — 2 * 1077 A, aMILIUTya MOAY-
sy — 5 B, ycKopsiiolliee HaIpsKeHre TTIepBUYHBIX
aJIeKTpoHOB — 3 K3B. Ilpu TakoMm pexume 3anucu
MYYOK BJIEKTPOHOB HE OKAa3bIBAeT AETPaaupyIOLIEro
JMEeWCTBUSA Ha COCTaB aHAIM3UPYEMOU TUICHKMU.

ITo momoXxeHnIo TTMKa 0XKe-3JIEKTPOHOB Ha pacIipe-
JIeJIeHUW SHEPTUY BTOPUYHBIX 3JIEKTPOHOB MAECHTU(U-
LIMPYIOT 3JIEMEHT, a M0 MHTEHCUBHOCTU MUKA — KOH-
HEHTPaII0 aHAIM3UPYEMBIX aTOMOB. OTHOCHUTEIbHBIC
3HAYCHMNST KOHIICHTPAIIMN aHAIM3UPYEMBIX 3JIEMEHTOB
Ha pa3HbIX IIyOMHaxX IIPUIIOBEPXHOCTHOM oOyacTu
IUIEHKM TIOJIy4YaloT, OLEHMBAsT OTHOLIEHUSI UHTEHCUB-
HOCTEl HM3KOHEPTEeTUYECKUX M BBEICOKOIHEPTeTHYEC-
KUX JTMHUHI OXe-3JeKTPOHOB aTOMOB 3THUX 3JIEMEHTOB.

3akimoueHue

IMomyyeHne BOCIPOM3BOANMEBIX TIEHOK XaJIbKOTe-
HUIIOB 3JIEMEHTOB IePBOI IPYIIIbI 00eCIIeYnBaeT BO3-
MOXHOCTb (DOPMUPOBAHUS CTPYKTYP DJEMEHTOB ILIE-

HOYHBIX IpeoOpa3oBaTeieii ¢ 3aJaHHbIMU ITapaMeTpa-
Mu. 1151 mojydeHusl TOHKUX IUIEHOK XaJIbKOT€HUIOB
3JIEMEHTOB II€PBOI I'PyIINbI 3aJaHHOIO COCTaBa MpUMe-
HSIIOTCSI METOIbI, XapaKTepU3YIOIINECS BbICOKUMU TIE-
pechlllieHUsIMA (METOAbl MTHOBEHHOI'O MCIApeHUsT U
HWMITYJILCHOTO HamblieHUs1). Ha ToBepXHOCTh IIEHOK
HAHOCUTCS 3allMTHOE MOKPHITUE, YCTOMYMBOE K BHE-
LIIHAM BO3JIEHCTBYIOIINM (paKTOpaM 1 XOPOILLIO MPeaoX-
paHsIOLIee TUNIEHOYHBIE 3JIEMEHTHI OT U3MEHEHUI Napa-
METPOB. AHaAIM3 COCTaBa TOHKHUX IJIEHOK COEIMHEHUIA
XaJIbKOT€HUAOB 3JIEMEHTOB MEPBOI TPYIIIbLI ITPOBOIST
METOAOM 3JICKTPOHHOM 0Xe-CIEeKTPOCKONNUM, aHAJTU3U -
py4 pacrpeneeHus: o SHEPrUsIM BTOPUYHBIX SJIEKTPO-
HOB, BO3HMKAIOIIMX MPU B3aMMOAEHCTBUY ITEPBUYHO-
ro 3JIEKTPOHHOIO IIy4Ka C IIOBEPXHOCTHBIM CJIOEM
ieHKU. Beibop MaTepuasioB Ais1 371€MEHTOB IIJIEHOY-
HBIX MIpeoOpa3oBaTesieii OCYIIECTBISIIOT C YYETOM HX
CBOJCTB, T€XHOJIOTMM HAaHECEHMS TNIEHKM, ITO3BOJISIIO-
1IEeY BOCIIPOM3BOAUTD 3T CBOMCTBA Ha ILICHKE.
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Formation of Structures of Film Converters with the Set-up Parameters
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The topics discussed in the article are the technologies for obtaining of films from chalcogenide elements of the first group with
the reproducible parameters of the initial material on the film during formation of the structures of the film elements. Analysis was
done of the methods for obtaining of thin films of chalcogenides of the first group elements. It was demonstrated that the right choice
of the method and the mode of deposition of the thin films of the compounds made it possible to form the initial composition of the
film with the appropriate properties, while obtaining of the films of chalcogenides of the first group elements of a set-up composition
was in direct proportion to the oversaturation of the vapor of the condensed matter. A possibility was demonstrated for obtaining of
the protective coatings on the surface of the films, which were resistant to the external factors and protected well the film elements
from the parameters’ change. An analysis was done of the composition of the thin films of the chalcogenide compounds of elements

of the first group by the method of Auger-electron spectroscopy.
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Introduction

Development of microelectronic devices is to a great
degree determined by the technology of formation of
structures with the preset properties and parameters.

Development of the microelectronic instruments
demands improvement of the structures and optimi-
zation of the properties of materials, obtaining of thin
films on their basis with the preset properties, selec-
tion and improvement of the production technologies
[1, 2]. A special place is occupied by the compounds
of chalcogenide elements of the first group. On their
basis it is possible to create converters for the meas-
uring devices, which ensure the necessary sensitivity
and accuracy.

The technology for creation of the microelectronic
devices integrates the industrial operations of the
processing group, which provide a basis for formation
of their structures [3].

The structure is an ordered set of the layers deposited
on a substrate. The quality of formation of the structures
mainly determines the quality of the products in general.
Their drawbacks cause deviations in the actual parame-
ters of the devices from the nominal ones.

Formation of the structures of elements of the film
converters with the preset properties and parameters

During creation of the microelectronic instrument
structures an important task is development of a tech-
nology for obtaining of the films, allowing us to re-
produce the parameters of the initial material on a
film. Obtaining of reproducible films of chalcogenide
elements of the first group provides a possibility for
formation of the structures of elements of the film
converters with the preset properties and parameters,
allowing us to expand the sphere of application and to
raise the functionality of the converters on their basis.
This can be achieved by solving of the following tasks:

— analysis of the materials and the specific features
of creation of the film converters;

— selection of materials and development of the
technological foundations for obtaining of chalcoge-
nide elements of the first group of the preset compo-
sition;

— development of methods for improvement of the
materials on the basis of the chalcogenide elements of
the first group for the film converters;

— determination of the technological modes for re-
producible reception of the films of chalcogenide ele-
ments of the first group;

— research of the ways to improve and ensure the
quality and reliability of the converters, and technolo-
gies for their manufacture;

— guaranteeing of precision of technology for pro-
duction of the film converters.

Solution to these tasks is based on interrelation of
the physical, technological and operational parame-
ters of the devices and specific features of the produc-
tion technologies. Their realization will allow us to
improve the functional and operational characteristics
of the products, and efficiency of their application.

The difficulties with obtaining of the films of the
compounds of a preset composition are connected
with the fact that during evaporation a compound is
divided into components evaporating with various
speeds. Therefore, the questions of preservation and
control of the composition of the thin films of the
chalcogenide elements of the first group require ade-
quate attention [4, 5].

The microelectronic technologies for obtaining of
thin films apply various methods [6, 7]. A correct
choice of the method and mode allow us to form films
of the initial composition with the corresponding prop-
erties. A thermal vacuum evaporation allows obtaining
of the films with the minimal possible impurities, but,
at that, during evaporation of the compounds’ sub-
stances the percentage correlation of the components
changes, the inertia of the process is high, the adhesion
of a film to the substrate material is rather low and the
stability of the films is insufficient.

During evaporation of the components from two in-
dependent sources a necessity appears to control the in-
tensity of evaporation of the components for reception
of the preset compound on a substrate, and the speeds
of condensation of the film’s components and preser-
vation of their exact correlation. During evaporation by
the flash method there is a necessity for a precise con-
trol of the temperature of the substrate.

A vacuum film scattering ensures better adhesive
properties, but there is a problem of control of the scat-
tering, besides, the growth rate of the films is low.

Researches and analysis show, that in order to de-
crease the concentration of the impurities and interac-
tion of the material of the evaporated substance with
the atmosphere of the residual gases during formation
of the films received by evaporation in vacuum, it is
necessary to increase the speed of the condensation.
Possibility of obtaining of films of the chalcogenide el-
ements of the first group of the preset composition de-
pends directly on the oversaturation of the vapor of the

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 1, 2017 43



condensed substance. For reception of thin films of
such chalcogenides of the initial composition it is nec-
essary to use the methods characterized by high over-
saturations (instant evaporation and pulse deposition).
The films of the chalcogenide elements of the first
group of the initial composition can be received by an
instant and complete evaporation of a portion of the
material. For this purpose portions of the investigated
substance are heated up to approximately 30 °C above
the temperature of their fusion. Evaporation is carried
out in vacuum (1,33 - 1073 Pa).

During creation of the film converters the surface of
such films is covered by a protective coating. For the
thin-film coatings deposited by evaporation in vacuum,
the materials are used, which evaporate in vacuum
without a decomposition and form on a substrate me-
chanically strong films, resistant to the external influ-
encing factors. For protective purposes the silicon
monoxide (SiO) films are used, deposited in high vac-
uum by evaporation. Films of SiO deposited in vacuum
have good adhesive properties, sufficient mechanical
durability and protect well the elements of the film con-
verters from changes of the parameters.

Analysis of composition of the thin films
of the compounds

Reception of objective information from a surface
with thickness of several atomic layers allows us, in par-
ticular, to solve the questions connected with improve-
ment of the existing and development of new technol-
ogies for manufacture of electronic products.

Thin films of the chalcogenide compounds of the el-
ements of the first group should possess uniformity of
their composition and a perfect structure. In particular,
for obtaining of the preset parameters and properties
the composition of such thin films should correspond to
the preset composition.

Analysis of the composition of the thin films of the
compounds of the chalcogenide elements of the first
group can be done by means of Auger-electron spec-
troscopy (AES) [8]. At that, the distribution by energies
of the secondary electrons arising in interaction of the
primary electronic beam (several keV) with the surface
film layer is analyzed. Excitation of the Auger-transi-
tions in the atoms of the near-surface layer causes oc-
currence of peaks in the energy distribution, and, the
lower is the energy of an Auger-transition, the less is the
depth, from which Auger-electrons come. Usually this
depth is 1...2 monolayers. During the surface analysis
sensitivity of the Auger-electron spectroscopy reaches
1072 monolayers.

Samples of substrates with the deposited films are
investigated on an Auger-spectrometer with a two-cas-
cade analyzer of a cylindrical mirror type and a device
for level-by-level etching by argon ions. The limit of
measurement of the concentration of components is
from 0,01 up to 0,1 %.
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For AES analysis the ultrahigh vacuum —
2,5-1077 Pa is created in the system. Conditions for
spectra recording: current of the primary electrons —
21077 A, amplitude of modulation — 5V, accelerating
voltage of the primary electrons — 3 keV. At such a mode
of recording a beam of electrons has no degraded influ-
ence on the composition of the analyzed film.

By the peak position of the Auger-electrons on the
energy distribution of the secondary electrons an element
is identified, and by the peak intensity — the concentra-
tion of the analyzed atoms. The relative concentrations of
the analyzed elements at different depths of the near-sur-
face area of a film are received by estimating the intensity
relations of the low-energy and high-energy lines of the
Auger-electrons of the atoms of those elements.

Conclusion

Reception of the reproducible films of the chalco-
genide elements of the first group makes possible for-
mation of the structures of elements of the film con-
verters with the preset parameters. The methods applied
for obtaining of the thin films of such elements of the
preset composition are characterized by high oversatu-
ration (instant evaporation and pulse deposition). The
surface of the films is covered with a coating resistant to
the external influences and protecting the film elements
well from changes of the parameters. Analysis of the
composition of the thin films of the compounds of the
chalcogenide elements of the first group is done by means
of Auger-electron spectroscopy, analyzing the distribu-
tions by energies of the secondary electrons, arising dur-
ing interaction of the primary electron beam with the
film’s near-surface layer. Selection of the materials for
the elements of the film converters is carried out with ac-
count of the properties, technology of deposition of the
film, allowing us to reproduce these properties on a film.
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PASPABOTKA ABTOOMUCCHUOHHbIX KATOAOB
METOAOM MPECCOBAHMSA NMUPOTPA®UTA C TPOMHbLIM KAPEOHATOM

Ilocmynuaa e pedaxyuro 05.07.2016

Humepec k amummepam u3 yeaepooa cé:3aH ¢ UX HU3KOU CMOUMOCIBIO, B03MONCHOCMbIO ROAYYEHUs 001ee HUZKOU padombl Gbl-
X00a no cpasHenuio ¢ OpyeumMu Mamepuaiamu U Xumu4eckou UHepmHocmolo epagumonodobHbix mamepuanos. B dannoi pabome
ONUCHIBAIOMCS. MEXHOA02US U320MOBACHUS KOMNO3UMH020 KAmooa, 8 KOMOPOM epapum u IMUCCUOHHO-AKMUBHOE 8elecmeo 00-
Dpa3yrom UHMepKasuposanHoe Xumuyeckoe coedunerue, u nocaedylouee ucciedo8anue makux Kamooog 8 pexcume mepmoasmo-
21eKmpoHHoU amuccuu 8 memnepamypHom duanazone 0...1100 °C ¢ anoOnbimu HanpaxceHusmu 6 duanasone 1...5 kB. Kak oka-
3a10Cb, KAmMoo, U320MOoBAEHHbIU NPECCOBAHUEM U3 CMeCU MmepmMooopadomaHHo2o nupoepaguma u mpouHoeo Kapborama, nocie
MepmMonone6020 AKMUBUPOBAHUs U pabombl Mocem 0bimb 6biHeceH Ha 6030yX. [Iposedenbl aHaAUu3bl 3a6UCUMOCTIEN IMUCCUOHHBIX
XapaKkmepucmuk om cnocoba no020moeKu IMUCCUOHHOU NOBEPXHOCMU, 0ABAEHUs NPECCOBAHUS U CHeNeHU dHepeemu4ecKou 00-
pabomku. Pazeumue memoouku u3eomogieHus Kamooog u3 nupoepagduma, UHmMepKatupo8anHoc0 MpouHbIM KapoOHamom uje-
A0uH03emenbHblx memannoé (Ba, Sr, Ca) COj3, no3604uno noayuums mMopghoaoeu0 noGepxXHOCMU, OAUSKYI0 K ONMUMAAbHOL, a
makxice ObLAU GbIOPAHLL HAUAYYUWUE MemOodbl 00pabOMKU NOBEPXHOCMU Kamoada.

