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TEXHOAOIUU NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AASl MUKPODSAEKTPOHUKU U MUKPOCUCTEMHOM TEXHUKMN.
YACTb 7. ObOBILEHUE UHOOPMALIMN MO METOAAM OCAXAEHUA

M OCOBEHHOCTAM MNAEHOK

Ilocmynuna e pedaxyuro 27.06.2018

B uacmu 7 nposedeno obobujeHue cOBOKYRHOCIMU SKCNEPUMEHMANbHBIX OAHHbIX 05 WeCMU OCHOBHbIX Memo008 NoAy4eHUs
moukux naenok Humpuda kpemuus (TITHK), npoananuzuposannuix 6 wacmsax 1—6 nacmosueti pabomoi. Pezyasbmamor 0606uerus
npugeoerbvl 8 gude memnepamypHsix 00aacmeri MUNUYHbIX OUANA30H08 USMEHEHUS CKOPOCMeEl 0CaNCcOeHUs, cOCMasa (OMHOUeHUS.
Si/ N u koHyenmpauyuu 6000pooa), naomuocmu u mexanuueckux Hanpscenuti TITHK das kaxcdoeo memooa. [Ipusedertvie 0606-
WeHHble Pe3YAbMmamsl NO360450M HA2AAOHO CPAGHUBAMb OCHOGHbIC XAPAKMEPUCMUKU NPOUECCO8 OCANCOeHUs U Napamempyl
TIIHK, a makace npoeodums oUeHKy NPUMEHUMOCIU PACCMOMPeHHbIX Memodos noayverus TIIHK oas pewenus KOHKpemHbIx 3a-

dau mukpoanekmpouHvlx u MIM C-mexnonoeuil.

Karoueevie caoea: numpuo KpemHus, moHkue nieHKu, 0000ueHue XapaKmepucmuxk Memooos noAY4eHUsl, UHMeSPanbHble MUK-

pocxemobl, MUKPDOCUCMEMHAA MEeXHUKA

BBenenune

HMcnonb3oBaHue HUTPpUAA KPEMHUS B 3JIEKTPOHUKE
Hayvajoch MPUMEPHO ¢ cepeanHbl 1970-x rogoB. DTOT
TUSJIEKTPUIECKUI MaTepraJl TIPUBJIEK BHUMaHe YHU-
KaJbHOCTBIO CBOMCTB M BO3MOXKHOCTBIO €T0 TOJTyde-
Hus B BUne ToHkux miaeHok (TIT), mpekpacHo coBmec-
TAMBIX C TEXHOJIOTMEM KPEMHUEBBIX MHTETPaTbHBIX
MmukpocxeM (MMC), B To BpeMs AeaiolinX MepBbie
IIaT¥ B HAIlpaBJICHWM TOBBIIICHUS CTETICHW WHTETpa-
LIMU. Y3Ke Ha TIEPBOM 3Tare UCCIeI0BaHUi METOIOB I10-
JlydeHUsl TOHKUX TuieHoK HuTpuaa kpemuust (TITHK)
U CBOICTB MaTepHraia ObUIr c()OPMYJIMPOBAHBI 3a1a4K
HX TOJyYEHMsI KaK MpU BBICOKUX TemIepaTypax (1js
M3TOTOBJICHUS M3OJISIIIUM M TPAH3UCTOPHBIX CTPYKTYP
B UMC), Tak 1 npu HU3KUX TemIeparypax (aas du-
HumrHo# nmaccuBauuu UMC) [1—3].

IMTonyyeHue OJM3KKUX IIO COCTaBY K CTEXUOMETPU-
yeckuM TITHK (manee C-TITHK, xumumueckast pop-
myJa SisNy, coorHowenue Si/N = 0,75) npoBoaunaoch
MIPHY BBICOKUX TeMITepaTypaxX MEeTOIOM XWMWYECKOTO
ocaxaeHust U3 razopoii daszel (XOI'D) ¢ yuyactneM
MOHOCHJIaHa, XJIOPUIOB KpeMHUSI U amMuaka. OCHOB-
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HBIM MPOMBIILIJIEHHBIM PEareHTOM B UTOre ObLT BbIOpaH
auxnopcunan SiH,Cly. Ilpu Hu3KoTEMIlEpaTypHOM
miazoxumuueckoM ocaxaeHun (I1XO) c¢ yuactuem
Pa3IMYHBIX KPeMHHICOmepKAIINX BEIIECTB (B OCHOB-
HOM — MOHOCWJIaHa), a TAKXKe aMMHUaKa 1 a3oTa, 110-
JlydaJu HeCTeXHMOMeTpUUYecKre KpPeMHUIi-a30T-BOAO-
poncoaepxamue ToHKue rwieHku (mamee KAB-TITI,
cooTHoleHne Si/N MOXeT CYIIeCTBEHHO OTJIUYAThCS
ot Si/N = 0,75 B 006e cTOpoHbI). 3a4acTytO TaKUe TUICH-
KM TakXe HEINpaBWJIBHO HA3bIBAIOT TEPMUHOM "HUT-
pya KpeMHUs'".

B navane 1980-x rogoB MosIBUIMCH TIepBbIe 0000-
meHus uccaenoBanuii TITHK, u3 KOTOpbIX Kak Hau-
0osiee TOJHBIE HEOOXOAMMO OTMETUTh 0030p [4] u
MoHorpaduto [5]. Heckoabko mosxe mo BpeMeHU 13-
JIaHbl 00BeMHas1 bubanorpaguieckas moadoopka JuTe-
paTyphl [6], B KOTOpOI cCTeMaTU3UpoBaHa OOIIMPHAsT
M3IaHHas JIUTepaTypa Mo IIMPOKOMY KPYTY BOIIPOCOB,
cBsa3aHHbIX ¢ TTTHK, a Takke 0630pHast myOauKaLus
[7]. B ucrounuke [6] B ToM ynciie 0600IIEHBI PaOOTHI
no npuMeHenuto TITHK B paccmarpuBaeMbIX Ha TO
BpeMsl MepcreKTUBHbIMU TexHosorusix UMC u B npy-
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rux npubopax. B kauecTBe npuMepoB 0030pHBIX MMy0-

JIMKAIMA MO CTPYKTYPE U MPeacTaBsolIM CaMOCTO-

SITeJIbHBI MHTEpPeC 2JeKTpodu3mdeckuM 3¢ exram

B TITHK MmoxnHo mpusectu pabdothl [8—11]. U3 He-

JIaBHUX IO BpeMeHMU padoT HEOOXOAUMO YIOMSIHYTb

pedepaTuBHO-aHAIUTUYECKHE OO030pHBIE ITyOIMKALIUU

[12, 13].