Karoueevle caosa: caxyymnas s1eKmpoHUKQ, HAHOZPADUMHbIE MAMEPUALbL, ABMOINEKMPOHHASA IMUCCUSL, MEPMOINEKMPOHHAA
IMUCCUSA, KOMHOZUYUOHHII KAMOO, UOHHOE MpPAGaeHlUe

Beenenne aJJbHO HU3KOM paboThl BBIXOHA HaHOTPAa(HUTHEIX Ma-
TEPUAJIOB B CPABHEHUM C APYTMMMU MOMNYJISIPHBIMU Ce-
TOAHS MaTepuajaMu ISl KaToaoB. BaXHbIM mpeu-
MYIIIECTBOM KaTOAOB M3 HAHOCTPYKTYPMPOBAHHBIX
MaTepuaoB Ha OCHOBeE rpadura TakxKe sSBJISIeTCS BO3-
MOXHOCTb MX 2KCIIOHUPOBaHUS Ha aTMocdepy B Te-

YyeHME JUINTEIbHOro BpeMeHu [2]. TpaguiuoHHbBIE OK-

HMHTepec K sMuTTEpaM M3 yIjaepoaa U pa3iMYHbIM
yrjaepoaHbIM MaTepuanaMm [1] ¢ rpaduTonogoOHbIM
TUIIOM MEXATOMHBIX CBSI3el (MHTEpKaJIUPOBAHHBIMN
rpacur, yrieponHbie BOJIOKHA, CTEKJI000pa3HbIil Tpa-
(ut) cBsI3aH ¢ UX HU3KON CTOMMOCTbHIO, BO3MOXHOC-
ThIO TIOJlydyeHUs1 Oosiee HU3KOW padOThI BbIXOAA IO

CPaBHEHUIO C APYTUMM MaTepHalaMU, a TAKKE XUMU-
YeCKOl MHEPTHOCTBIO IpadMTOMOJOOHBIX MaTepua-
noB. IlocinenHee nMeeT 0COGEHHYIO BaXKHOCTb B CBSI-
3M C TEM, YTO B IIPOIIECCE IMHUCCUU DJIEKTPOHOB I10-
BEPXHOCTb aBTO3JICKTPOHHOI'O SMMTTEpa IIOABEPracTCs
BO3IEWCTBUIO MOHOB, 00pa3yIOIIUXCS TIPU MOHU3A-
LMY aTOMOB OCTATOYHOIO ra3a B CHJIBHOM 3JICKTPH-
YECKOM I10JIE.

HccnenoBaHust 3THX MaTepHaloB UIPAIOT BAXKHYIO
pOJIb U BAKYYMHOM 3JIEKTPOHUKW BBUIY ITOTEHIIM-

CHUIHBIC KaTOHbI, IMPOIICIIINE CTAgWI0 AKTUBUPOBA-
HUSI, Ha BO3IyXe HEOOPATUMO TEepSIIOT CBOM DMUCCH-
OHHBIC CBOMCTBA M3-3a TUAPOJIM3a. B oTmame ot HUX
KaTOoM, M3TOTOBJICHHBIN TTPECCOBAHNEM M3 CMECH TepP-
M00OpaboTaHHOTO MHUporpacduTa U TPOHHOTO Kapbo-
HaTta, TTOCje TePMOIIOJIEBOTO aKTHBUPOBAHUS MOXET
OBbITb BIHECEH Ha BO3IYX.

YCTOMYMBOCTL K BO3AEHCTBUIO aTMoc(hephl U
CPaBHHUTENIBHO BBICOKASI THJIOTHOCTh 3MUCCHUOHHOTO
TOKa JaeT BO3MOXHOCTb paccMaTpuUBaTh KaTOAbl M3
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BAeMOTI0 YCUJIMS HATIPSIMYIO BIUSIET
Ha MOp(}OJIOTHIO TOBEPXHOCTH U YC-

BICOKOBONETHBIA MCTOMHUE NUTAHKA
High voltage power supply

AHon

T
WCTOUHKK NMTaHKA
Power supply —'j_
f

HarpeeaTensHei INEMeHT

Heating element

Karon
Cathode

BannacTHwii pesucTop [] Knanaw
1 MOM Valve
Electrical ballast 1 Megachm

TOMYMBOCTD TOJY4aeMBIX OOpa3IoB.
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Puc. 1. Cxema ycTaHOBKM JUISl MCCJIEOBAHUS BOJIbT-AMIEPHBIX XaPAKTEPUCTHK KATONOB

Fig. 1. Circuit of an installation for research of VAC of cathodes

MIPeII0XEeHHOTO MaTepuraja Kak aIbTepHATUBY KaTo-
JlaM 13 MOHOKpUCTaJljla rekcabopuaa JaHTaHa, MpU-
MEHsIEMBIM B YCTAHOBKAX JICKTPOHHOM JTUTOTpaduu.
JOMOTHUTENbHBIM CYIIECTBEHHBIM IMPEVMYILECTBOM
KOMIO3UIIMOHHBIX KAaTOOOB SBJSETCS HU3Kasl pabo-
yas temreparypa (1120...1170 K no cpaBHeHUIO C
1770...1820 K nmns rekcabopura jaHTaHa), IIPOCTOTa
U3TrOTOBJICHUSI.

B maHHOI1 paboTe onnpoOOBaH METO/I CO3AAaHUST KOM-
MO3UTHOro Marepuana [3] U M3roTOBJIEHUS] KATOIOB
METOIOM MPEeCCOBAaHMS Ha PyYHOM Ipecce ¢ KOHTPO-
JINPYEMbBIM YCUJIUEM.

Marepuan U3roTaBIMBajICsl C MOMOUIbIO COBMECT-
HOIro M3MeJIbUeHMsI MOpOollKa TPOMHOro kapOoHaTta
0apusi, CTpOHIIMS, KaJIbLIMS U TEPMOOOPaOOTaHHOTO
nuporpaduta METOJOM MeXaHWYECKOW aKTUBALUU B
YCJIOBMSIX OBICTPOYIAPHOIO M3MEJbUEHUST Ha OMCKaXx,
Bpalatoimxcsi co ckopoctbto 150...300 ¢ L IIpu co-
BMECTHOM OBICTPOYAApHOM HU3MEJbYEHUU IOPOIIKa
TepMooOpaboTaHHOTO NuporpaduTa U TPOMHOro Kap-
OoHaTta Gapusi, CTPOHIMS, KaJblMsl 00pa3yloTcs Jyac-
TUIIBI, UMEIOLINE CTPYKTYPY CIIOMCTONM KOMITO3HMIIUM
rpaduta M TpoiiHoro kapoonata [4]. B mpouecce
IIPECCOBAHUS CJIOMCTast KOMITO3UIINS TpaduTa 1 Tpoii-
HOro KapOoHaTa CTpOHLMS, Oapusl, KaJbL1sl 00pa3y-
€TCS BO BCeM 00beMe 3arOTOBKM KaToa, IPUIeM CIIOU
pacriojlarajoTcsi OpMEHTUPOBOYHO B HaMpaBJIeHUHU,
MepHeHANKYISIPHOM HaIIpaBJIEHUIO CWJIBI AaBJICHUS, a
B JeeKTax MeXCIOMHBIX MPOCTPAHCTB CO3AAI0TCS 3a-
KPBIThIE MUKPOPE3EPBYaphl, 3alOTHEHHBIE 3MUCCH-
OHHO-aKTMBHBIM BelllecTBOM. I1pu U3roToBIeHUM Ka-
TONOB METOIOM IPECCOBAHMSI U3 KOMIIO3UTHOTO Ma-
Tepuaja ObLJI0 MoKa3aHO, YTO U3BMEHEHUE MPUKJIaIbl-
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IIpomecc mpeccoBaHMST 3aKIIO-
yajcsl B CAeAyloleM: B T-00pa3HyIo
npecc ¢opMy 3achinansach CMeCh U3
MU3MEeJbYEHHOTO TPOTHOro KapOboHa-
Ta IEJIOYHO3eMETbHBIX METAJUIOB U MMporpaduTa, 3a-
TeM MPEeCC CTAaBUJICSI Ha BEChI U CBEPXY KJIaJICsl TPy3 He-
00XOIMMOI MaccChl, ITOCJIE 3TOr0 IOJYYUBIIUICS Ka-
TOJ, U3BJIEKaJICs U3 Mpecc-(hOPMbI.

B nepBbIX 3KcIIeprMeHTaxX UCITOJIb30BAIMCh KATOIBI,
WU3TOTOBJICHHbBIE TIPU JaBJICHUU MopsiaKa 25 KF/MM2 u3
MOPOIIIKA ¢ MaJbIM pa3MepoOM YacTHIl.

Taxk kak Ha SMUCCUOHHBIE CBOMCTBA KATOJIOB MOTYT
BJIMSITh HECKOJIBKO MapaMeTpoB, TAKUX KaK AaBJICHUE
Ha Mpecc, pa3Mep YacTull Mopoiika, ¢hopMa MOBEpX-
HOCTU KaTola, TO HEOOXOAMMO MPOBECTU CEPUIO IKC-
MEePUMEHTOB JJIs1 OTpeAeeHUs ONTUMAIbHbIX 3HaJe-
HUI BTHX MTapaMeTpOB.

i KOHTpOJISI KavyecTBa 3MUTUPYIOLLEH ITOBEpX-
HOCTU KaTOMIOB MCMOJIb30BaIach pacTpOBast JIEKTPOH-
Hast MUKPOCKOTIVSI.

Mertonuka U3MepeHus BOJbT-aMIIEPHBIX XapaKTe-
puctuk (BAX) kaTonoB [5] 6bl1a ciaeaytoieit (puc. 1):
AQHOJHO-KATOAHBII y3eJl MU HarpeBaTeJbHbIA DJIEMEHT
MoMellaIM B BAKYYMHYIO KaMepy, 3aTeM MPOBOAMUIU
OTKAuKy KaMepbl 1O JaBJE€HUsI OCTaTOYHBIX TIa30B
MpsiaKa 1070 Topp u mu3mepsiiu BAX katoma mpu
KOMHaTHOW TeMIeparype, Mocjie 3TOro BKJIoYaayu Ha-
rpeBareib U, TPU JOCTUKEHUHM KaTOIOM CTaOMILHOM
temriepatypsl B 800 °C, moBTOpHO u3Mepsiiu BAX.
Paccrossnue anon — karon 6suto nmopsiaka 0,3...0,5 mMm.

AHaJIM3 3aBHCMMOCTH 3MHCCHOHHBIX
XapaKTePHCTHK KaToAa OT CI0c0o0a MOArOTOBKH
padoueii NOBEPXHOCTH

ITpu npeccoBaHuu Karoga (opMUPYETCsS BBICOKO-
AHU30TPOINHAs CTPYKTYpa, B KOTOPOIl YaCTHUIIbI pacio-
JIaraloTcsl TEePIEeHINKYJISIPHO HaIpaBICHUIO IIPWIIO-




Puc. 2. POM-u300paxkeHus MOBEPXHOCTH KATOAA MOC/I€ MEXAHHYECKOil 00pPa0OTKH M HOH-
HOTO TpaBJieHUs

Fig. 2. REM images of the surface of the cathode after mechanical processing and ion etching

KeHusl napieHust. OqHako BOJIM3U TTOBEPXHOCTU MPO-
HUCXOUT "3aBajJiMBaHMe" YaCTUIl, 3 UMEHHO, YACTULIbI
B TOHKOM IPUITIOBEPXHOCTHOM CJIO€ OPUEHTUPYIOTCS
napajuieJIbHO CTEHKE MAaTPUIIBI, B KOTOPOil IMPOMCXO-
JUT TpeccoBaHUE, W TEPHEeHAUKYJISIPHO OCHOBHON
CTPYKTYpe KaToaa. [1T0CKOJIbKY SMHUCCHSI IIPOUCXOINT C
TOPLIOB YaCTUIl B CTPYKType Karoda, To ajisi (hOpMU-
poBaHUs pabouell TMTOBEPXHOCTH KaToma HeoOXOIUMO
yIaIMTh "3aBajieHHbIE" 001acTH.

Br110 MccnenoBaHO HECKOJBKO KaTOMOB C OOWHA-
KOBBIM pa3MepoOM YacTUll U JaBJICHUEM MPEeCCOBaHUS,
HO C pa3HbIMM CIIOCOOaMU ITOATOTOBKM paboueit Imo-
BEpPXHOCTH, B TOM UMCJIE:

e CKOJI JIE3BUEM;
e UOHHOE TpaBJieHUE;
e CKOJI JIe3BHEM C IOCIEIYIOIIUM MOHHBIM TpaBe-

HUEM.

50

Puc. 3. BAX KaTonoB B peXnMe aBTO3MHCCHH NpH TeMmmepaType
25 °C. TpeyroJbHble TOYKH — 0OPAOOTKA MOBEPXHOCTH KATOA C NO-
MOIIBIO CKOJIA JIe3BHEM C MOCJIEAYIOIMM HOHHbIM TPABJIEHHEM, POM-
0OBHIHHE TOYKH — CKOJ Jie3BHEM, KBAJIPATHbIe TOYKH — HOHHOE
TpaBJieHHe KaToJa

Fig. 3. VAC of the cathodes in the autoemission mode at 25 °C. The
triangular points mark processing of the surface of the cathode by means
of a cleavage by a blade with the subsequent ion etching, the diamond-
shaped points mark a cleavage by a blade, the square points mark ion
etching of the cathode

B o0Opasnax ¢ moBepXHOCTSIMHU,
MOJyYEeHHbIMU UOHHBIM TpaBJeHU-
eM 0e3 MeXxaHMYeCKOol o0paboTKH,
Ha0J1101aJI0OCh HEMOJIHOE 0CBOOOX-
JIeHue paboueil MOBEPXHOCTU Ka-
TOZAA OT 3aBaJICHHBIX 0bJlacTeil, Tak
KaK KOPOHHBIN pa3psii B YCIOBUSIX
aTMoc(gepbl CTpaBiIuMBal 3TU 00-
paslbl TOJBKO C IpaHeil, a He Io
Bceil moBepxHOCcTH. CHIIBI TOKa
TpaBJieHUs ObUIO HEAOCTaTOYHO,
YTOOBI TTOJTHOCTBIO CTPAaBUTh TPaHU
KaTroja 3a nmpuemMaeMoe Bpems. JTo
CBSI3aHO C TeM, YTO TpaBJICHUE Ka-
TOAOB TIPOUCXOJIWUJO B YCIOBUSIX
atmMocdepbl U OTPaHUYMBAJIOCH
MOIIIHOCThIO OJIOKOB MUTAHMUSI.

OO6pa3ibl, B KOTOPbIX 3aBaJIEHHbIU CJI0#1 ObLI Mpe-
BapuUTeJbHO yAaJeH MeXaHWYeCKM (CKOJ JIe3BUEM),
yKe He UMEeNM TJIaaKOoi MOBEPXHOCTH, M XapaKTepuC-
TUKHW 3TUX KaTOAOB MOJyYaauch jaydlie (puc. 2). AB-
TOBMUMCCUS HauMHajlach Mpu HanpskeHuu B 3,2 kB
(puc. 3). IIpu HarpeBe TOK BO3HUKAJ TPU HAIpsKe-
Huu B 1,8 kB (puc. 4).

Haunydiive kaTonHble XapaKTepUCTUKU ObUIM TO-
JIy4eHBI TIOCJIe CKOJIa JIE3BUEM C MOCIEAYIOIIUM UOH-
HBbIM TpaBjieHueM. B otnuune ot o6pa3ioB 06e3 Mexa-
HUYECKOM 00pabOTKU 31eCh TpaBJIeHUE IIPOUCXOAUIIO
MO BCEH MOBEPXHOCTU KaTojAa 3a cueT 0Opa3oBaHMUsI
HEpPOBHOCTEH IOcie cKojia Jie3BUeM. ABTO3IMUCCHS
HaOJromanach IIpyu HanpsokeHuu B 2,4 kB, a mociie Ha-
IpeBaHUsI SMUCCUs Tpoucxoauaa yxe npu 1,6 kB, u
npu 2,5 kB gocTturancsi MakCMuMaibHbIM TOK.
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Puc. 4. BAX KaTo10B B peXXnMe TEPMOABTOIMHUCCHH NPH TEMIIEPATYpe
650 °C. TpeyroabHbie TOYKH — 00pa0OTKA NOBEPXHOCTH KATOAA C NO-
MOIIBIO CKOJIA Jie3BHEM C NOCJeNYIOIMM HOHHBIM TPaBJIEeHHEM, POM-
0OBHIHHE TOYKH — CKOJ Jie3BHEeM, KBAJIPATHbIe TOYKH — HOHHOE
TpaBJieHHe KaToaa

Fig. 4. VAC of the cathodes in the mode of thermal autoemission at
650 °C. The triangular points mark processing of the surface of the
cathode by means of a cleavage by a blade with the subsequent ion
etching, the diamond-shaped points mark a cleavage by a blade, the
square points mark the ion etching of the cathode
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AHaM3 3aBHCHMOCTH 5MHCCHOHHBIX XAPAKTEPUCTHK
KaToJa OT AABJICHUS NPECCOBAHUSA

IToBepXHOCTM KAaTOMOB, M3TOTOBJICHHBIX IIPU pa3-
JINIHOM JaBJIeHWH, OBLTN MCCIEeAOBAHBI ¢ TTOMOIIBIO
POM nns ompenelieHUS ONTUMAILHOIO IaBICHUS
npeccoBaHusl (puc. 5).

_.'_.-?‘i'.v'"
Y | [ .,- {
J 1..{' 59,

Puc. 5. PDM-u300paxkeHus KaTo10B, H3rOTOBJIECHHBIX MPH Pa3JIMYHOM JABJIECHHH NPECCOBA-
HHUsA (CBepXy BHM3): 3 KI‘/MMZ, 7 KI‘/MM2, 8 KI‘/MM2, 10 KI‘/MM22 a — yBenuyeHue 50x; b —

yBeandenue 500%

Fig. 5. REM images of the cathodes under various pressures of pressing (from top to bottom):
3 kg/mmz, 7kg/mm2, & kg/mmz, 10 kg/mmzz a — 50 magnification; b — 500x magnification
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M3 puc. 5 BUaHO, 4TO ONTUMAaJIbHAs CTPYKTYypa J10-
cTUTaeTcsl Mpu AaBieHuu 7...8 KF/MMZ. IIpu OGonee
HUBKUX JaBJICHUSIX TIPOMCXOIUT paccIoeHre Mporpa-
(uta, 4TO BEAECT K MOBBILICHUIO XPYIKOCTU KaToAa U
€ro pas3pylleHUIo B TIpollecce M3roroBiieHus. [lpu
0oJiee BBICOKMX AABJACHUSX MPOUCXOAUT pa3pyllieHue
MOHOCJIOEB MuporpaduTa.

Ha puc. 6 mpencraBimeHa BAX
KaTona, M3rOTOBJIEHHOTO TPU NaB-
JeHun 8§ Kr/MM2 W VICCIEAOBAHHOTO
MpY KOMHATHOM TemmepaType. bout
clenaH cpe3 Je3BUeM TOPIEBOH T0-
BEPXHOCTH Karoja.

ABTOSMHCCUOHHBIN TOK HAUMHAa-
ercs npu HanpskeHu 900 B, uto B
1,5 pa3a HMXe, YeEM Y JYYIIHUX KaTO-
TTOB, U3TOTOBJIEHHBIX MPU AABICHUU
25 Kl‘/MMz.

AHaJIM3 3aBHCHMOCTH
SMHCCHOHHBIX XaPaKTEPHCTHK
KaToJa OT CTeNeHH
3HEPreTHYECcKoii 00padoTKu
HCXOIHOr0 MaTepHalia

Hanee wuccienoBaiuCh CTPYKTY-
Dbl IOBEPXHOCTU KaTOMOB, U3rOTOB-
JICHHBIX W3 WHTEpKaJIATA C pPas3imd-
HOI CTeNeHbI0 SHEPreTUYeCKOoi 00-
paboTKu (CTEIEeHbIO M3MEIbUYeHUS
nuporpadura 1 TPOMHOro KapooHaTa
1LIeJIOYHO3EMEIbHBIX METaUIOB), HO
NMpU OJMHAKOBOM JaBJIECHUU Mpec-
COBaHUS.

Ha puc. 7 npuseneHsl POM-
n300paxkeHUsT KaTOIOB, M3TOTOB-
JIECHHBIX U3 9TUX MOPOLIKOB.

N3 POM-uzobpaxkeHUuit BUIHO,
YTO MOpOoIIoK Ne 16 He MMeeT ciio-
HUCTON CTPYKTYpHI, T.€. CJIOW WH-
TepKajasaTa ObUIM pa3pylleHbl Mpu
npeccoBaHuu. Ilpu Oonee HU3KUX
TMaBJICHUSIX STOT ITOPOIIIOK HE MMEeT
IOCTaTOYHO TBEPAOCTU MJISI TIPO-
BeleHUs ucclienoBaHmit. [Topoirok
No 14, KOoTOpbIif UCMOAB30BAICS BO
BCEX BBIIICONMMCAHHBIX 3KCIEPH-
MEHTax, UMEET CXOXYIO C IMOPOIII-
KoM Ne 17 ctpykrypy. buimo perrre-
HO TPOBECTH MCCJIEJOBAHUE KaTo-
ITOB Ha OCHOBe TTopotrka Ne 17.

Ha puc. 8 mpeacrabimeHa BAX
KaToza, N3rOTOBJIEHHOTO M3 ITOPOIII-
ka Ne 17 mpu paBiaeHuu 8 Kl‘/MMz.
Pabouasi noBepxHOCTh KaToaa Oblia
CKOJIOTa JIE3BUEM.
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Puc. 6. BAX karona npu nasinennu 8 KI‘/MMZ npu Temnepatype 25 °C
Fig. 6. VAC of the cathode under pressure of 8 kg/mmz at 25 °C

WccnenoBanre moBepXHOCTU KATOMOB M3 MOPOIIKA
Ne 17 npu pas3iInMyHBIX AaBJICHUSIX IPECCOBAHUST BbI-
SIBUJIO ONTUMaIbHOE 3HaueHue 8§...10 KF/MMZ.

st monmydeHnsT MaKCUMaJIbHOM TUIOTHOCTH TOKO-
oTOopa (orpaHUYEHUE MO MAKCUMAJIbHOMY TOKY MC-
TOYHUKOB TUTaHUSI) ObLT M3rOTOBJIEH KaToi U3 TO-
pouika Ne 17 ¢ MacCoBbIM OTHOILLIEHUEM MUporpacuTa
K TPOMHOMY KapOOHATy IIEJIOYHO3EMEbHBIX METall-
JioB 5:1 nipu AaBiaeHuU 7 Kr/MM2 (puc. 9). 1ns noBbI-
IIEHUS HANPSKEHHOCTH TIOJIST Y SMUTHUPYIOIIEH T10-
BEPXHOCTU ObUT BBITOJHEH CKOJ JIE3BUEM.

3akmouenue

PaszButre METOIMKM M3rOTOBJICHUSI KATOAOB U3 TH-
porpacdura, THTepKAJINPOBAHHOIO TPOMHBEIM KapOOHa-
TOM 1LIEJIOYHO3EMENbHBIX MeTa/LIoB (Ba, Sr, Ca) CO;3,

Puc. 7. POM-u300paxkeHnsi KaToAOB ¢ Pa3HOil CTENEHbI0 N3MeIbYeHHsI, U3TOTOBJEHHBIX M3 NopomkoB Ne 14, Ne 16, Ne 17
Fig. 7. REM images of the cathodes with different degrees of crushing from powders Ne 14, Ne 16, No 17
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Puc. 8. BAX katona, usrorosjienHoro u3 nopomka Ne 17 npu nas-
Jnenun 8 KI‘/MM2 npu temnepatype 25 °C

Fig. 8 VAC of the cathode from powder Ne 17 under pressure of
8 kg/mm? at 25 °C
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Puc. 9. BAX katona, usroroBienHoro u3 nopomka Ne 17 npu nas-
JieHnu 7 l(r/MM2 B PeXHME MaKCHMAJIbHOIO TOKOOTOOpA

Fig. 9. VAC of the cathode from powder Ne 17 under pressure of
7 kg/mmz in the mode of the maximal current takeoff
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MMO3BOJIWJIO TIOJYYUTh MOPGOJIOTHIO ITTOBEPXHOCTH,
OJIM3KYIO K ONTUMAJIbHOM, a TakKe ObUTM HalAeHbI OIl-
TUMaJIbHbIE METOAbl 0OPaOOTKM MOBEPXHOCTH KaToja,
KOTOpbIE MO3BOJISIIOT 3HAYUTEIBHO YMEHBIIUTh HAIpsi-
JKEeHMe, TIpY KOTOPOM HAuyMHAeTCs TOKOOTOOp, U yBe-
JIMYWUTh 3HAYEHUSI MAaKCUMaJIbHOTO TOKa 3MUCCUU.

IlocnenHue pe3ynbraTbl ObUIM JOCTUTHYTHI 3a CYET
UCIIOJIb30BaHUsA cMecH nuporpadura u (Ba, Sr, Ca) CO5
C YBEJIMYEHHBIM pa3MepOM YacTUll. TOKOOTOOp Ha XO-
JIOAHOM Kartone, HauuHaetcs npu 1 kB, a Ha ropsiyem
KaTole HaOMI0JaeTCsI TEPMOAIMUCCUOHHBINA TOK IIpU
HYJIEBOM HaMpsKEHWH, YTO TOATBEPKAAET, YTO KaTo.
HaXOAUTCS B PeXXUME TEPMOSIMUCCUHU TIPU TeMIepaTy-
pe ~900 °C.

B mnocinenHux skcrepuMeHTax Oblla JOCTUTHYTA
IUIOTHOCTH ToKa B 0,15 A/CM2 pU JOCTATOYHO 0O0JIb-
IIOM PacCTOSIHUM aHOoA—KaToa B ~0,8 MM 1 Hampsike-
Huu Ha aHojae 4400 B.
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The interest to the emitters from carbon and carbon

materials [1] with the graphite-like type of interatomic
bonds (intercalated graphite, carbon fibers, vitreous
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graphite) is connected with their low costs, lower work
function in comparison with other materials, and
chemical inertness of the graphite-like materials. The




latter is especially important, because in the course of
emission of electrons the surface of the autoelectronic
emitter is subjected to the influence of the ions formed
during the ionization of the atoms of the residual gas in
a strong electric field.