Ilo MHeHMIO aBTOpa HACTOSIIEro 0030pa BO BCEX
YKa3aHHbIX MyOJIMKalUsIX BOMPOCHI COOCTBEHHO IO-
nyyeHust TITHK paccmoTpeHbl HelmpueMaeMo KpaTKo,
B pe3ysbTaTe yero MpocieauTb B3aMMOCBS3U TeX WU
uHbIX cBoiictB TITHK c ycioBusiMM MX IOJIydeHUS
OKasbIBaeTcsl HeBO3MOXHBIM. Kpome Toro, B mocnen-
HHUE JOECATWICTAS] BO MHOTHUX OPUTMHAJIBHBIX ITyOIM-
Kalusx JaHHble 00 ycioBusax noaydyeHus: TIT BooOiie
He MpPUBEIEHBI, YTO JeJIaeT TaKue pabOTHl MaJOWH-
¢opMaTUBHBIMU. B CBSI3U C 3TUM aBTOP MOCUMUTAI HE-
00XOAUMBIM O0OOIIUTD U CTPYKTYpUPOBATh HAKOM-
JIeHHY10 nHpopMauuio o Mmetogax noiaydyeHuss TITHK,
X CTPYKTYpe W OCHOBHEIX CBOWCTBaxX. B mTore B pa-
6otax [14—19] GbuUIM MpoaHaTU3UPOBAHBI COCTOSIHUE
Y HaIpaBJICHUS] Pa3BUTHUSI 1IIECTH OCHOBHBIX TEXHOJIO-
ruyeckux mMetoaoB noiayyeHus TITHK, npumeHseMbix
B TexHosiorussx UMC 1 HaHO- U MUKpPO3JIEKTpoMeXa-
Huueckux cucteM (MOMC). Tlpu riyOuHe rmoucka B
HECKOJIbKO IECATUIETUI ObUIM PaCCMOTPEHBI CEAYIO-
LIME METObl (KOTOPbIE, COOTBETCTBEHHO, B TEKCTE Ja-
Jiee obo3HavyeHwl nudpamu I — 6):

e MeTOon / — B IIPOTOYHBIX peakTopax IMpH XUMUIeC-
KOM ocaxaeHuU u3 razoBoit dasnl (XOI'D) ¢ tep-
MUYecKol akTuBaiueit [14];

e MeETOA 2 — B peakTopax LUUKJIMYECKOTO AeHCTBUS
MpU TEPMUYECKU aKTHUBMPOBAHHOM aTOMHO-CJIOe-
BoM ocaxneHuu (TA-ACO) [15];

e MeTOHI 3 — B peakTopax MPOTOYHOT'O TUIIA TIPH T1J1a3-
MoxuMmaeckoM ocaxaenun (ITXO)[16];

e MeTOn 4 — B peakTropax IPOTOYHOrO THUIMA IIpHU
IJ1Ia3MOXMMUYECKOM OCaXACHUM C aKTUBaLUEi
wia3moii Beicokoi miaotHoctu (ITXO c IIBIT) [17];

e MeTOA 5 — B peakTopax LUKIMYECKOTO IeHCTBUS
npu rwiazMeHHoi aktuBauuu ACO (ITA-ACO) [18];

e MeTOI 6 — B peakTopax MPOTOYHOTO TUIA C TakK
Ha3bIBa€MbIM "KaTaJUTUYECKUM OCaXaeHuem"
(K-XOI'®) [19], T. e. Ipu TepMUYECKON peaKIInn
TUAPUIOB KPEMHHUS 1 a30Ta Ha pacKaJeHHOM BOJIb-
¢dbpamMOBOI HUTH.

ITocTaHoBKa 3ama4 0030pa

B pa6ore [20] Ob11 chopmynrpoBaH 0000ILIEHHBIN
MOAXOM K OINMCAHMIO M aHaJIu3y MPOLIECCOB MOJyye-
Hua TII pasnmyHOro THIa ¢ yyacTheM Ta3oda3HBIX
peaximii. [Togxom cocTosl B BBIAEICHUT YEThIPEX OC-
HOBHBIX 3aBUCHUMOCTE: "BBIXOAHBIX' XapaKTEPUCTUK
Ipoliiecca ocaxaeHus OT "BXOAHBIX MapaMeTpOB IIpO-
11eCCOB (TeMIIepaTyphl, JaBJeHUsI, KOHLICHTpaLUil pe-
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areHToB U T. 11.). TaKOBBIMU BaXKHEHIIMMU TSI TEXHO-
Joruu TTI xapakTepuUCTUKaAMU MPOLIECCOB SIBISTIOTCS:

1) ckopocTh ocaxaeHusi (CKOpOCTb HapalllvBa-
Hus) TII;

2) cocraB TTI;

3) ¢pusuko-xummnueckue cpoiictea TII;

4) aneKTpuyecKkue U 3JeKTpoU3nIeCcKrue CBOMCT-
Ba TII.

Lenb HacTosiieit yactu o630pa — cucreMaTusa-
uusl AaHHbIX pabot [14—19] ayist nepBbIX TpeX Bblae-
JIEHHBIX BbIlIIE XapaKTePUCTUK MPUMEHUTEIbHO K pa3-
JIMYHBIM MeToaaM ocaxaeHus u tTunaM TITHK. Takoit
aHaJIM3 OXBaThIBAET MOJABJISIONIEE OOJBIIMHCTBO TEX-
Honornyeckux npumeHeHuit TITHK 1 HeoOxomum mirst
(opMUpOBaHMS LIEIOCTHOTO CPAaBHUTEIBHOTO B3TJIs-
Jla Ha BO3MOXHOCTU Pa3IUYHBIX METOJOB OCAXKICHUSI
TITHK. ABTOp xoTten Obl MOAYEPKHYTh, UTO B JAHHO
paboTe He pacCMaTPUBAIOTCS DJAEKTPUYECKUE U DJIeK-
tpodusnueckue cpoiictsa TITHK (ueTBepThiit THII Xa-
paktepuctuku TITHK). [TpuunHa 3TOro COCTOUT B Cy-
LIECTBEHHO MEHbIIEM 00beMe MyOaMKaluii 11s1 orpa-
HUYEHHBIX METONOB IMOJYYeHUS M CHEeHMPUIeCcKOoro
ucnoas3oBaHus TII, Beixomsiiero 3a paMKu JaHHOIO
00630pa. HekoToprie momobHOro poaa CBeASHUS MOIYT
OBITh HalIeHbI, HaIIpUMep, B nyonukamusax [10, 11].

B Hacrogieit paboTe OCHOBHBIM "BXOIHBLIM" ITa-
paMeTpoM IJisi 00OO0LIEHUsI UTOrOoBOM WMH(oOpMaLu
0 Mpolieccax ocaxaeHus Oblia BbIOpaHa TeMIepary-
pa ocaxaenusa TITHK (7),). BeicokoTemnepaTypHble
Metoasl XOI'D (7, > ~700 °C) mo3BosIOT MOJIy4aTh
C-TITHK. IIpu MeHbIIUX TemmepaTypax (GopMupy-
I0TCS B 3aBUCUMOCTU OT METOJa MOJyYeHUsI B 0OJIb-
IIEA WU MEHBIIEN CTETEHU HECTEXMOMETPUYECKUE
KAB-TII. OnHako u B mocjieIHEM ciy4yae ImyTeM Ma-
HUITYJISILUMN ¢ COCTaBOM Ta30BbIX CMECEI U YCIOBUSIMU
ocaxaeHus1 MoTyT ObITh ToaydyeHbl TITHK, popmansb-
HO OJIM3KME MO COCTaBY K CTEXMOMETPUU. DTO MpPO-
HWCXOIMT B Cllyyae TIPUHSATUS BO BHUMaHUE B KauyecT-
BE XapaKTEepPUCTUKM COCTaBa TOJbKO COOTHOLICHMUS
Si/N = 0,75, omHaKo, KaK OyIeT MoKa3aHO HUXE, CO-
oTHouleHue Si/N He sIBISICTCS MCUepIbIBaOIIeH Xa-
paktepucTtukoit cocraba KAB-TII.

IIpu aHanu3e B HacTosiiell paboTe paccMaTpuBa-
JINCh 000OIIEHHBIE BEIMINHBI XapaKTepHUCTUK U TTapa-
METPOB, UCXOAHBIE CBEJEHUSI O KOTOPHIX MOTYT ObITh
HaliJeHbl B yacTax 1—6 HacTosieir padbotsl [14—19].