Research of the materials plays an important role in
the vacuum electronics because of the potentially low
work function of the nanographite materials in com-
parison with the other materials. An important advan-
tage of the cathodes from the nanostrutured materials
based on graphite is also a possibility of their exposition
to the atmosphere for a long time [2]. In the air the tra-
ditional oxide cathodes, which passed activation, lose
their emission properties irreversibly because of hydrol-
ysis. In contrast to them, the cathode made by pressing
from a mixture of the thermally processed pyrographite
and triple carbonate after a thermofield activation can
be exposed to the air.

Resistance to atmosphere and a relatively high den-
sity of the emissive current provide an opportunity to
consider the cathodes from the proposed material as an
alternative to the cathodes from a monocrystal of lan-
thanum hexaboride, applied in the installations of elec-
tronic lithography. Other advantages of the composite
cathodes are a low working temperature (1120...1170 K
in comparison with 1770...1820 K for lanthanum hex-
aboride) and simplicity of manufacturing.

The given work analyzes the results of development
of a composite material [3] and of manufacturing of the
cathodes by pressing on a manual press with a control-
lable effort.

The material was made by means of joint crushing
of the powders of the triple carbonate of barium,
strontium, calcium and thermally processed pyrog-
raphite by mechanical activation in the conditions of
quick-blow crushing on the disks rotating with the
speed of 150...300 s~ The particles formed as a result
of the joint quick-blow powder crushing had the struc-
ture of a layered composition of the graphite and triple
carbonate [4]. During pressing the layered composition
of graphite and triple carbonate of strontium, barium
and calcium was formed in the volume of the workpiece
of the cathode, at that, the layers were situated in the
direction perpendicular to the force of the pressure,
while in the defects of the interlaminar spaces closed
microtanks were created, filled with an emission-active
substance. During manufacturing of the cathodes by
pressing from a composite material it was shown, that
a change of the force directly influenced the morphol-
ogy of the surface and resistance of the samples. Also
the former was influenced by the degree of crushing of
the powders-components.

For manufacturing of the cathodes with the optimal
structure the experiment was divided into two parts.
First, the technology for improvement of the charac-
teristics of a separately taken cathode (processing of the
emission surface) had to be optimized and then it was

necessary to select the most suitable conditions for
pressing and a powder material for manufacturing of a
series of cathodes.

Pressing was done in the following way: a t-shaped
press form was filled with a mixture of crushed triple
carbonate of the alkaline-earth metals and pyrog-
raphite, then the press was put on scales and the nec-
essary weight was placed on top of it and after that the
cathode was taken out of the compression mould.

The cathodes used in the first experiments were
made under pressure of about 25 kg/mm2 from a pow-
der with small sizes of particles.

Since the emission properties of the cathodes can be
influenced by several parameters: pressure upon the
press, size of the powder particles, form of the surface
of the cathode, it is necessary to undertake a series of
experiments for determination of the optimal values of
the parameters.

For quality control of the emitting surface of the
cathodes the raster electronic microscopy was used.

The technique for measurement of the volt-ampere
characteristics (VAC) of the cathodes [5] was the fol-
lowing (fig. 1): the anode-cathode unit and the heating
element were placed in a vacuum chamber, then the
gases were pumped out the chamber down to the pres-
sure of the residual gases of about 107 Torr and VAC
of the cathode was measured at a room temperature, af-
ter that the heater was turned on and, after achievement
by the cathode of a stable temperature of 800 °C, VAC
were measured again. The anode — cathode distance
was roughly equal to 0.3...0.5 mm.

Analysis of the dependence of the emission
characteristics of the cathode on the method
of preparation of the working surface

During cathode pressing a highly anisotropic struc-
ture was formed, in which the particles were situated
perpendicularly to the applied pressure. However, near
the surface the particles were "tumbled”, that is, the
particles in the thin near-surface layer were oriented in
parallel to the matrix wall, in which pressing occurred,
and perpendicularly to the basic structure of the cath-
ode. Since the emission occurred from the ends of the
particles in the cathode structure, for formation of a
working surface it was necessary to remove the "tum-
bled" areas.

Several cathodes were investigated with the identical
sizes of particles and pressure of pressing, but with dif-
ferent methods of preparation of the working surface,
including:

o Cleavage done by a blade;

o Jon etching;

o Cleavage done by a blade with a subsequent ion
etching.

In the samples with the surfaces obtained by ion
etching without mechanical processing the cleaning of
the working surface of the cathode of the tumbled areas
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was incomplete, because a corona discharge in the at-
mosphere slackened the samples out only on the facets,
but not on all the surface. The force of the etching cur-
rent was not enough to completely slacken out the cath-
ode facets in acceptable time. That was due to the fact
that etching of the cathodes occurred in the atmosphere
and was limited by the potential of the power units.

The samples, in which the tumbled layer was prelim-
inary removed mechanically (cleavage done by a blade),
already had no smooth surface, and the characteristics
of those cathodes turned out to be better (fig. 2). Au-
toemission began at voltage of 3.2 kV (fig. 3). During
heating the current arose at voltage of 1.8 kV (fig. 4).

The best cathode characteristics were received after
the cleavage was done by a blade with the subsequent
ion etching. In contrast to the samples without me-
chanical processing, the etching was done on all the
surface of the cathode due to formation of roughnesses
after the cleavage done by a blade. An autoemission was
observed at voltage of 2.4 kV, and after heating the
emission occurred already at 1.6 kV, while the maxi-
mum current was reached at 2.5 kV.

Analysis of the dependence of the emission
characteristics of the cathode on the pressure
of pressing

The surfaces of the cathodes made under various
pressures were investigated by means of REM for de-
termination of the optimal pressure of pressing (fig. 5).
It is visible that the optimal structure was reached at
7..8 kg/mmz. At lower pressures there was a stratifica-
tion of pyrographite, which resulted in an increase of
fragility of the cathode and its destruction during man-
ufacturing. At higher pressures the destruction of the
monolayers of pyrographite occurred.

Fig. 6 presents VAC of the cathode made under
pressure of 8 kg/mm2 and investigated at a room tem-
perature. A cut of the end surface of the cathode was
done by a blade. The autoemission current began at
900 V, which was 1.5 times lower, than that of the best
cathodes made under pressure of 25 kg/mmz.

Analysis of the dependence of the emission
characteristics of the cathode on the degree
of power processing of the initial material

Then the structures were investigated of the surfaces
of the cathodes made from intercalants with various de-
grees of power processing (degree of crushing of pyrog-
raphite and triple carbonate of the alkaline-earth met-
als), but under the same pressure of pressing.

Below REM images are presented of the cathodes
made of these powders. From REM images (fig. 7) it
is visible, that powder Ne 16 has no layered structure,
i.e. the layers of the intercalant were destroyed during
pressing. At a lower pressure this powder has not
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enough of hardness for researches. Powder Noe 14,
which was used in all the above described experiments,
has a structure similar to that of No 17. It was decided
to carry out the research of the cathodes on the basis of
powder Ne 17.

Fig. 8 presents VAC of the cathode from powder
Ne 17 under pressure of 8 kg/mm2. The working surface
of the cathode was cut off by a blade. Research of the
surface of the cathodes from powder Ne 17 under var-
ious pressures of pressing revealed the optimal value of
8...10 kg/mm?.

For obtaining of the maximal density of the current
takeoff (restriction by the maximal current of the power
supplies) a cathode was made of powder No 17 with the
mass correlation of pyrographite to triple carbonate of
alkaline-earth metals of 5:1 at 7 kg/mmz. In order to
ensure higher field intensity a cleavage at the emitting
surface was done by a blade.

Conclusion

Development of the technique for manufacturing of
the cathodes from the pyrographite intercalated by triple
carbonate of the alkaline-earth metals (Ba, Sr, Ca) CO;4
made it possible to receive the morphology of the sur-
face close to the optimal one and also to find the op-
timal methods for processing of the surface of the cath-
ode, allowing us to reduce considerably the pressure, at
which current takeoff begins, and to increase the max-
imal current of emission.

The last results were reached due to the use of the
mixture of pyrographite and (Ba, Sr, Ca) CO5 with an
increased size of particles. Current takeoff on the cold
cathode began at 1 kV, while on the hot cathode the
thermal emission current was observed at a zero volt-
age, which proved, that the cathode was in a thermal
emission mode at ~900 °C.

In the last experiments the current density of
0.15 A/CM2 was reached at a rather big anode-cathode
distance of ~0,8 mm and voltage on the anode of 4400 V.
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BAMAHUE TEXHOAOTUYECKMX MOTPEIWUIHOCTEN U3TOTOBAEHMUS
MUKPOCUCTEMHOI'O BUBPALULMOHHOIO MOAYAATOPA
IAEKTPUYECKMX MOAEMN HA ETO XAPAKTEPUCTUKU

Ilocmynuna 6 pedaxuuro 23.06.2016

Ilpedcmasaena mexnonoeuueckas nocaedo8amesbHOCms U3e0MOBAeHUS MUKPOCUCTEMHO20 8UOPAUUOHHO20 Modyaamopa. TIpo-
yecc IMeKmpoxXuMU4eckKoeo mpasierus IKPaHupyioueeo 1eKmpooa 8UGPauUoOHHO20 MOOYASAMOpPa onpedeieH KAk KPUmMu4Hbll
2Man MexHoA02UU U320MOBACHUSI BUOPAYUOHH020 MOOYASMOPA, NPOBe0eH AHAAU3 e20 GAUAHUSHA OCHOBHble Napamempsl aUOPa-
YUOHH020 MO0YAmopa, onpedeseHa 3a8UcCUMOCMb PE30HAHCHOU Yacmomyl Om mexHoao2uu uzeomoenenus. lIlokazana 603modc-
HOCMb U320MO6AeHUS pAOOMOCNOCOOH020 BUOPAYUOHHOO MOJYAAMOPA NPU HE2AMUBHOM BAUSHUU NPOUECCA INEKMPOXUMUYECK 020

mpaeneHus.

Karoueeste caosa: muxpocucmemmbwill 6UOPAYUOHHBIL MOOYAAMOP INEKMPUUECKUX Noaell, INeKMPOXUMUYECcKoe mpagieHue,

SKPAHUPYIOWUT S1eKMPO0, Pe30HAHCHAS YaAChOoma

Bsenenune

BubpanuuroHHbie MOAYISTOPHI TPUMEHSIIOTCS B Ka-
YECTBE MCITOJHUTEIbHBIX YCTPOMCTB AATYMKOB BJIEKT-
pudeckux mojeir. OHM obecreuyrBaloT B JaTYUKOBBIX
cUCTEMaxX MpeoOpa3oBaHUE HAMPSIKEHHOCTU 3JIEKTPU-
YeCKOTO TOJid B SKBMBAJIEHTHOE HANPSLKEHUE BJIEKT-
pUYECKOTO CHUTHAJIA.

MukpocucTeMHbI BUOpAILIMOHHbBII MOIYJISITOP SIB-
JISIETCS COCTAaBHOM YaCTbIO U3MEPUTEIBHOIO YCTPOUC-
TBa JEKTPUUYECKHUX MOJIel, KOTOPOE COAEPXKUT TaKxkKe
YCUJIUTENbHBIA KacKaJl, yCTPOUCTBO NETEKTUPOBAHUS
U 4YacTOTHBIN reHepatop. M3 Bcex nmepeuyrciaeHHbIX Co-
CTaBHbIX YaCTeil TOJIbKO MapaMeTpbl YACTOTHOTO TeHe-
paropa HaxoJsATCsl B 3aBUCUMOCTU OT XapaKTEPUCTUK
MoayJissTopa. BbixogHast yacToTa reHepaTopa 3aaaeTcs
PaBHOM PE30HAHCHOM YacTOTE SKPAHUPYIOLIETO DJIEK-
Tpojaa, OINpPEeJeeHHOTO Ha OCHOBE MaTeMaTUyecKoro
MOJIEIMPOBAHUS, U MOXET ObITh CKOPPEKTUPOBAHA MPU
WUCIIBITAHUSX OIBITHBIX 00pa3uoB. TakuMm o0pa3oM,
MocJjie OTJaAKW W3AeNus 4yacToTa reHeparopa CTpOro
orpeneseHa U OoJiblIIE HE MEHSIETCS, CIeNOBaTeNbHO,
HeoOXoInMMO 00ecTeuynTh MaKCUMabHOE COBIIaleHE
3a/Ia101IEe YaCTOThl TEHEPATOPa U YaCTOThI pE30HaHCca

9KPAHUPYIOUIETO 3JEKTPoJa MpPU MPOU3BOACTBE Ce-
puitHBIX 00pa3ioB. [Iporecc Mpom3BoICTBAa C BBICO-
KOI CTEINEeHbIO BEPOSITHOCTU MOXKET BHOCUTH MOTPEIII-
HOCTU B OTIEJbHbIE XapaKTepUCTUKU WU3TOTaBIMBAc-
MBIX U3IEIUI B COCTaBe MapTHUMN.

Haunbonee KpUTUUHBIM 3TAllOM TEXHOJOTMYECKOTO
MaplipyTa M3rOTOBJIEHUSI, KOTOPBI MOXET BHECTHU
MaKCHUMaJbHYI0 MOTPELIHOCTh B M3rOTOBJIEHUE MUK-
POBIEKTPOMEXaHUIECKUX CUCTEM, SBIISIETCS 3JIEKTPO-
XUMUYECKOE TpaBJIEHUE, MOCKOJbKY MpPU 3JEKTPOXU-
MUYeckoii 0b6paboTKe TOYHOCTh 0O0pabOTKM OTHOCU-
TeJIbHO HeBbICOKas. [IprMurHO UCTIONIB30BAHUS 3TOTO
MeToza SBJISIETCSI OECKOHTAKTHBIN CITocob (opMoo0-
pa3oBaHMSI, a TAKKE OTCYTCTBHE M3HOCA MHCTPYMEHTA.
OmHako JOCTUTHYTbIE TEXHOJOTMYECKHE IoKazaTeau
npoiiecca, TakMe Kak TOYHOCTb (POpMOOOpa3OBaHMS
(0,05...0,3 MM) 1 KauecTBO 0OpabOTAaHHOI ITOBEPXHOC-
TH, OTPAHMYMBAIOT IPUMEHEHUE WIU BOOOIIIE HE MO03-
BOJISIIOT UCIIOJIb30BaTh B3JEKTPOXUMUUYECKOE TpaBJe-
HUE 71T BBICOKOTOUHBIX M (DMHUIITHBIX OTTepalivii Ipu
MUKpodopMmupoBaHuu [1—5]. YueT cTerneHu BIUSHUS
HEBBICOKOW TOYHOCTHU M3TOTOBJIEHUS BUOPALIMOHHOIO
MoayJsiTopa 3jekTpudyeckux nojei (BMOII) Ha ero
CTaOMJILHOCTD SIBJISIETCSl aKTyaJIbHOM 3amayeil.
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HecoBnageHue 4acTOTHI CUTHaja BO30YXIeHUSI Te-
HepaTopa U COOCTBEHHON PEe30HAHCHOW YacTOThl 3K-
PaHUPYIOLIETO 3JEKTPOAA MIPUBOAUT K YMEHBIIEHUIO
aMILUIUTYIbl KoJieOaHUM WM MX OTCYTCTBUIO M, KakK
CJIeNCTBUE, K IOJHOU IoTepe (PYHKIMOHAJIbHOM CIIO-
COOHOCTH YCTpPOICTBA.

3anaun

Ha ocHoBanum aHaiam3a pacCMOTPEHHBIX METOIOB
MUKpOhOpMOOOpa30BaHUs B NaJIbHEMIEM LIeJIeco-
00pa3Ho paccMaTpuBaTh CIIOCO0 BJIEKTPOXUMUYECKOMN
00paboTKM Kak HauboJjiee MEepCreKTUBHBIN C TOUKU
3peHus obecriedeHUsI 3aJaHHBIX KaueCTBa MOBEPXHOC-
TH MHUKpOZAETaJieid 1 TOYHOCTH ee 00paboTKU.

B c¢BsI3u ¢ 3TUM aKTyalbHOU IPOOJEMOI SIBIISIETCS
ofpeaeeHrue IMOoCAeI0BaTeIbHOCTH Ofepaluii u3ro-
TOBJIEHHMSI BUOPALIMOHHOTO MOIYJISITOPA U BBISIBJICHHE
HamboJlee KpUTUIHBIX U3 HUX.

OCHOBHBIMM 3aa4aMU IIPU 3TOM SIBJISIIUCH:

e pa3paboTKa M ONMMCAaHUE MOCIeAOBATEIBHOCTH TeX-
HOJIOTMYECKHX TIPOIIECCOB HM3TOTOBJIIEHUsI BHOpa-
IIMOHHOTO MOAYJISTOPA 3JICKTPUUECKOTO TTOJIS;

e OIpeaesieHne KPUTUIHOTO 3Tara TeXHOJIOTUIECKO-
O IIpoliecca N3rOTOBJICHUST BUOPAIIMOHHOTO MOIY-
JISITOpa 3JMeKTPUUYECKOTO MOJIs;

e OIpeAclIeHNe BIMSTHUS KPUTUYHOTO 3Tara TeXHO-
JIOTMYECKOro Ipoliecca Ha Pe30HAHCHYIO YacTOTy
SKPaHUPYIOILIETO 3JIEKTPOJa BUOPAIIMOHHOTO MO-
IyJsTopa.

TeXHOTOTUUECKAI MapUIpyT W3TOTOBJIICHUS OIM-
ChbIBaeT MpPOILECC CO3AaHMSI BUOPALIMOHHOTO MOMYJISI-
TOpa MEKTPUIECKOTO TToNst (puc. 1, cM. TpPeThIO CTO-
poHy 00J0XKH1). KOHCTpYKLIMS U MPUHIUN pabOTHI
BMDOII nogpo6HO mpencraBieHsl B pabote [6].

dnsa popMupoBaHMST 3KPAaHUPYIOIIETO JIEKTPOJa,
BBITTOJITHEHHOTO B BUAE IMOABMIXKHOM TUTACTUHBI, WC-
nosib3oBanack Gojera 29HK (F'OCT 10160) Tomm-
Hoit 20 MxM. TexHOMOTMYECKMIT MapILIPYT 10 U3TOTOB-
JIEHUIO BUOPALIMOHHOTO MOAYJISITOpA COCTOMUT U3 Clie-
IYIOLIUX OIlepalnii:

1. Boipe3aHue 3arotoBok u3 oabru Mapku 29HK.

2. Xummnyeckass o0paboTKa 1 CyllIKa 3aroTOBOK.

3. HaneceHue dortope3ucta u cyiika ¢poTopesuc-
TUBHOU MACKU.

4. ®opMUPOBaHKUE PUCYHKA METOJOM KOHTAKTHOM
JIBYCTOPOHHEN (hoTonuTorpadum.

5. KoHTpoJsib TOMOJIOrMYEeCKOro pUCyHKa.

6. 3any0auBaHue Macku (porope3ucTa.

7. IlpoBeneHue KOHTPOJISI TUHEHHBIX pa3MePOB Ha
IJTACTUHAX B COOTBETCTBUM CO COOPOYHBIM UEPTEXKOM.

8. JIBycCTOpOHHEE 3JEKTPOXUMHUYECKOE TpaBJIeHUE
3arOTOBKH.

9. CHsiTue (oTope3ncTa B paCTBOPUTEJIE.

10. KoHTposib TpaBaeHuUsI.

11. Bripe3aHue 3aroToBOK.
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12. MoHTax BepxHeil U HUKHEN ITeYaTHOU ILIaThl
C KOPIYCOM MOAYJIITOpa B COOTBETCTBUU CO COOPOY-
HBIM YEPTEKOM.

13. KoHTpoJib KauecTBa MOHTAXA.

Horpemuocu JJICKTPOXHMHYIECCKOI0 TPABJICHUA

Cpenu npoBeIeHHBIX OITepaliii OMHUM U3 KPUTHY -
HBIX 3TanoB u3rorosiaeHuss BMOII sBaseTcs anekTpo-
XUMMUYECKOE TPABJICHHUE, UTO CBSA3aHO C BEICOKMM YPOB-
HeM MOTPELIHOCTY MPU U3TOTOBJIEHUU MUKPOGMOPM, B
KOTOPBIX OTHOLIIEHNE IIMPUHBI MUKPOS3JIEMEHTA K €ro
DIyouHe jgoctaTtouHo Beauko [7]. Mcxoma m3 atoro
KpailHe BaKHO OLIEHUTb CTEIEHb BJIMSHUS TOUHOCTHU
(opMooOpazoBaHusl BJIEKTPOAA HA €ro YaCTOTHbIE Xa-
PaKTEPUCTUKH.

sl OLIEHKM TMOTPEIIHOCTU 3JEKTPOXUMUYECKOIO
TpaBJieHUs1 Ha paboueM MecTe, cocTosiueM u3s [IBBM
U 2JIEKTPOHHOIO MUKPOCKOTA, MPOBEACH Psi U3Mepe-
HUII 00pa3loB 3KpaHUpPYIOLIUX 3J1eKTpogoB BMOII.
Pasmepsbl, KoHTpoIupyeMbie MPU U3MEPEHUHU, yKa3a-
HBI Ha puc. 2.

Puc. 2. Dkpanupyrommii 3jextpog BMOII ¢ yka3annem uzmepsieMbix
pa3MepoB, 32JI0KEHHbIX KOHCTPYKTOPCKO# JOKyMEHTanuel

Fig. 2. Shielding electrode of VMEF with indication of the measured
dimensions specified in the design documentation

Puc. 3. Ilats rpynn uccienyeMbix IKPaHUPYIOIMUX JEKTPOJOB pa3-
JINYHOH reoMeTpuyecKoil (hopmbl

Fig. 3. Five groups of the studied shielding electrodes of varied geometry




Ilenbio mpoBeneHUsT U3MEPEHUI OBLIO Ompeaee-
HUE 3aBUCHMMOCTM BJIMSIHUSI TEXHOJOTMYECKOIO Ipo-
1ecca Ha CaMblii IJITaBHBIM BBIXOAHOW IMapaMeTp U3Je-
JIUSI — PE30HAHCHYIO YacTOTY.

st mpoBeneHUsI 3KCIIEPUMEHTA T10 BbISIBJIEHUIO
(hakTOopa BIAMSHMS Tpoliecca BJIEKTPOXMMUYECKOIO
TpaBJICHUST HAa TEXHOJIOTMIO M3rotoBieHnss BMOII Obi-
JIU U3TOTOBJICHBI MSITh TPYIN JIEKTPOJOB, pas3anyaro-
1IXcs 1Mo reomeTpudeckoi popme (puc. 3). CornacHo
KOHCTpyKTOpcKoit nokymeHTauu (K1) pasmep A co-
craBisgeT 450 mxm, pasmep B paBen 1100 Mxm.

Ha puc. 4, 5 (cM. TpeTbIO CTOPOHY OOJIOXKKH) Mpe/-
CTaBjieHa BU3yaju3alysl pabOThl 3J€KTPOHHOTO MUK-
pockona Olympus BX51 no usmMepeHuo guamerpa u
pacCTOSTHUSI MEXIY OTBEPCTUEM U KpaeM 3KpaHUPYIO-
IIEro 3JeKTpoaa BUOPALIMOHHOIO MOIYJISTOpA.

Kaxnast rpyrna coctosijia U3 Tpex 3KpaHUPYIOLIUX
3JIEKTPOJOB OJMHAKOBOI reoMeTpruuecKoil (DOpMHEI.
Bce rpynnbl 37eKTponoB ObLIM M3rOTOBJEHBI B €IM-
HOM TEXHOJIOTHUYECKOM ITPOIIECCE DIEKTPOXUMUYECKO-
r'o TpaBJIEHUS C TTOCIEAYIOIIM MTPOBEAEHUEM U3Mepe-
HUii. Pe3ynbTaThl U3BMEPEHU 00BEMOB BHITPABICHHO-
ro MaTepvajla ¥ pe30HaHCHOU 4acCTOThbl MPUBEACHBI B
TabuIIE.

AHanmM3 pe3yabTaToB, TPUBEIECHHBIX B TaOJMIIE,

MO3BOJIWJI CAEJATh CIEAYIOIINE BbIBOIBI:

e 3HAyeHUs] OTKJOHEHMS MOJyYeHHBIX IMaMeTpPOB
OTBEPCTUIA 2JIEKTPOIOB TOJIIIMHON 20 MKM OT 3a-
JaHHbBIX JocTUraeT 192 MKM B CTOPOHY YBEJIMYEHMUSI
JIraMeTpa BHYTPEHHEro OTBEPCTUSI, UTO COCTaBIISIET
17 % or 3HayeHnus, 3amoxeHHoro B K/I. Otkione-
HUE OT 33JJaHHOTO PACCTOSTHMSI MEXIY KpaeM OT-
BepCTUS U KpaeM dJieKTpoma gocturaeT 208 Mk,
YTO cocTaBysieT 46 % OT 3HaUeHMs, 3aJI0)KEHHOTO B
K. B maHHOM ciyyae MOXHO T'OBOPUTH O IIepe-
TpaBe, 00pa30BaBIlIEMCSI B TPOLECCE DIEKTPOXHU-
MUYECKOI MUKPOOOPAOOTKHU;

e OTKJIOHEHME MEXIy KpaeM 2JIEKTPOoJa U OTBEPCTU-
€M B M3TOTOBJIEHHBIX 3JIEKTPOJaX TOMIMHON 20 MKM
JocTuraet 82 MKM B CTOPOHY YMEHBILIEHUsI pa3Mme-
pa, uto coctaBnsieT 7 %; OTKIOHEHUE pa3mepa OT
Kpasi OTBepCTUSI 10 Kpas dJEKTpoAa MEXAY M3ro-
TOBJICHHbIMU oOpa3liamu pocturaer 104 Mxm, 4to
coctaBisieT 42 % 1 CBUICTEIBCTBYET O OOJIBIION He-
PaBHOMEPHOCTH 3JIEKTPOXMMHUYECKOTO TPABICHUS;

e TIOTPEIIHOCTb Pa3MepPOB IKPAHUPYIOIIUX BIEKTPO-
JIOB, MOJIyYeHHasi MpU TpaBJIEHUU, BXOAUT B AUa-
Ma30H MOTPeIIHOCTe!, ONpenesIoLIMics YpOBHEM

Pe3ynbTaThl u3Mepennii
Results of measurements

PaccrosiHue OT Kpasi OTBEPCTHSI 3HaueHMe AMaMeTpa OTBEPCTUS 3HaueHue JuaMeTpa OTBEPCTUSI
IO Kpast 3JIEKTPOIa, MKM 0 BEPTUKAIIU, MKM 110 TOPU3OHTAIN, MKM
Distance between the edge Pe3onancHas
r of the aperture and the edge Vertical diameter Horizontal diameter yacTora, '
gynna of the electrode, micrometers, um of the aperture, micrometers, um of the aperture, micrometers, um
roup Resonant
W3mepenHoe mo KJ1 (.p aswep A) M3mepeHHoe no KJ1 (.p aswep B) M3mepeHHoe no KJ{ (.p aswiep B) | frequency, Hz
According to DD According to DD According to DD
Measured . Measured . Measured .
(size A) (size B) (sizea B)
293,82 450 1261,66 1100 1241,24 1100 290
1 346,12 450 1214,16 1100 1210,69 1100 295
288,30 450 1261,7 1100 1254,81 1100 287
323,21 450 1233,26 1100 1239,07 1100 213
2 336,08 450 1212,53 1100 1204,04 1100 224
242,38 450 1249,88 1100 1292,06 1100 195
283,05 450 1262,88 1100 1265,06 1100 282
3 273,00 450 1273,48 1100 1261,71 1100 278
290,98 450 1260,11 1100 1255,74 1100 289
312,07 450 1235,22 1100 1238,19 1100 268
4 280,53 450 1237,79 1100 1257,85 1100 263
273,12 450 1243,58 1100 1268,33 1100 257
312,59 450 1248,00 1100 1245,71 1100 217
5 289,42 450 1264,08 1100 1276,10 1100 202
301,57 450 1260,34 1100 1254,27 1100 212
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Puc. 6. I'paduk 3aBHCHMOCTH PE30HAHCHOH YACTOTHI IKPAHHPYIO-
IMX 3JIEKTPOJOB OT JMAMETPA BHITPABJIEHHOrO oTBepcTHs (pa3mep B)
NATH TPYNH 3JIEKTPOAOB, COOTBETCTBYIOIME HOMEPAM JJIEKTPOIOB
Ha puc. 3

Fig. 6. Diagram of the dependency of the resonance frequency of the
shielding electrodes on the diameter of the etched apertures (size B) of
five electrode groups corresponding to the numbers of the electrodes in
fig. 3

Pa3BUTHS DIEKTPOXUMNIECKON MUKPOOOPAOOTKI B

MPOMBIILIEHHOCTH;

e TPV HEPABHOMEPHOCTHU TpaBJeHUs HaOII0maeTcs
HECTaOMJIbHOCTb PE30HAHCHOM YacTOThl MEXIY
OIMHAKOBBIMM O0Opa3laMiy, HaXOmsIIasIcs B arara-
30He okosio 30 I'm.