TeMnepaTypHble 3aBUCHMOCTH CKOPOCTEI
ocaxaenng TITHK

Ha puc. 1 ouepueHbI 1 TO-pa3HOMY 3aIITPUXOBAHBI
MIpUMEPHBIE 00JaCTH 3HAYEHMII CKOPOCTE ocaxkie-
Husg (W) mng MeTomoB ocaxkaeHUs [—6 Ipu TUTTII-
HBIX JUIST HUX TeMIIepaTypHBIX MHTepBajax. DTU 00-
JIACTU SBIIIOTCS CKopee pedepeHCHBIMU, MOCKOIBKY
BHYTPM 3allTPUXOBAHHBLIX 00JacTell TaKXKe WMEeT
MECTO HEKOTOPOE M3MEHEHUE CKOPOCTU OCAKIECHMUS.




OpHako ymoOCTBO TakKoOro IIpeACTaBJIECHUS
COCTOUT B TOM, YTO C TOMOIIbIO OYEePUYEH-
HBIX 00JIacTeil 0Ka3aloch BO3MOXHBIM Ha-
[JISIAHO  BU3YalIM3UPOBaTh BO3MOXKHOCTHU
metonoB nonydenus TITHK, a takke me-
peiTu K 0000IIEeHUSIM O COCTaBe M OCHOB-
HBIX CBOMCTBax IIeHOK. Jlajgee B paboTe
COXPAHSIOTCSI BHIOPAaHHBIE TUIIBI IITPUXOB-
KW o0JlacTeil sl paccMaTpuBaeMbIX METO-
OB ocaxaeHust [—o.

K npuBegeHHbIM Ha puc. 1 maHHBIM .
MOXKHO CHeNIaTh CIEeAYIOIINe KOMMEHTApUM:

e 3HAYEHMSI CKOPOCTEH OCaKIECHMS ISt
MeTOIOB [—6 pa3nmuarorcst 6ojiee, 4YeM Ha
YeTbIpe TOpsaKa;

e Metonsl TA-ACO 2u ITA-ACO 5, pe-
aJTM30BaHHbBIC, KaK MPAaBWIO, B IIMKIMYECKUX
peakTopax MHAMBUAYaIbLHOTO TUMA (TO eCTh
Ha OIHY TOIUIOXKKY), TTO3BOJISIIOT ITOJyYaTh
IJIEHKM C KpailHe MaJbIMU CKOPOCTSIMU OCaXKACHUS,
MeHee 0,1 am/MuH [15, 18]. B nanHOM citygae aBTOp
CUMTaeT AOMYCTUMBIM MCIOJb30BaTh Pa3sMEPHOCTD
HM/MMH BMECTO TUMUYHBIX 181 mpouieccoB ACO pas-
MEpPHOCTE HM/IIMKJI, TIOCKOJIbKY JJINTEJIbHOCTD LMK~
JIOB Mpu oboux u3ydyeHHbIX BapuaHTax ACO cocTas-
Jisla MUHYTY W Oosiee. M3 mpuBemeHHBIX MTaHHBIX
MOHO BUJETb, YTO ONMCAHHbBIEC B IUTEPATYPE METOIbI
ACO B Hacrosilliee BpeMsl 10 CBOEMY CTaTyCy CKopee
HE TPUTOAHBI JJIS1 UCIIOJIb30BaHUS U TPEOYIOT Aallb-
HEUIINX UCCIIEAOBAHWIA,

e TIIa3MOaKTUBUpOBaHHBIE MeTonbl I1XO (3) m
I1XO c IBII (4) n katamuTH4IecKUit MeTox (6) B TIpO-
TOYHBIX peaKTOpax, Yallle BCEro MHANBUIYaJTbHOTO TH-
Ma, MO3BOJISIIOT MOJIydyaTh OYeHb BBICOKME CKOPOCTU
OCaXIEHUS;

e BBICOKOTeMMepaTypHbiii MeTog XOI'® (1) mos-
BOJISIET OCTUYb MPOMEXYTOYHBIX 3HAYEHUIl CKOpO-
creit ocaxxaeHus. OmHako Gjarogapsi ero peajausaiuu
B 0OBEMHBIX TTPOTOUHBIX TPYOUYATHIX peakTopax C Of-
HOBpEeMEHHOM 3arpy3koii okoio 100 momioxek odec-
MeYnBaeTCsl BbICOKAsI MPOM3BOAUTEILHOCTh MpPOLieC-
ca. TpyOuaTbie BBICOKOTEMIIEpATypHbIE PEaKTOPHI C
TrOpSIYMMU CTEHKaMU MacCOBO NMPUMEHSIOT B MPOU3-
BoactBe UMC nu MOMC mnsa noayuenusi C-TITHK
npu ucnonb3oBanuu cmeceit SiH,Cl,—NH;.

Penxum, HO UHTEPECHBIM JIS1 OCaXKIEHUS MTPU BbI-
cokux Temneparypax us cmecu SiHy;—NHj; asnserca
MPOTOYHbIN peakKTOp MHAWBUAYAIBHOTO THUIA C TOPSYK-
MU CTeHKaMM, Ha3BaHHbIN SiNergy™ (Applied Mate-
rials, Inc.) [21]. TIpeumylillecTBOM Takoro peakTopa
MOXHO CUMTaTh CYIIECTBEHHO MEHBIINEe COBOKYITHBIC
TepPMUYECKHE BO3JAEHCTBUSI B CPaBHEHUU C TPaauIlv-
oHHBIM MeTonoM XOI'® B TpyOUaThIX peakTopax. DTo
00ycnoBieHo 6onblnMu, 10 200 HM/MUH, CKOPOCTSIMU
HapallMBaHUs TUIEHOK BBUIY MCMOJb30BaHUsSI OoJiee
yeM Ha 2...2,5 nopsiaka OoJbIIUX padouyux JaBieHUN
(CKOPOCTh OCaxAeHUsI KaK MpaBujo, MpsiMO MPOMop-
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IoBsienne 3 HEeKTUBHOCTH

Effectiveness increase
Viydimenue KoH(GpOpMHOCTH

Conformality improvement

<
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Puc. 1. IIpumepnbie quana3onbl 3HAYEHHA CKOPOCTEH OCAXKIEHHs ISl TeMIepa-
TYPHBIX MHTEPBAJIOB, B KOTOpbIX ocaxnenue TITHK npoBoautcs cienyiomumu me-
Tomamu: [ — XOT'® [14]; 2 — TA-ACO [15]; 3 — [1XO [16]; 4 — I1XO ¢ TIBI1
[17]; 5 — TTA-ACO [18]; 6 — K-XOI'® [19] (cM. MOSICHEHUST B TEKCTe)

Fig. 1. Approximate ranges of the deposition rate values for the temperature intervals,
in which the deposition of SNTF is carried out by the methods of LPCVD — 1 [14];
TA-ALD — 2 [15]; PECVD — 3 [16]; HDP-CVD — 4 [17]; PA-ALD — 5 [18];
Cat-CVD — 6 [19]. See the text for details