I'papuk 3aBUCUMOCTH PE30HAHCHOM YacCTOTHI OT
IHWaMeTpa BEITPABICHHOTO OTBepCTHS (pHcC. 6) TIpome-
MOHCTPHMPOBAJI, YTO TIPHU MepeTpaBeHAOTI0IAETCS CHU-
KeHNE Pe30HAHCHOM YacTOTHI SKPAaHUPYIOIINX 3JIeKT-
pPONOB BCEX TATHM TPYMI, U3TOTOBJIEHHBIX B €IWHOM
TEXHOJIOTUYECKOM INKJIe. OTCYTCTBHE COOTBETCTBUS
pPE30HAHCHOM YacTOThl MPOEKTUPYEMBIX U HM3TOTOB-
JIECHHBIX 3JIEKTPOIOB MPUBOIUT K Pa3ININI0 MEXKIY
obpazuamu BMBII, uTo roBOpUT O TOM, YTO TEXHOJIO-
TMIeCKUI TPOLIeCC INEKTPOXUMUIECKOTO TPaBICHMUS
HE TT03BOJISIET U3TOTaBAMBATh MAPTUU UBNEIUIA C OfU-
HAKOBBIMU PE30HAHCHBIMM YacTOTAMU B3KPaHHUPYIO-
IIUX DJIEKTPOIOB.

MeTtona KOMIeHCAIIMA NOorpemHoOCTH

DTy npobieMy, CyLIECTBYIOUIYIO MPU U3TOTOBJIE-
HUU BUOPALIMOHHBIX MOIYJISITOPOB, KOMIIEHCUPYET
YaCTOTHBII reHepaTtop ¢ GyHKIMeH aBTOMOACTPONKM.
DTO MO3BOMSIET MPAKTUYECKU YCTPAHSATh UMEIOLIMECs
MOrPELIHOCTU TIPU BJIEKTPOXUMUYECKOM TPABJIEHUU.
Bo3MoxxHOCTH reHeparopa 1o aBTOMOACTPOMKE Ha He-
00XOIMMYIO PE30HAHCHYIO YaCTOTY, OCYLIECTBIISIEMbIC
3a cueT (hopMUpOBaHUS OOPATHON CBSI3U, HAKJIAbIBA-
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IOT OrpaHMYEeHUs 110 pabouyeMy Auanas3oHy oO0paslioB
9KPaHUPYIOLIUX DJEKTPOAOB, cocTapistomemy 20 Ii.
JlaHHBII YaCTOTHBINM AMAINa30H reHepaTopa ONpeacs-
FOT 3KPaHUPYIOIIMUE BJICKTPOIBI, CIIOCOOHBIE OCYIIIECT-
BJISITh KOJIEOAHMSI HA PE30OHAHCHOM YacToTe B COCTaBe
BMO3BII. Ilpu stom nast uszroroieHuss BMOII uc-
MOJI3yeTCSl OJHA TeoMeTpuyeckas (opma 3JIeKTpo-
JIOB, Y IO COOTBETCTBYIOIEH €l pE30OHAHCHOM 4acTOTe
HacTpaMBaeTCs LEHTpaJIbHAs YacToTa reHeparopa.

3akmoueHne

Takum oOpa3oM, OYEBUIHO, UTO CYILECTBYIOLIUIA
YPOBEHb Pa3BUTHSI TEXHOJOIMYECKOIo IMpolecca He
MMO3BOJIIET M3roToBUTH maptuio BMOBII, He TpeOyio-
LIYIO PEeryJUpOBKHU U TOJTHOCTBIO COXPAHSIONLYIO Tpe-
OyeMmble (DYyHKIIMOHAJIbHBIE BO3MOXHOCTHM BbIIyCKae-
Moro uszaenus. JIisi CHUXeHUsI TOrpelHOCTU TeXHO-
JIOTMYECKOTO Tpoliecca Mo M3TOTOBJICHUIO SKPaHUPY-
fouero ayekrpoma BMBII npemioXeHsl ciaeayoonme
JIEUCTBUS:

e TPUHYIUTEIbHOE MEepeMellIMBaHUE pacTBOpa TpaB-

JIEHUS;

e VyYET Mpoliecca TpaBJIeHUs MPU CO3AaHUM (HOTO-
11a0JIOHOB,8
e KpaTKOBpEeMEHHas CMEHa ITOJISIPHOCTH TIPU TPaBJIe-

HUMU OOpas3loB ISl YBEJUUYECHUS! PaBHOMEPHOCTU

TpaBJICHMSI.

IIpuBeneHHbIE BhIlLIE AEWCTBUS MO3BOJIST ONTUMU-
3MPOBATh IMTPOM3BOICTBEHHBINM IINKJI B YACTH MUHUMU-
3allMM CPOKOB M3TOTOBJIEHUsI roToBoro musaenusi. Ho
Jaxke 5T IeMCTBUS He TTO3BOJISIT IMIOJTHOCTHIO M30eKaTh
pasMuusl U3rOTOBJISIEMBIX SKPAHUPYIOLIUX 3JIEKTPO-
IIOB, TaK KaK IIPOIIECC TPABICHUS pacIpenessieTcs He-
PaBHOMEPHO IO JIACTUHE C 00pa3LaMu.

B xone mpoBeaeHHOro KcCCeIOBaHUS OINpejaee-
HBI ITpeesIbl TEXHOJOTUYECKUX MTOTPEITHOCTe !, BhIpa-
JKeHHbIE B KOJIMYECTBEHHbIX MOKa3aTessiX. YMEeHblle-
HUE TEXHOJOTMYECKHUX IMOTPEeIIHOCTel BO3MOXHO 3a
CUET COBEPLIEHCTBOBAHMSI Mpoliecca 3JIEKTPOXUMMU-
YecKoro TpapyieHus. B 11eso0M, mpoBeneHHOE UCCeno-
BaHWE CBHUACTEILCTBYET O HAJMUWM CEPhE3HON IIPO-
0JieMbl, CBSI3aHHOM C COBIMaJieHUEM YacTOT reHepaTopa
1 Pe30HAHCHOM YaCTOTHI 9KPaHUPYIOIINX SJIEKTPOIOB,
YTO B CBOIO oYepelb BeleT K HEeOOXOAMMOCTU ITOBbI-
IIeHUST TpeOOBAHMSA K TOYHOCTH TAKOTO 3Tara Mpomn3-
BOJICTBA, KaK 3JIEKTpOXMMMHUEeCcKoe TpaBieHue. Kpo-
M€ TOTrO, BOBMOXKHO pellleHNe OTMEUEHHON ITPOOIeMBI
3a CYET COBEPILIEHCTBOBAHUS CXEMOTEXHUUYECKOIO YC-
TPOICTBA MUKPOCHUCTEMHOTO BHOPAIIMOHHOTO MOMIY-
JISITOpa 2JEKTPUYECKUX MOJIEH.
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The paper presents a technological sequence for manufacturing of a microsystem vibration modulator of the electric fields. The
process of electrochemical etching of the shielding electrode of the vibration modulator is defined as the critical phase of the man-
ufacturing technology of the vibration modulator. The paper also presents the results of measurement of the volumes of the etched
material for five groups of the shielding electrodes, analysis of the effect of the electrochemical etching on the basic parameters
of the vibration of the modulator, and the dependence of the resonance frequency on the manufacturing technology. The paper
demonstrates a possibility of manufacturing a vibration modulator workable under the negative impact of the process of electro-

chemical etching.
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Introduction

Vibration modulators are applied as actuation
mechanisms in the sensors of electric fields. They en-
sure transformation of the intensity of the electric field
into an equivalent voltage of an electric signal.

A microsystem vibration modulator is a component
of the measuring device of electric fields, which also
contains an amplification stage unit, a detecting device
and a frequency generator. Out of the above listed com-
ponents only the parameters of the frequency generator
are dependent on the modulator’s characteristics. The
output frequency of the generator is set as equal to the
resonant frequency of the shielding electrode defined
on the basis of mathematical modeling, and it can be

corrected during tests. Thus, after debugging of a prod-
uct the frequency of the generator is determined and
does not vary any more, hence, it is necessary to ensure
the maximal coincidence of the setting frequency of the
generator and the resonance frequency of a shielding
electrode during manufacture of the serial samples.
With a high degree of probability the manufacture can
bring errors in certain characteristics of the products in
a batch.

The most critical stage of the technological route of
manufacturing, which can bring the maximal errors in
manufacturing of the microelectromechanical sys-
tems, is electrochemical etching, because the accuracy
of the electrochemical processing is rather low. The
reasons for its use are the contactless form formation
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method and also absence of the tool wear. The achieved
indicators, just like the accuracy of form formation
(0.05...0.3 mm) and the quality of the processed surface
limit its application or do not allow to use electrochem-
ical etching for high-precision and finishing operations
in microformation [1—5]. Account of the influence of
the low manufacturing accuracy of the vibration mod-
ulator of the electric fields (VMEF) on its stability is a
topical problem.

Noncoincidence of the frequency of the excitation
signal of a generator and the own resonant frequency of
the shielding electrode leads to reduction of the ampli-
tude of fluctuations or their absence and a complete loss
of the functionability of a device.

Problems

On the basis of the analysis of the methods of mi-
croform formation it is expedient to consider the
method of electrochemical processing as the most
promising from the point of view of the ensured qual-
ity of the surface of the microparts and accuracy of its
processing.

A topical problem is determination of the sequence
of the manufacturing operations of the vibration mod-
ulator and revelation of the most critical of them.

The primary goals were:

— development and description of the sequence of
the technological processes for manufacturing of
VMEF;,

— determination of the critical stage of the techno-
logical process of VMEF manufacturing;

— determination of the influence of the critical stage
of the technological process on the resonant frequency
of the shielding electrode of the vibration modulator.

The technological route of manufacturing describes
the process of development of VMEF (fig. 1, see the
3-rd side of cover). The design and principle of oper-
ation of VMEF are presented in detail in [6].

For formation of a shielding electrode in the form of
a mobile plate, the 29HK foil (GOST 10160) was used
with thickness of 20 um. The technological route for
manufacturing of the vibration modulator consists of
the following operations:

1. Cutting of preparations out of 29HK foil.

2. Chemical processing and drying of the prepara-
tions.

3. Deposition of a photoresist and drying of the pho-
toresist mask.

4. Formation of a drawing by the contact bilateral
photolithography.

5. Control of the topological drawing.

6. Baking of the photoresist mask.

7. Control procedure of the linear sizes on the plates
according to the assembly drawing.
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8. Bilateral electrochemical etching of the prepara-
tions.

9. Removal of the photoresist in solvent.

10. Control of etching.

11. Cutting out of the preparations.

12. Installation of the top and bottom printed-cir-
cuit boards with the modulator’s case in accordance
with the assembly drawing.

13. Control of the quality of the installation.

Error of the electrochemical etching

One of the critical stages of the VM EF manufactur-
ing operations is electrochemical etching, which is con-
nected with a high level of an error during manufactur-
ing of the microforms, in which the correlation of the
width of a microcell to its depth is rather great [7]. It
is the extremely important to estimate the degree of in-
fluence of the accuracy of the electrode’s form forma-
tion on its frequency characteristics.

For estimation of the error of the electrochemical
etching in a workstation, consisting of a PC and an
electronic microscope, a number of measurements of
samples of the shielding electrodes of VMEF were
done. The sizes controlled during the measurements are
presented in fig. 2.

The aim of the measurements was determination of
the dependence of influence of the technological proc-
ess on the product’s most important output parameter —
resonant frequency.

For carrying out of the experiment for determina-
tion of the factor of influence of the electrochemical
etching on the manufacturing technology of VMEF five
groups of electrodes, differing by their geometrical
forms, were made (fig. 3). According to the design doc-
umentation (DD), size A corresponds to 450 um, size
B is equal to 1100 pm.

Fig. 4, 5 (see the 3-rd side of cover) present visual-
ization of operation of Olympus BX51 electronic mi-
croscope for measurement of the diameter and distanc-
es between the aperture and the edge of the shielding
electrode of the vibration modulator.

Each group consisted of three shielding electrodes of
identical forms. All the groups of electrodes were made
in the same technological process of electrochemical
etching, with the subsequent carrying out of measure-
ments. The results of the measurements of the volumes
of the etched materials and the resonant frequency are
presented in the table below.

Analysis of the results presented in the table allowed
us to draw the following conclusions:

o values of deviation of the received diameters of the
apertures of the electrodes with thickness of 20 pm
from the set ones reach 192 um towards an increase
of the diameter of the internal aperture, which
makes 17 % from the value in DD. The deviation




from the set distance between the edge of the aper-

ture and the edge of the electrode reaches 208 um,

which makes 46 % of the value in DD. In this case
it is possible to talk about an overpickling, formed
during the electrochemical microprocessing.

o the deviation between the edge of the electrode and
the aperture in the electrodes with thickness of 20
um reach 82 um towards a decrease of the size,
which makes 7 %: the deviation of the size from the
edge of the aperture to the electrode edge between
the samples reaches 104 um, which makes 42 % and
testifies to a great non-uniformity of the electro-
chemical etching;

o the error of the sizes of the shielding electrodes, re-
ceived during etching, is within the range of the er-
rors determined by the level of development of the
electrochemical microprocessing in industry;

e in case of non-uniformity of etching an instability is
observed of the resonant frequencies between the
identical samples in the range of about 30 Hz.

The diagram of dependence of the resonant fre-
quency on the diameter of the etched aperture (fig. 6)
demonstrated, that in case of overpickling a decrease
is observed in the resonant frequency of the shielding
electrodes of all five groups made in a uniform tech-
nological cycle. Absence of conformity of the resonant
frequency of the designed and the produced electrodes
leads to a difference between VMEF samples, which
means that the electrochemical etching does not allow
us to produce batches of products with the identical
resonant frequencies of the shielding electrodes.

Method of compensation for an error

This problem, arising during manufacturing of the
vibration modulators, is compensated for by the fre-
quency generator with a self-tuning function. It allows
us to eliminate the errors appearing during the electro-
chemical etching. The generator’s ability for self-tuning
to the necessary resonant frequency due to a feedback
formation imposes certain restrictions on the working
range of the samples of the shielding electrodes, which
is equal to 20 Hz. The frequency range of the generator
is determined by the shielding electrodes, which can
carry out fluctuations on the resonant frequency in the
structure of VMEP. At that, for manufacturing of VMEF
one geometrical form of electrodes is used and by the
resonant frequency, corresponding to it, the central fre-
quency of the generator is adjusted.

Conclusion

Thus, the existing level of development of the tech-
nological process does not allow us to produce a batch
of VMEP, which does not require an adjustment and
preserves completely the functionality of the product.

In order to decrease the errors in the manufacturing
process of VMEF shielding electrode the following
measures are proposed:

— forced mixing of the etching solution,;

— taking the etching process into account in crea-
tion of the photomasks;

— quick change of polarity during etching of the
samples in order to increase the uniformity of etching.

The above actions will allow us to optimize the pro-
duction cycle concerning minimization of the terms of
manufacturing of a finished product. But even they will
not make it possible to avoid completely the differences
in the produced shielding electrodes, because the etch-
ing process is distributed nonuniformly on the plate
with the samples.

During the research the limits of the technological
errors were determined expressed in quantity indica-
tors. A reduction of the technological errors is possible
due to improvement of the electrochemical etching. As
a whole, the research testifies to the presence of a se-
rious problem connected with the coincidence of the
frequencies of the generator and the resonant frequency
of the shielding electrodes, which increases the require-
ments to the accuracy of such a stage of production as
electrochemical etching. Besides, the above problem
can be solved due to improvement of the circuit devices
of the microsystem vibration modulator of the electric
fields.
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PACIMNPEAEAEHHAS CUCTEMA 3AWLNUTBI KMOIT-MUKPOCXEM

OT SAEKTPOCTATUHECKUX PA3PAAOB

Ilocmynuaa é pedaxyuro 08.08.2016

IIpedaazaemcs mexnuueckoe peuieHue 045 YEeAUHEHUS AMAAUMYObl UMNYALCHBIX CUSHAA08 00AbUEe HANPANCCHUS NUMAHUS
C UCNOAB308AHUEM NOBLIUAIOWUX (opmuposameneli. Borbuwuncmeo uzgecmubix Memodoe nogblueHUs AMIAUMYObL UMNYALCHBIX
CUCHAN08 UCHONB3YIOM UHOYKMUGHbBLE 2NeMEHMbl UAU 8MOPUMHbIe UCIOYHUKY NUMAHUS, HAKANAUBAIOUUE SHEPSUID 8 MeUeHUe
Odaumenvroeo epemenu. I[lpedracaemas cxema ¢hopmupyem UMNYAbCHbIE CUSHAAbL C NOBLIUEHHOU AMHAUMYOOU 8 DeanbHOM

6pemMeHU.

Karouesnie caosa: pacnpedenentvie cucmembl 3auiumol MUKPOCXeM OM 31eKMPOCMAamu4ecKux pazps0os, opmuposament Um-
NYAbCO8 HANPANCCHUS ¢ AMRAUMYOOU 60AbUE HANPANCCHUS NUMAHUS

Pa3zButHe TexHOJOrMii MPOM3BOACTBA MOJYIPO-
BOJHMKOBBIX MUKPOCXEM OOECITeYMBAET MOBBIIICHHE
CTEIEeHU UX UHTEerpaluu, ObICTPOACUCTBUSI U SHEPTO-
appexktuBHOCTU. OMHAKO MPU 3TOM CHIMXKAETCS Ha-
NpsKeHWEe 3JeKTPONUTAHUS U YCTOMYMBOCTDL MPUOO-
POB K TIeperpy3kamM, BOZHUKAIOIINM TIpY BO3IEHCTBUMN
Ha MUKPOCXEMbI BJIEKTpOCTaTUUeCKUX pa3psiaoB. [1o-
BBIIIEHWE PAOOUYMX YACTOT COBPEMEHHBIX MUKPOCXEM
OrpaHMYMBAET JOMYCTUMOE 3HAUYeHUE €MKOCTU YCT-
POMCTB, MOIKJIIOUEHHBIX K BBIBOAAM MUKPOCXEMHBI.
VBenuueHue 4uciaa KOHCTPYKTUBHO-TEXHOJIOTHYEC-
KMX OrpaHUMYeHU# TpeOyeT pa3pabOTKM HOBBIX TEXHU-
YeCKUX PeLeHUM IJisl CO3MaHusI CUCTEMBI 3alllUThl Ha-
HOMETPOBBIX MUKPOCXEM OT 3JIEKTPOCTATUIECKUX pa3-
psnoB (BDCP).

M3BecTHBI aBe 0a30Bble apXUTEKTYpPhl ISl peaiu-
3alUM CUCTEMbI 3alIUThl MUKPOCXEM OT BJIEKTPOCTa-
TUYeCcKUX pa3psinoB. IlepBasi apxuTekTypa onupaercs
Ha COBEPILIEHCTBOBAHNE JTOKAJIbHBIX YCTPOMCTB 3allly-
Thl BBIBOJIOB MUKpocxeM. [IpuMepoM SBISIIOTCSI TeX-
HUYECKUE pellieHus1, ONMcaHHbIe B maTeHTax P® [1—3].
B peiiennu [2] npeaioxeHO MCIOJb30BaHUE BBIXOI-
Hbix KMOII-TpaH3ucTopoB (GpyHKIIMOHATIBHOTO (Gop-
MMPOBATEISI UMITYJbCHBIX CUTHAJIOB B KayeCTBE IO-
MOJHUTEJIbHBIX KJIIOUEBBIX TPAH3UCTOPOB YCTPONCTBA
3auThl MUKpocxeM oT DCP. Tlpu 3TOoM miolanb u
€MKOCTh YCTPOMCTBA 3alllMThl MOI'YT OBITh COKpallie-
HBI BIIBOE.

IlepcrieKTUBE pa3BUTUS JOKAIBHBIX YCTPOICTB
3alIMThl OTPaHUYEHBl MapaMeTpaMud HaHOMETPOBbIX
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KMOII-tpan3ucropoB. PasMepsl kioueBbix MOII-
TPaH3UCTOPOB B YCTPOMCTBAX 3allMThl ONPEAESTIOTCS
HE 3HAYEHWEM CHUJIbI TOKA, a IJIOTHOCTHIO BBIAESIE-
Mol TerIoBoit aHepruu. IToaTomy He ynaeTcst 1OOUTh-
Csl 3HAUYMTEJBHOTO YMEHBIIEHUS Pa3MEPOB MOIIIHbBIX
KJIIOUEBBIX TPaH3UCTOPOB. JIJIsi YMEHBILEHMS ILUIOT-
HOCTU TEIJIOBOI BHEPIrUu Mpu MporekaHuu Toka DCP
HEOOXOIMMO pacrpeieieHUe CEeKIIM MOILHBIX TpaH-
3UCTOPOB Ha OOJIbllIEH TUIOLIAAN U TIOBBILIEHUE aMIl-
JINTYbl YIPABJISIOIIEr0 CUTHAJIA.

B paborax [4—6] onmucaHa MeTOHOJIOTUS TTOCTPOE-
HUSI pacnpenesieHHON CUCTEeMBbl 3allUThl MUKPOCXEM,
obecrieurBalollas yMeHblICHUE OOILEeH III0Iaau 3j1e-
MEHTOB 1 Tapa3uTHON €MKOCTM Ha BBIBOAAX MUKPO-
CXeMBbI, BHOCMMOM 3JIeMeHTaM! 3allluThI. JlanpHeliee
pa3BUTHE CTPYKTYPHI CUCTeM 3aiuThl oT DCP cBsi3aHo
C BBEJEHUEM OTIEAbHON IIMHBI 3JEKTPOMUTAHUS C
TMOBBILIEHHBIM HAMPSKEHUEM ST YIIPaBICHMST MOLIL-
HBIMM KJIIOYeBBIMU TpaH3ucTtopamu [5]. IIpuHiun pa-
00TBl cucTeMbl 3aliuThl OT DCP ocHOBaH Ha KpaTko-
BPEMEHHOM BKJIIOYEHUU MOILLIHBIX KIIIOYEBBIX TPAH3UC-
TOPOB, COCIUHSIIOIIUX 3alllMIllaeMble LIEMU C IIIMHAMU
sjieKTponuTanus. KitoueBble TPaH3UCTOPBI TOJKHbI
BbIIEPXKMBaTh Bo3aelcTBUS DCP, npossisiolecs B
YBEJMUYEHUU HAMPSDKEHUS 10 HECKOJBKUX BOJIBT U TO-
Ka 10 HECKOJIbKUX amriep [4].

HeobGxonuMble pa3Mepbl KJIHOUYEBBIX TPAH3MCTOPOB
3aBUCAT OT YIPABJSAIONUIETO HampsikeHus. Tak Kak
MakcuMaibHbI TOK MOII-TpaH3ucTopa KBaapaTU4yHO
3aBUCUT OT YMNPABJISIONIETO HAMPSXKEHUSI, TO €T0 MU-
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Puc. 1. ®opmMupoBaTe.ib HMITYJIbCOB C MOBBILIEHHOH aMILIMTYAOM: @ — MPOCTas dIeKTpUUecKas cxeMa hbopMupoBaTess; b — WHBEpTUPYIOLLast
JIMHUS 3aIEPKKU; ¢ — WHBEPTUPYIOUIMIA npaiiBep ¢ gononHutebHbiM NMOII-TpaH3uCTOpOM B LIeTIM TTUTAHUS

Fig. 1. Generator of pulses with raised amplitude: a — simple electric circuit of the generator; b — inverting delay line; c — inverting driver with an

additional NMOS transistor in the power supply circuit

HUMAaJILHO JAOMYyCTUMAas IIMPUHA MOXET ObITh YMEHb-
IIeHa OOpaTHO MPOMOPLIMOHAIBLHO KBaapaTy Harps-
JKEeHUST yIpasJsiollero curdaia [7—9].

[loBblllIeHWE HANPSXKEHUS YNPABJISIOLIETO CUTHA-
Jla B 0J0Kax (PUKCATOPOB MUTAHUSI MOXET OBITH JO-
CTUTHYTO TPEMSI CIOCOOaMu:

e BBEIECHUEM B CXEMY JOIOJHUTEIbHOMU IMHBI TUTA-
HUSI C MOBBILIEHHBIM HaMpPsSLKeHUEM, MOAKIIOUEH-
HOI K BHEIIHEMY WCTOYHUKY;

e BBEIECHHUEM B CXeMYy BTOPMUYHOIO MCTOYHUKA IMUTa-
HY$, TTOBBIIAIOIIETO HAMPSKeHWE MUTaHWS Ha Kac-
Kajax yrnpaBieHUs KJIIOUeBbIMU TPaH3UCTOPaAMU;

e HCIIOJIb30BaHMEM (opMUpOBaTEeii UMITYJbCOB
HarpsikKeHUsl C aMIUIMTYa0i OoJibliie HampsKeHUs
MMUTaHUS.

B Hactosieir pabote omucaH METOH MOCTPOSCHMUS
pacnpeaesieHHOM CUCTeMbl 3alMThl C UCIOJIb30BaHU-
eM (opMupoBaTeIeii UMIIYJILCOB C IOBBILLIEHHONW aM-
TUJIMTYHIOM.

®opmupoBaTesb UMITYJILCOB C TOBBILIEHHON aMILIY-
TYAOI BKJIIOYAET Ba MapajjiebHbIX Kackaaa (puc. 1),
VIPABISIEMbIX BXOJHBIM CUTHAJIOM C aMILIUTYIOMH,
pPaBHOU HaMNPSKEHWIO TTUTAHMUS.