LIMOHAJIbHA AaBjieHUI0 B peakTope). [IpeumyiiecTBoM
WUCIOJIb30BaHUSI MOHOCHUJIaHA SIBJISIETCSI TakKXe I10-
HMDKEHHas Ie(PeKTHOCTh IMJIEHOK BBHMAY OTCYTCTBMS
XJIOpa B UCXOAHOM MoJieKysie. DTO CHUMAeET NpooJie-
My (GOPMUPOBAHUS MUKPOYACTHIL XJTOPUAA aMMOHMUS
NH,Cl 1 uHBIX XJI0pCcOAEepXKALIMX COCTABOB B ra30BOiA
(aze 1 Ha cTeHKaxX BaKyyMHBIX CHCTEM, XapaKTEPHBIX
JUISL XJIOPUIOB KPeMHUs. ABTOP XOTesl Obl OTMETUThb
ellle OMHO MTOTEHIINATbHOE IIPEUMYIIIECTBO TAKOTO Pe-
aktopa. IIpencrasisiercsi, UTO B IIOJOOHBIX peakTopax
MyTeM U3MEHEHUS COOTHOIIIEHMST KOMITOHEHTOB B Ta-
30BOI (ha3ze MOXKHO MOJyYaTh OTHOPOIHBIE TTO COCTABY
BBICOKOTEMITIEpaTypHBIE TUIEHKHW ¢ OOOTallleHueM I10
kpemHuio (OK-TITHK). Takue 1mjieHKu, 110 JaHHBIM
MCTOYHUKOB [22—24], mpeacTaBiIsgioT MHTEPEC IS MC-
nosb3oBaHuss B MOMC-TtexHosorusx. Kak obcyxna-
Jock B padorte [14], monyuenue OK-TITHK B TpyOua-
TBIX TIPOTOYHBIX peakTopax Mpu XOI'D HEeBO3ZMOXHO
BBUIY CUJIBHOTO M3MEHEHUSI KOHLEHTpALUii KOMIIO-
HEHTOB TI0 IJTMHE pabodeil 30HbBI, YeTO TTPUHITNITAAITb-
HO JIMIIIeH 00CYyXIaeMblii MHAWBUAYaAJIbHBI peakTop.
IMonyuyenune oueHb ToHKUX rieHok C-TITHK mocra-
TOYHO Y3KOTO Ha3HAYEHHUS TAaKXKe BO3MOXKHO METOIOM
obicTporo Tepmuueckoro ocaxaeHust (Rapid Thermal
CVD, RT-CVD) us cmeceit SiH;—NHj5 [25]. B unTep-
Basie 700...850 °C ckopocTH HapalllMBaHUsI B peakTopax
WHAMBKUIYyadbHOTO TUMa cocTaBistoT 50...300 HM/MUH,
MpYU 3TOM JNaBJIEHME B peakTope Ha IMOPSIOK IPeBbI-
IIaeT JaBjieHNe B "KJIACCHMYECKMX' TPYOYaTHIX PEaKTO-
pax XOI'®.

Kpatko xapaktepusysi o0cyxXaaemMble B JIUTEpaTy-
pe cxeMnl mpoueccoB ocaxaeHus1 TITHK, aBrop xo-
TeJ Obl OTMETUTD, UTO JJIs1 METONOB [, 2, 5 mpouecchl
OIMMCHIBAJINCH KaK TPOTEKAIOIINE 0 MHOTOCTATWIA-
HBIM CXeMaM C JUMMUTUPYIOIIUMU TeTepOreHHBIMM CTa-
ousMu. B Takux mporeccax MOBEPXHOCTb MOIJIOXKH
SIBJIIETCSl aKTUBHBIM KOMITOHEHTOM peakiiuu. B 1o xe
BpeMsI TNTa3MOAaKTUBUPOBAHHEIE TIPOIIECCHI MTPOTEeKa-
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IOT B ra3oBoi (ha3e, KaK MpaBuUIo, Oe3 ydacTus UJIU C
MUHUMAJIbHBIM YYacTHUEM TIOBEPXHOCTU IOMIOXKEK.
HexoTophIM NCKITIOYEHEM M3 3TOTO MOTYT CYUTATHCS
otaeabHbie mpouecchl [TA-ACO, misi KOTOpbIX IIas3-
MEHHasl akTUBaLIUsI OJHOTO M3 KOMIIOHEHTOB peakluu
MOXET IOBBIIIATh BKJIaA MOBEPXHOCTHBIX PEaKLIUiA.
st xapakTepu3aluyd U CpaBHEHUSI KUHETUUECKUX
0COOEHHOCTEH IIPOLIECCOB OCaXIEHUSI aBTOP B paboTe
[20] BBen yHMBEpCAJIbHYIO XapaKTepUCTHKY IpoLec-
coB ocaxneHus TII (B ToMm 4yucie IpUMEHUMYIO U JIJIst
npoueccoB noaydyeHusi TITHK), HazBaHHyto 3¢ dek-
TUBHOW KOHCTAHTOU CKOPOCTHU PEAKIIUN keﬁ, C pa3mep-
HOCTBIO CAaHTUMETpP B CEKyHAay (cMm/c) (keﬁc~ W/ Cg;l,
e [ Cgi] — KOHLEHTpalys OCHOBHOTO KpeMHUIcoaep-
JKalllero peareHTa B ra3oBoii ¢asze, MoJib/1). Beicokue
CKOPOCTU OCAXKIACHMS TUIa3MO- M KaTaJauyeCKU-aKTH-
BUPOBAHHBIX MPOILIECCOB OMHO3HAYHO COOTBETCTBYIOT
OOJIBIIMM 3HAYEHUSIM keﬁ«. [Tpu sToM HeobxoaMMO
OTMETUTD, YTO Bo3pacTanue W (r.e. k, f) TaKXKe TIPSIMO
KOpPpEJIUpYeT ¢ NOBbILIEHUEM d(PGHEKTUBHOCTU UCTIONb-
30BaHUS peareHToOB, YTO OTOOPaXkKeHO CTPEIKOU B Ipa-
Boi1 yactu puc. 1. OgHako yBenuueHue W (T. e. keff)
“MeeT U HeraTUBHbINA 3(EHEKT — OHO MPUBOAUT K
yxyaieHuo KoHpopmHoctu ocaxaeHuss TITHK Ha
pPa3BUTHIX pesibedax MPUOOPOB. DTO HA TOM XKe puc. 1
ITOKa3aHO CTPEJIKO ¢ HallpaBJIeHHMEM B OOpaTHYIO
CTOPOHY OTHOCUTEIBHO CTPENKHM 1151 3(PDEKTUBHOCTH
KCIIOJIb30BaHUS peareHToB. TakuM o0Opa3oM, Mpume-
HEHUE BBICOKOCKOPOCTHBIX MPOLECCOB lieJiecoo0pas-
HO JIs1 TIOAJIOXKeK 0e3 peibeda WiM ¢ MUHUMAaJIbHO

Pa3BUTHIM pesibeOM, B TO BpeMsl KaK HU3KOCKOPOCT-
HbI€ TPOLIECCHI MO3BOJISIIOT MOJYyYaTh CYIIECTBEHHO
0osnee kKoH@opMHble nokpbiTUs [20]. MckiutoueHue
COCTaBJISIET COBMEIIEHHBIM IpPOLEecC OCaXIEeHUS ¢
IIBIT u onHOBpeMeHHBIM TpaBiaeHueM TII, cnennanb-
HO pa3pabdOTaHHBI IJIs1 IOJYyYeHMsS KOH(pOPMHBIX
MOKPHITUI Ha BBICOKOACHIEKTHBIX CTpyKTypax [17].

TemnepatypHbie 3aBucumoct coctasa TITHK

B kadecTBe OCHOBHBEIX XapaKTepHMCTUK COCTaBa
TITHK aBtop BBIOpan otHomieHue Si/N U 0OIIyio
KOHIIEHTpalMio Bojopoaa B IieHke. [locneaHsst xa-
paKkTepuCcTUKa 0CO00 aKTyajbHa JJII HU3KOTEMIlepa-
TYPHBIX METOJOB ocaxaeHusi. OTMETHUM, YTO ISl OIl-
peneneHusi oTHolueHus: Si/N aBTOpbl MyOJMKaALIUA
HCTIOIB30BAIM Pa3IMIHbBIE TIPSIMBIE METOIbI OIpee-
JIEHWSI KpeMHUS U a30Ta, B TOM YHCJIe C TIPOPUITUPO-
BaHMEM 3JIEMEHTOB I10 TOJIIIMHE TUIEHOK: OXe-CITeKT-
pockonuio (AES); peHTreHOBCKYIO (hOTORJIEKTPOHHYIO
cnektpockonuio (XPS); BTOpUUHO-MOHHYIO Macc-
cnekTpomeTpuio (SIMS); cekTpockonuio pesepdop-
nIoBckoro ooparHoro paccesaus (RBS); meron nerex-
tupoBaHus atoMoB oTnauu (ERDA) u T. 1., a aj1s1 on-
peaeneHus Bogopona — SIMS, RBS, ERDA, Metoabl
saepHbix peakuuit (NMR), a Takke IIMPOKO pacIpo-
CTpaHEeHHYIO TIpeIBapUTEIEHO OTKATNOPOBAHHYIO MH-
dpakpacHyo criekrpockonuio ¢ Dypre-mpeodbpa3ona-
HUEM, TO3BOJISIONIYI0 (DUKCUPOBATh KOHLIEHTpALUU
Si-H n N-H cBsgzeii B TTTHK.

HaHHble puC. 2, a, yKa3blBalOT Ha MPaKTUYECKU
CTEXHMOMETPUUYECKUI COCTAaB BHICOKOTEMITE-
patypHbix rieHoK (C-TITHK, Si/N = 0,75),
TPA BCETO HECKOJBKMX aTOMapHBIX IIPO-
LIEHTax colepxaHus Bomopoaa (puc. 2, b).
OpHako ISl HU3KOTEMIIEpaTypHBIX TILa3-
MoakTtuBupoBaHHbIX KAB-TII Bo3MOXeH
OYeHb IIUPOKUI AMAana3oH COOTHOIIECHMS
Si/N ¢ HeKOTOpBIM OOLIMM TPEHAOM K 060-

raleHuIo 1Mo KpeMHuio. Ilpu HeKoTopbIx
YCIIOBUSIX TIPOIIECCOB OCaXIeHUS (B OCHOB-
HOM MpPHU MOA00pPE COOTHOIIEHUI KPEeMHU-
€BOTr'0 M a30THBIX KOMITOHEHTOB peaKLUii) 1
mist KAB-TII oka3bsiBaeTc BO3MOXKHBIM
JOCTUYb (POPMAILHOTO CTEXMOMETPHUUECKO-
ro cootHolieHus Si/N = 0,75. OgHako Ta-
KMe TUIEHKM HeJIb3$ Ha3bIBaTh CTEXMOMET-
PUYECKMMU BBUAY 3HAYWTEIHHOIO TMPUCYT-
CTBUSI B HUX Bogopona (puc. 2, b), B pasnl
MPEBBILIAIONIETO COAepXKaHUE BOJOPOIA B

Puc. 2. IlpumepHbie quana3onsl 3Havenuit orHomenus Si/N (@) u o01eil KOHIEeH-
Tpanuu Bopopoaa (b), xapakrepusyiomue coctasbl TITHK, nmonyyennsie meTo-
Jamd 1—6 mpu COOTBETCTBYIOIIMX MM NPHMEPHBIX TEMIEPATYPHBIX MHTEPBAJIAX

(CcM. MOsICHEHHUA B TEKCTE)

Fig. 2. Approximate ranges of the Si/N ratio (a), and total concentration of hydrogen
(b), characterizing the SNTF compositions obtained by methods 1—6 at the corre-

sponding approximate temperature intervals. See the text for details
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BeicokoTemmepaTtypHbix C-TITHK (Bkiio-
yasi TMOJydeHHble B WMHIAMBUIYaJbHBIX pe-
aktopax [21, 25]). M3 Hu3KOoTeMmepaTyp-
HbIX HAaMEHBbIIIKE CPAaBHUTEIbHbIE KOHLIEH-
Tpauun Bomopona B KAB-TII nabmopanu
IS TUIEHOK, TToJy4eHHbIX MeToaoM 4 (ITXO
¢ IIBII), rae oObIYHO MPUMEHSIIOT CMECU
SiH,—N,. MakcumajibHble 3HAYEHUS CO-




nepxanus Bogopona (mo 40 ar. %) 3adpuUKCUPOBAHBI
ns npoueccoB I1XO ¢ ucnonb3oBaHMEM cMmeceil
SiH4—NHj;. B nenom nansble puc. 2, b oTBEYaroT
TPEeHOY CHIDKeHMST KOHLeHTpauuu Bogopoaa B TITHK
MPU MOBBILLIEHUM TeMIIEPATypPbl MTOJTyUYeHUs TUIEHOK [J].

ABTOp XOTeJ Obl HOAYEPKHYTh, UTO B TEXHOJOTUSIX
HUMC n MOMC TOHKME TUIEHKM 4acTO MOABEPraioT
TEPMUUYECKOMY OTKUTY TIPH MOBBIIIICHHBIX TEMIIEPAaTy-
pax. B aToM ciyyae He0OXOAMMO MPUHUMATh BO BHU-
MaHue MHGOPMALIMIO U3 UCTOYHUKOB [26, 27] 06 yaa-
JIeHUMY BOIOPOJa U3 TUIEHOK IpY TeMIepaTypax BblllIe
npumMepHo 500...600 °C, 4TO NpUBOAUT K U3MEHEHUIO
cocTaBa M CTPYKTYphI IUIeHOK. IIpobiiema mpucyrcT-
Bus Bomopona B TITHK, mo mMHeHmio aBTOpa, Iipem-
CTaBJIsIeT MHTEpeC I/ OTACIbHOM IMyOaKaILInu.

Yro kacaercs nipucyrctBus B TITHK uHbIX 271e-
MEHTOB, HallpUMep, XJIopa, KUCI0opoaa, yriepoaa, To
3leCh HEOOXOAUMBIMU SIBJISIIOTCSI CJIEAYIOLIME KOM-
MEHTapUH:

e B BBICOKOTEMIIEpATYpPHbIX IIJIEHKaX HaJlUyue
MPUMECHBIX 3JIEMEHTOB (OCTAaTOUHBIX 3JIEMEHTOB M3
HMCXOIHBIX PeareHTOB) (PMKCHUPYETCS Ha YPOBHE HUXKE
npezaesa oOHapyXeHUsSI METOJOB aHAIU3a;

e B HU3KOTEMIIEPATYPHBIX IUIEHKAX, MOJIyIaeMbIX
Meronamu ACO U3 XJIOPIPOU3BOIHBIX MOHOCHUJIaHA
[14, 18], otMeuanuch 3(ppeKThl aHOMAIbHO BBEICOKO-
CKOPOCTHOTO PAaCTBOPEHMSI TTOKPHITUI U UX OKUCIICHUS
Ha BO3JyXe IOCJie M3BJIeUEeHUS] U3 PEaKIIMOHHBIX Ka-
mep. 1o uHdpopMalmu paboThl [5] BO BpeMsl cMelle-
HUSI XJIOPUAOB KPEMHMSI 1 aMMMaKa MPU HU3KUX TeM-
repaTtypax MporucxXoauT GOPMHUPOBAHNUE PACTBOPUMBIX
B BOJIe TOPOILIKOOOPa3HbIX MPOIYKTOB: CUJIMKOUMMU-
noB SiN,H,, rekcaxiopaucunasana Sip(NH)Clg u 1p.
Takum 00pa3oM, cocTaB M CTPYKTypa IOJy4aeMbIX
IIPY 3TOM TTOKPBITUI MOTYT OBITH CJIOXKHEE OOBITHOTO
KAB-TII, kak cieacTBue MPUCYTCTBUS XJI0pa U JIer-
KO OKHUCJISIOLIMXCS HA BO3IyXe BOLOPOICOAEPKALIUX
rpynn. OQHaKO 3T NPOAYKThI, IO JAHHBIM [5], MOTYT
TpaHC(hOPMUPOBATLCS B HUTPUA KPEMHMUS TIPU Cylle-
CTBEHHOM TOBBIIICHUM TeMIIepaTyphl Ipollecca WA
otxura TII.