BrIxomHOI MMITyJIbC C MOBBIIIEHHONW aMIUIMTYIOK
(opMupyeTcs cpe3oM BXOAHOIo curHaia. BoixomHoe
HAaIpsDKEHWE TTOBBIIAETCS 10 YPOBHS HATIPSKEHUS MU -
TaHus1. PasnenurenbHblil KoHaeHcatop C, 3apsikaercst
JI0 HampsKeHU paBHOTO (v, — Vy,), TAE Uyy; — Ha-

NPsKEHUE UCTOYHUKA IIUTAHUS; Uy, — ITOPOTOBOE Ha-
npsekenne NMOII-Tpan3ucropa. HanpskeHue Ha BbI-
XOJle JIMHUM 3a/IepXKKU ToBbIlaeTcs, korna NMOITI-
TpaH3UCTOp B npaliBepe yxke 3akpbiT, PMOII-Tpan-
3UCTOP OTKPHIT, a BBIXOAHOE HAMNPSIKEHUE TOCTUTIIO
MaKCHUMAaJIbHOTO YPOBHSI C y4€TOM IMOPOTrOBOr0 HAIpsI-
xkeHuss NMOII-tpan3ucropa. HamnpsixkeHre Ha BbIXO-
Jie TIPOJIOJIKUT MOBBILIEHUE 10 YPOBHA (20,7 — Vy,)-

CHUXXeHME HaMpSDKeHUsT TMTaHUSI MUKPOCXEM U
MOBBILIEHUE TTOPOroBoro HampskeHuss MOII-TpaH-
3UCTOPOB B LEISIX SHEPTrOCOEPEKEHUST CHUXKAIOT 3(h-
(peKTUBHOCTH UMITYJIbCHOTO MOBBILIECHUS] HATIPSIKEHUS.
Jnst panbHeero MmoBbIIIEHUS] aMIUIMTYIbl yIpaB-
JISIIOIIUX UMITYJILCOB MPEIJIOXKEHO YCTPOMCTBO, cXemMa
KOTOpPOTo TMpUBeAeHa Ha puc. 2.

Input | +—i —

Aat at

Puc. 2. JIByxaTanHblii npeoopa3oBaTesib HANPSKEHUSA
Fig. 2. Two-stage voltage converter
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MHOTOCJIOMHBIX CTPYKTYp C HC-
MOJIb30BAHUEM  IUDJIEKTPUKOB C
BBICOKOM JU3JIEKTPUUYECKON IIPO-
HuuaemocTtblo (bojiee 20), UTO CHU-
KAaeT TJIolaab KOHAEHCATOPOB B
5—7 pa3. Iu3aeKTPUKM C BEICOKOM
JUBJIEKTPUYECKON MPOHUIIAEMOC-
TBIO SIBJITIOTCS HEOTHEMJIEMOM Yac-
ThI0O COBPEMEHHBIX HAHOMETPOBBIX
KMOII-texHonornii 1 ux MCIOJIb-
3yI0T HE TOJbKO B TPaH3UCTOPHBIX
CTpyKTypax [4].

HckintoueHue MOMOMHUTEIHLHOIO

Puc. 3. Pe3yabTaThl MOI€JTMPOBAHUS ABYXITAMHOrO NPeodpa3oBaTeisi NPH HANPSKEHAH -
Tanusa 1 B: / — BxoaHOI curHam; 2 — BBIXOIHOM CUTHAJ MOCJIe ITEPBOro 3Tamna mpeobpa-
30BaHUs; 3 — BBIXOMHOW CUTHAJI TIOCJIe BTOPOTO 3Tara mpeodpa3oBaHUs

Fig. 3. Modeling of a two-stage voltage converter at the voltage of the power supply of 1V: 1 —

WCTOYHMKA MTUTAHUSI U YMEHbILIEHE
pa3MepoB KJIIOUYEBBIX TPAH3MCTOPOB
OLICHEHO aBTOPAMM KaK YMEHBIIIE-
HY€ aKTUBHOM IUIOLIAANA KpUCTaJIA
Ha 0,5...1 MMZ 1 COOTBETCTBYIOIIIEE
YIPOIIIEHUE KOHCTPYKTUBHBIX pe-
LLIEHUI TIpU IPUMEHEHUU U3NCINMA.

input signal; 2 — output signal after the first stage of transformation; 3 — output signal after

the second stage of transformation

IToBblllIeHWE aMIITUTYbI UMITYJIbCOB OCYLLECTBIIS -
ercs B ABa aTana. s 3Toro B yCTpOUCTBE UCMOJIb30-
BaHbI JIBE TOCJIE€I0BATE]bHO BKJIIOYEHHbIE JTUHUU 3a-
JIep>XKU U TpU TOBBIIIAONIMX ApaiiBepa. Ha nepsom
aTane ABe JIMHUM 3aIepXKKU U Ba ApaiiBepa GopMu-
PYIOT JiBa CUTHaja C MOBBILIEHHOW aMIUIMTYIO0M, OT-
JIMYAIOUIUECS CABUIOM BO BPEMEHM, COOTBETCTBYIO-
LM OJHOM JTUHUU 3afepkKu. Ha BropoM 3Tarne cur-
HaJIbl C MOBBIILIEHHON aMIUTUTYION MOAAIOTCI HA BXO-
IIbl TPeThero IOBbILIAOLIETO apaiiBepa. Ilpu sTom
aMIUIMTYla UMITYJIbCa BBIXOJHOTO CUTHAJIa BO3PACTaeT
10 3HaueHus (3vy,; — 2v4,).

Ha puc. 3 nmokaszaHbl pe3yJbTaThl MOAEIMPOBAHUS
¢GopMbl YIIPaBISIOLIIUX CUTHAJIOB B PEXUME C Harpys-
Kol B Buae kmoueBoro NMOII-TpaH3ucropa LIMpu-
HOI 2 MM.

OTnenbHOe BHUMaHWE HEOOXOMMMO OOpaTUTh Ha
KOHCTPYKLMIO pa3faeauTebHOro KoHaeHcatopa. Ha-
MpsKeHYEe BBIXOAHOTO CUTHaIa (hopMUPOBaTEIS 3aBU -
CUT OT COOTHOLIEHUSI €MKOCTEeH pas3nesuTebHOro
KOHJIEHCAaTOpa W Harpy3ku JapaiiBepa. EMKOCTh Ha-
TPY3KM ONpEeessieTC CYMMAapHOM IIMPUHOM KIIIOYE-
BBIX TPAH3UCTOPOB, YIPABISIEMbIX OJHUM JpaiiBepoM.
D GeKTUBHOCTH MOBBIILICHUST HAPSDKEHUST TOCTUTA-
eTcsl B cliydyae, eCclid €eMKOCTh pa3leuTeIbHOrO KOH-
JleHcaTopa NpEBBILIAET EMKOCTh Harpy3ku He MeHee,
yeM B 3—5 pa3. B TpaauiMoHHON TEeXHOJIOTUM, Tae
KCIIOJIb3YIOT IJIAHAPHBIE KOHAEHCATOPHI C U30JISLIMEN
3JIEKTPOAOB OKCHUJIOM KpEeMHUs, TUIOLIANb pa3iaeiu-
TEJbHBIX KOHJEHCATOPOB MOXKET IMPEBBILIATH MIJIOLIAAb
yIpaBJisieMbIX KJloueBbIX TpaH3ucTtopoB [10]. B co-
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Smaller dimensions of elements and growing circuit integration make the problem of protection of products against electrostatic
discharges more complicated. Chip area occupied by the protection elements increases. The most advanced protection techniques
use the distributed circuits with common functional units for all protection devices on a chip. A reduction of the sizes of the power
switching MOS transistors is achieved by increasing the amplitude of the control pulses. However, in order to increase the signal
amplitude, an additional power supply (external or integrated) is required, which reduces the consumer quality of the products. In
this paper the authors propose a technical solution, which will help to increase the amplitude of the pulse signals over the supply
voltage with the use of the step-up drivers (voltage pulse generators). Most of the known methods for increasing the amplitude of the
pulse signals use inductive elements or secondary power supplies accumulating energy for a long period of time. The proposed circuit
generates pulse high amplitude signals in real time.
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Development of the semi-conductor microcircuits
productions ensures a higher degree of their integration,
speed and energy efficiency. However, that leads to a
lower voltage supply and stability of the devices to the
overloads arising under the influence of the electrostatic
discharges on the microcircuits. Increase of the working
frequencies of a microcircuit limits the admissible val-
ue of the capacity of the devices connected to its leads.
A growing number of the design-technological restric-
tions demands development of new technical solutions
for protection of the nanometer microcircuits from the
electrostatic discharges (ESD).

Two base architectures for realization of a system for
protection of the microcircuits from the electrostatic
discharges are known. The first architecture is based on
improvement of the local devices for protection of the
microcircuit leads. Its examples are the technical solu-
tions in [1—3]. In [2] it is proposed to use the output
CMOS transistors of the functional generator of pulse
signals as additional key transistors of the devices for pro-
tection of the microcircuits from ESD. At that, the area
and the capacity of a protection device can be cut by half.

The prospects for development of the local protec-
tion devices are limited by the parameters of the na-
nometer CMOS transistors. The dimensions of the key
MOS transistors in the protection devices are deter-
mined not by the current strength, but the density of the
generated thermal energy. Therefore, so far it was not

possible to achieve a considerable reduction of the sizes
of the powerful key transistors. For reduction of the
density of the thermal energy during passage of ESD
current it is necessary to ensure distribution of the sec-
tions of the powerful transistors on big areas and in-
crease of the amplitude of the control signal.

In [4—6] the methodology is described for construc-
tion of the distributed protection for microcircuits,
which ensures reduction of the total area of the ele-
ments and parasitic capacity on the leads of a micro-
circuit introduced by the protection elements. The fur-
ther development of the structure for protection from
ESD is connected with introduction of a separate bus
for a power supply with a raised voltage for control of
the powerful key transistors [5]. The principle of oper-
ation of a system for protection from ESD is based on
short-time switching on of the powerful key transistors
connecting the protected circuits with buses of the pow-
er supply. The key transistors should withstand the in-
fluences of ESD revealed in the increase of the voltage
up to several volts and of the current up to several am-
peres [4].

The necessary dimensions of the key transistors de-
pend on the control voltage. Since the maximal current
of a MOS transistor depends quadratically on the con-
trol voltage, its minimal admissible width can be re-
duced in a inverse proportion to the square of voltage
of the control signal [7—9].
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A higher voltage of the control signal in the units of
the power supply fixators can be achieved in three ways:
¢ introduction in the circuit of an additional bus of a

power supply with an increased voltage, connected

to an external source;

e introduction in the circuit of the secondary power
supply raising the voltage of the power supply on the
cascades for control of the key transistors;

o use of the voltage pulse generators with the ampli-
tude exceeding the voltage of the power supply.
The work describes the method for construction of

a distributed protection with the use of the voltage pulse

generators with raised amplitude. Such a generator in-

cludes two parallel cascades (fig. 1), controlled by the
input signal with the amplitude equal to the voltage of
the power supply. The output pulse with raised ampli-
tude is generated by a cut of the input signal. The out-
put voltage is raised up to the level of voltage of the
power supply. Blocking capacitor Cp is charged up to
the voltage of (v, — vy,), where v, ; — voltage of the
power supply, v, — threshold voltage of N-MOS tran-
sistor. The voltage at the outlet of the delay line raises,
when N-MOS transistor in the driver is already closed,

P-MOS transistor is opened, and the output voltage

reached the maximal level with account of the thresh-

old voltage of N-MOS transistor. The voltage at the
outlet will continue to increase up to (2v; — vy,)-

Lowering of the microcircuits’ power supply voltage
and increase of the threshold voltage of MOS transistors
for the energy-saving purpose reduce the efficiency of the
pulse voltage increase. For the further increase of the am-
plitude of the control pulses a device is offered (fig. 2).

The increase of the amplitude of pulses is carried out
in two stages. The device uses two sequence delay lines
and three step-up drivers. At the first stage the two de-
lay lines and two drivers generate two signals with high-
er amplitude, differing by a shift in time, corresponding
to one delay line. At the second stage the signals with
the raised amplitude are sent to the inputs of the third
step-up driver. The amplitude of the pulse of the output
signal increases up to (3v,,; — 2vy,).

Fig. 3 presents the results of modeling of the form of
the control signals in the mode with a load in a kind of
a key N-MOS transistor with width of 2 mm.

The design of the blocking capacitor deserves special
attention. Voltage of the output signal of the generator
depends on the correlation of the capacities of the
blocking capacitor and the driver’s load. The load ca-
pacitance is determined by the total width of the key
transistors controlled by one driver. Efficiency of the
voltage increase is reached, if the capacity of the block-

ing capacitor exceeds the load capacitance not less,
than 3—S5 times. In the traditional technology using the
planar capacitors with silicon oxide insulation of the
electrodes, the area of the blocking capacitors may ex-
ceed the area of the controlled key transistors [10]. In
modern technologies the capacitors are realized on the
basis of the multilayered structures employing dielec-
trics with a high dielectric permeability (over 20), which
reduces the area of the capacitors 5—7 times. The di-
electrics with a high dielectric permeability are an in-
tegral part of the nanometer CMOS technologies and
are used not only in the transistor structures [4].

According to the authors’ estimates, the fact that
an additional power supply can be excluded and the
dimensions of the key transistors can be reduced,
makes it possible to reduce the active area of a crystal
by 0,5...1 mm? and simplify the design solutions for ap-
plication of the products.
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R. Yu. Dorofeyev, D. V. Kozlov, 1. P. Smirnov, A. A. Zhukov

«INFLUENCE OF THE TECHNOLOGICAL ERRORS OF MANUFACTURING
OF THE MICROSYSTEM VIBRATTION MODULATOR
OF ELECTRIC FIELDS ON ITS CHARACTERISTICS»

ODKpaHHPYIONTAH JICKTPOJT
Shielding electrode

Puc. 1. Mojenb BHOpaIHOHHOTO MOLYJISITOPa SJEKTPHYECKHX [OJICH

Fig. 1. Model of the vibration electric field modulator
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(pasmep A)

Fig 4. Aperture of the
shielding electrode of VMEF
(size A)

Puc. S. 3ona skpanupyioliie-
0 3JIeKTPojIa, MEKIy OTBep-
cTHeM H KpaeM (pa3smep B)

Fig 3. Zone of the *
shielding electrode between
the aperture and the edge
(size B)
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