ABTOp X0Tell Obl TaKxK€ IMPOKOMMEHTHPOBATh aK-
TUBHOE MPUBJICUYEHUE MHOTMMU aBTOpaMU JUISl Xapak-
tepusdauuu coctaBa TITHK 3HaueHuit moxazatess
npejaomyieHusT #. MeTonbl OmpeaesieHus 7
SIBJISIIOTCSl TIPOCTBIMU, ammapaTypHO COBEp- |
IIEHHBIMU, TOYHBIMU W, KaK CJIEeICTBUE,
IIMPOKO PaclpOCTPaHEHHBIMU B MPOMBIII- | 3
nerHocty UMC u MOMC mist KOHTponst |
coctaBoB TII. OgHako NMPUMEHUTEIbHO K !
TITHK Heo6XxoauMMO OTMETUTD ClieyIolliee. :
[Mokazarens mpenomnenust mis C-TITHK
00bIYHO MpUHAT Ha ypoBHe 2,0 £ 0,02, HOB |
ciydae npucytcTBus B TITHK npumeceii Bo-
J0poJa U KUCJIOpOAA A CYUIECTBEHHO CHU-
xkaercs (go 1,7...1,8), a mpu MOBBIILIEHUU CO-
oTHolueHus Si/N — 3HaYUTETbHO MOBBIIIA-

ercs (Hampumep, npu Si/N = 1,42 3HaueHune n = 2,5
[28]). Takum obpazom nipu ucciegoaHusix TITHK c
BapbUpPOBAHMEM COCTABA B LIIMPOKOM JMAIIa30HEe TPaK-
TOBKa PE3YJbTaTOB C MOMOIIBIO U3MEPEHUSI # MOXKET
MPUBOIUTh K OIIMOOYHBIM BBEIBOJAM.

TeMnepaTypHble 3aBUCMMOCTH OCHOBHBIX
¢u3nko-xumuyeckux cpoiicts TITHK

B nutepaTtype oOcyxmaloTcs pasiudyHble (hu3u-
Ko-xumMuueckue xapakrepuctuku TITHK. Yare Bce-
rO AHAIM3UPYETCS] METOANIECKH IPOCTast U TOCTYITHAST
OOJIBIIMHCTBY aBTOPOB CKOpOCTh pacTBopeHust TITHK
B pacTBOpax Ha OCHOBe (DTOPUCTOBOAOPOIHOUN KHUCIIO-
Thl. I[To JaHHBIM pa3HBIX aBTOPOB CKOPOCTU pacTBOpE-
HUS MPOSIBJISIIOT TPEH/ K CHUXXEHUIO C MOBBILIEHUEM
TEMIIepaTypbl OCAXIEHMS TIeHOK. Kpome Toro, T1o-
BBIIIIEHUE KOHLIEHTpALMU BOAOPOIA MPUBOAUT K TIO-
BBIIIEHUIO cKopocTteil pactBopeHUs [29]. I[Ipobnemsl,
OIHAKO, COCTOSIT B TOM, YTO COCTaBbl PacTBOpUTEJIEH
Y pa3HbIX aBTOPOB CIbHO pasznmuyarorcs, TITHK mo-
JIy4JaloT MPM pa3IMYHbIX TEMIepaTypax, Ha TpaBjieHUe
CWJIBHO BJIMSIIOT COCTaB ILJIEHOK, YCJIOBUSI TPaBJIEHUS,
u T. a. TakuM obpa3oM, TEXHOJOTMUECKH YI0OHAas Xa-
paktepuctuka TTTHK mo cBoeii cytu MoxeT paccMmar-
pUBaThCS TOJIBKO KaK BTOPUYHAS, a IS CPaBHUTEIIb-
Horo aHanu3a cBoiicTB TITHK — mManonpuromHas.

B cBsi3u ¢ 3TUM aBTOP [J1s1 CPABHUTEILHOTO aHAJIU -
3a caeaayl BbIOOpP B MOJIb3Yy NMEPBUYHON XapaKTepuc-
tmku TITHK — minoTHocTu mieHKu (y), XOTs 3Ty Xa-
PaKTepPUCTUKY UCCIEAOBAIN B 3HAUUTEILHO MEHbIIIEM
yucie pabot. 3HaueHue miotHocTu 11 C-TITHK co-
crassier 2,9...3,1 r/em> (puc. 3), 4T0 (aKTHYECKH
0JM3KO K M3BECTHOMY CIPaBOYHOMY 3HAUEHUIO JJIsI
obbeMHOro Marepuaia — 3,17 r/CM3. Jlnamna3zoHbl U3-
MEHEHUSI TUIOTHOCTH IS aKTUBMPOBAHHBIX METOMIOB
OoCaxJeHUs Ha pUc. 3 MOKa3bIBAIOT TPEH K CHUXKEHUIO
II0THOCTU HU3KoTeMnepatypHbeix KAB-TII, uro Kop-
peaupyeT ¢ TpeHJaMu BO3pacTaHUsl KOHLEHTpaluu
BOAOpPOIA M O0OralleHus] Mo KpeMHMIO (CIIpaBOYHast
IUIOTHOCTb KpeMHust — 2,33 F/CM3). st mocneaHero
clydasi, HanpuMep, B pabote [30] ObLia MpoaeMOHC-
TpUpPOBaHA MpsiMasi 3aBUCUMOCTb CHVXXEHUSI y B WH-
tepBasie 3,0...2,0 nmpu cHwkeHuun Si/N B MHTepBaye
0,75...0,5. EcTecTBEeHHO, UTO CKOPOCTHA pPacTBOPEHUS

Puc. 3. Ilpumepnbie nuana3onsl 3navyenuii miorHoct TITHK, nonyyennsix meto-
namu 1, 3, 4, 5 ipu COOTBETCTBYIOIIMX MM NPUMEPHBIX TEMIEPATYPHBIX HHTEPBAJIAX
Fig. 3. Approximate ranges of SNTF density values obtained by methods 1, 3, 4, 5 at
the corresponding approximate temperature intervals
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TITHK gt UMC u MOMC-nipuioxeHuit.
Takumu MeTogaMu SIBJISIIOTCSI METOJIBI OCaXK-
JIEHUsI B peakTopax MPOTOYHOTO W LIMKIIM-
YECKOro TUMOB NPU TePMUUECKOIl aKTUBa-
LI MCXOOHBIX PEareHTOB, IIPH IJIa3MEHHO
aKTMBAllMM, a TaKxXKe MeToH KaTaJuThyec-

Puc. 4. IlpumepHbie Auana3oHbl 3HaYeHHi Mexanndeckux Hanpsukennii B TITHK,
MOJIyYeHHbIX MeTonaMu I, 3—5 npu COOTBETCTBYIOHMIMX WM NMPUMEPHBIX TeMmepa-

TYPHbIX HHTEPBAJNAX (CM. MOSICHEHHS B TEKCTe)

Fig. 4. Approximate ranges of the mechanical stress values in SNTF, obtained by
methods 1, 3—5 at the corresponding approximate temperature intervals. See the text

for details

KAB-TII mnposgBisiioT OOpaTHYIO 3aBUCUMOCTb OT
IUIOTHOCTU TUIeHOK [31].

Hnst MOMC-texHo0TUii aKTyaJbHEHUIIIUM Tapa-
meTpoMm TII sgBiseTcss 3HaueHWEe MeXaHWYECKUX Ha-
npsekeHuid. s TITHK mo pesyiabratam 06001eHM
[14—19] 3HaK 1 3HaUeHUE MEXaHWYEeCKUX Hampsixke-
HUI 3aBUCSIT OT OYeHb MHOTHUX (PAKTOPOB, B CBSI3U C
YyeM 3TOT BOIPOC TPEOYET OTAEJbHOIO OOCYXAEHMUS
BHE paMOK Hacrosieid padotsl. Ilone3Hble mis1 cpaB-
HEeHUs pedepeHCHbIe AMANa30Hbl MEXaHUYEeCKUX Ha-
NnpsikeHui (o) s pa3Hbix MeTonoB nojaydeHust TITHK
[14, 16—19] ouepueHbl Ha puc. 4. MOXHO BUIETh, YTO
nnsa C-TITHK xapakTepHbl MaKCMMaJlbHble 3HAUEHUST
pactsaruBalolux (fensile, 3HaK TUIIOC) MEXaHUYECKUX
HarnpsikeHuii. BapuaHT 3HaUMTEIbHOTO CHUKEHUS Be-
nmuyuH HanpsekeHuit pisg C-TITHK Obu1 mpogeMoHCT-
pupoBaH B padore [22, 23] myTeM oboraiieHUs TJIeH-
KM IO KpeMHUIO U B padore [23] B 1,5 pa3a myrem
MOBBILIEHUsS TeMIIepaTyphl OCaXIEeHUsS ISl CMECHU
SiH4—NHj. [l nepBoro ciy4ast 310 OKa3aHo 0104~
HOI1 CTpesIKOi Ha pUC. 4 U COOTBETCTBYIOLIIEH el CTpe-
KOW Ha puc. 2, a, 1Sl yPOBHSI U3MEHEHUSI OTHOIIIe-
Hus Si/N.

Hanpotus, mi1si akTUBUPOBAHHBIX IIPOLIECCOB B
KAB-TII 06b194HO HaOMI0OAETCS CKOpEe CXKUMAIOIIMIA
(compressive, 3HaK MMHYC) TN HanpsekeHusi. CpaBHe-
HUE IaHHBIX HA pUC. 4 MOKa3bIBaeT, YTO HAUOObIINE
BO3MOXHOCTH BapbMpOBaHMS 3HaKa U 3HAUCHUI Me-
XaHWYEeCKUX HampsokeHui naet meron 3. Hampumep,
pe3yabTaThl MHOTO(AKTOPHBIX 3KCIIEPUMEHTATbHBIX
uccienoBaHuii B padore [32] mokasanau, 4To TpeH B
CTOPOHY PACTSITUBAIOLINX HAIPSDKEHUI TIPOSIBIISIETCS
MPU TIOBBILLIEHUU TEMIEPATYPbl OCAXKICHUS U YACTOThI
BO30YKIEHMS TIJIa3MBbI, a TAKXKe TIPU TTOBBIIIEHUN TEM-
repaTtypbl MOCJIEIYIOIIEeTo 3a OCAXIEHUEM TePMUYEC-
KOT'O OTXWra.

3akmouenue

npoaHaJ'[I/ICiI/IpOBaHI)I COCTOAHUE M HaIIpaBJICHMUA
pa3BUTUA LHIECTHM OCHOBHBLIX METOAOB IIOJYYCHMUA
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KOTO OCaXIeHUsI C MPUMEHEHUEM pasJioxke-
HUS UCXOMHBIX PEareHTOB Ha ropsyeil HUTH.
[MonpoOHBI aHaMW3 TEXHOJOTUH MoJyYe-
HUSI, OCOOCHHOCTE!, HaIlpaBJIeHUI pa3BU-
THUSI KOHKPETHBIX IMPOLIECCOB IMPUBEIEHBI B
COOTBETCTBYIOIIMX YaCTSIX HACTOSIIIEH pabo-
ThI [14—19]. AHanM3 IPOBOAMIIM 1O OCHOB-
HbIM MYOJUKAIMSIM 32 HECKOJBKO NECITKOB
JIET UCCeNOBaHUM, OH BKJIIOYaJI OCOOEHHO-
CTU 000pYIOBaHUS, COMOCTABICHUE TIPEUMY-
IIECTB U HEIOCTATKOB ITPUMEHSIEMBIX XUMMU-
YECKUX PEeareHTOB, MCIIOJIb3yeMble IMapaMeTpbl Mpo-
LIECCOB M T. II.

IIpuBeneHHbIE B YacTU 7 0030pHOI pabOTHI CpaB-
HUTEJIbHbIE 0000I1IEHHbIE TaHHBIE B BUIE TEMIIEpaTyp-
HBIX 00JlacTeii IJIs1 CKOPOCTEeM ocaxKIeHUs, CocTaBa 1
ocHoBHBIX cBoMcTB TITHK moxa3ssiBaloT 0cOGEHHOCTH
MpOaHaJU3UPOBAHHBIX METOIOB OCAXKIEHMS. DTO MO3-
BOJISIET TOMUMMO HAIJISIAHOTO CPaBHEHMSI OCHOBHBIX
XapaKTEPUCTUK TPOIIECCOB OCAXKACHUS U MapaMeTPOB
TII npoBOAUTH OLEHKY MPUMEHUMOCTH OCHOBHBIX
MeTonoB moiydeHns TI1 mia pelreHNsT KOHKPETHBIX
3a7a4 MUKPOS3JIEKTPOHHBIX 1 MOMC-TeXHOMOTHIA.
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Part 7 presents comparative generalized data concerning the deposition temperature dependences of the deposition rates, the film
composition and basic properties of the silicon nitride thin films (SNTF). Advantages and drawbacks of the deposition methods under
review are presented in a graphic form. This allows us to compare visually the basic characteristics of the thin film deposition methods
and the film properties, and to assess the applicability of these methods for obtaining of thin films and solving of the specific problems
of the microelectronic and MEMS technologies. The presented generalizations of the film composition and the physical-chemical
properties of SNTF can be used for analysis and solving of a wide range of technological problems.
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Introduction

Silicon nitride was introduced in electronics in mid-
1970s. This dielectric material attracted attention by the
uniqueness of its properties and possibility of its obtain-
ing in the form of thin films (TF), compatible with the
technology of the silicon integrated circuits (IC), which
made their first steps in the direction of integration. Al-
ready at the first stage of the research of the methods for
obtaining of the silicon nitride thin films (SNTF) and
properties of the material, the tasks of their obtaining
were formulated both at high temperatures (for man-
ufacturing of insulation and the transistor structures
in ICs), and at low temperatures (for the finishing pas-
sivation of ICs) [1—3].

Obtaining of close by composition to the stochio-
metric SNTF (S-SNTF, chemical formula — Si;Ny, ra-
tio Si/N = 0.75) was done at high temperatures by the
method of chemical deposition from the gas phase
(LPCVD) with participation of monosilane, silicon chlo-
rides and ammonia. As a result, dichlorosilane (SiH,Cl,)
was selected as the basic industrial reagent. At a low-tem-
perature plasma-enhanced chemical vapor deposition
(PECVD) with participation of various silicon-contain-
ing substances (basically — monosilane), and also am-
monia and nitrogen, the nonstoichiometric thin films
containing silicon-nitrogen-hydrogen were received
(hereinafter, SINH-TF, the ratio of Si/N can differ es-
sentially from Si/N = 0.75 in both directions). Frequent-
ly, such films are also incorrectly called "silicon nitride".

Early in 1980s the first generalizations of the re-
search works of SNTF appeared, out of which we can
single out [4] and [5] as the most complete ones. A little
bit later, a voluminous bibliographic compilation was
published [6], which systematized the extensive litera-
ture on a wide range of questions connected with
SNTF, and also [7]. Besides, in [6] the works on ap-
plication of SNTF were generalized in the then con-
sidered promising IC technologies and other devices.
As examples of the survey publications concerning the
structure and electrophysical effects of an independent
interest in SNTF it is possible to present [8—11]. From
the recent works it is necessary to mention the survey
publications [12, 13].

According to the author of the present review, all the
publications considered the questions of obtaining of
SNTF in an unacceptably brief way, which made it im-
possible to track the interrelations of those or other
properties of SNTF with the conditions for their ob-
taining. Besides, in recent decades many original pub-
lications have not presented any data about the condi-
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tions for obtaining of TF, which made those works not
informative enough. In this connection the author con-
sidered the necessity for generalization and structuriza-
tion of the accumulated information concerning the
methods for obtaining of SNTF, their structure and ba-
sic properties. As a result, in [14—19] the author ana-
lyzed the conditions and directions for development of
six basic technological methods for obtaining of SNTF
applied in IC technologies and nano- and microelec-
tromechanical systems (MEMS). At the depth of search
of several decades the following methods were consid-
ered (which in the text below are designated, accord-
ingly, by figures /—6):

e Method I — in the flow reactors during the chem-
ical vapor deposition from the gas phase (LPCVD)
with the thermal activation [14];

e Method 2 — in the cyclic reactors during the ther-
mally activated atomic-layer deposition (TA-ALD)
[15];

e Method 3 — in the reactors of the flow type dur-
ing the plasma-enhanced chemical deposition
(PECVD) [16];

e Method 4 — in the flow type reactors during the
plasma-enhanced chemical deposition with high-
density plasma activation (HDP-CVD) [17];

e Method 5 — in the cyclic reactors during the plasma
activation of ALD (PA-ALD) [18];

e Mecthod 6 — in the flow reactors with the so-called
"catalytic deposition" (Cat-CVD) [19], i.e. during a
thermal reaction of the hydrides of silicon and ni-
trogen on a heated tungsten thread.

Statement of problems of the review

In [20] a generalized approach was formulated to
the description and analysis of the processes of obtain-
ing of TF of various types with participation of the gas-
phase reactions. The approach consisted in presenta-
tion of four basic dependences: "output" characteristics
of the process of deposition on the "input" parameters of
the processes (temperature, pressure, concentration of
the reagents, etc.). Those major for the TF technology
characteristics of the processes are the following:

1) Rate of deposition (rate of growth) of TF;

2) Composition of TF;

3) Physical and chemical properties of TF;

4) Electrical and electrophysical properties of TF.

The aim of the given part of the review is a system-
atization of the data [14—19] for the first three of the
above characteristics in relation to various methods of
deposition and types of SNTF. Such an analysis covers




the overwhelming majority of the technological appli-
cations of SNTF and is necessary for formation of a
complete comparative view of the opportunities pre-
sented by various methods of SNTF deposition. The
author would like to underline, that in the given work
the electrical and electrophysical properties of SNTF
are not considered (the fourth type of SNTF charac-
teristic). The reason for it consists in essentially smaller
volume of the publications concerning the limited
methods for obtaining and specific use of TF, going be-
yond the framework of the given review. Certain data of
this kind can be found, for example, in [10, 11].

In the present work, as the basic "input" parameter
for the generalization of the resulting information on
the deposition processes, the temperature of deposition
of SNTF (7,) was selected. High-temperature LPCVD
methods (7,; > ~700 °C) allow us to obtain S-SNTF. At
lower temperatures, depending on the obtaining meth-
od, the more or less nonstoichiometric SINH-TFs are
formed. However, also in the latter case, by manipula-
tions with the composition of the gas mixes and condi-
tions of deposition we can get SNTF, formally close by
their composition to the stoichiometric ones. This occurs
in case, if we take into account as the composition of the
characteristic of only the ratio of Si/N = 0.75, however,
as it is shown below, the correlation of Si/N is not an ex-
haustive characteristic of the composition of SINH-TF.

During our analysis in the present work we consid-
ered the generalized values of the characteristics and
parameters, the initial data of which can be found in
parts 1—6 [14—19].

Temperature dependences of the rates
of deposition of SNTF

Fig. 1 presents the shaded in different ways the ap-
proximate values of the rates of deposition (W) for
methods /—6 in case of the temperature intervals typ-
ical for them. These areas are rather reference ones, be-
cause within the shaded areas there are some variations
of the rate of deposition. However, the convenience of
such a presentation consists in the fact that by means of
the shaded areas it is possible to present visually the
possibilities of the methods for obtaining of SNTF, and
also to pass to the generalizations concerning the com-
position and the basic properties of the films. Further
in the work, the chosen types of the shaded areas for the
considered methods of deposition /—6 are preserved.
To the data presented in fig.1 it is possible to add the
following comments:

— The values of the rates of deposition for meth-
ods /—6 differ more, than by four orders;

— Methods of TA-ALD 2 and the PA-ALD 5, re-
alized, as a rule, in the cyclic reactors of individual type
(that is, on one substrate), allow us to obtain films with
extremely small rates of deposition, less than 0.1 nm/min
[15, 18]. In this case the author believes, it is admissible

to use nm/min dimensionality instead of nm/cycle di-
mensionality typical for the ALD processes, because
the duration of the cycles in both studied versions of
ALD was equal to a minute and over. From the pre-
sented data it is visible that the ALD methods described
in literature now are rather not suitable for use and de-
mand a further research;

— The plasma-activated methods of PECVD (3)
and HDP-CVD (4) and the catalytic method (6) in the
flow reactors, more often of an individual type, allow us
to receive very high rates of deposition;

— LPCVD high-temperature method (1) allows us
to reach the intermediate values of the rates of depo-
sition. However, due to its realization in the batch
flow tubular reactors with a simultaneous load of about
100 substrates, a high efficiency of the process is
achieved. The tubular high-temperature reactors with
hot walls are applied in large quantities in manufacture
of IC and MEMS for obtaining of S-SNTF during the
use of SiH,Cl,-NH; mixes.

A rare, but interesting for deposition at high tem-
peratures from SiH,—NHj3 mixes, is the flow, hot-wall
reactor of an individual type called SiNergy™ [21]. An
advantage of such a reactor is essentially smaller cumu-
lative thermal influences in comparison with the tradi-
tional LPCVD method in the tubular reactors. This is
due to higher, up to 200 nm/min, rates of growth of the
films because of the use by more than 2...2.5 orders high-
er working pressures (the rate of deposition, as a rule,
is directly proportional to the pressure in the reactor).
An advantage of the use of monosilane is also a lower
defect density of the films due to absence of chlorine in
the initial molecule. This eliminates the problem of for-
mation of microparticles of the ammonium chloride
(NH4CI) and other chlorine-containing compositions
in the gas phase and on the walls of the vacuum sys-
tems, pronounced for the silicon chlorides. The author
would like to point out one more potential advantage of
such a reactor. It is expected, that in such reactors due
to variation of the correlation of the components in the
gas phase it is possible to obtain high-temperature films
with a homogeneous composition and silicon enriched
content (SE-SNTF). According to data [22—24], such
films are of interest for the use in MEMS technologies.
As it was discussed in [14], obtaining of SE-SNTF in
the tubular flow reactors during LPCVD is impossible
in view of a big variation of the concentration of the
components along the length of the working zone,
which is eliminated in principle in the discussed indi-
vidual reactor. Obtaining of very thin S-SNTF films for
a rather narrow application is also possible by the meth-
od of a rapid thermal deposition (Rapid Thermal CVD,
RT-CVD) from SiH;—NH; mixes [25]. Within the
range of 700...850 °C the rates of growth in the reactors
of individual type are equal to 50...300 nm/min, at that,
the pressure in the reactor by an order exceeds the pres-
sure in the "classical" tubular LPCVD reactors.
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Giving brief characteristics to the processes of SNTF
deposition, the author would like to point out, that for
methods 7, 2, 5the processes were described as proceed-
ing in accordance with multi-route schemes with the
limiting heterogeneous steps. In such processes the sub-
strate surface is an active component of the reaction. At
the same time, as a rule, the plasma-activated processes
proceed in the gas phase without participation or with
a minimal participation of the surface of the substrates.
As a certain exception from this we can consider some
PA-ALD processes, for which the plasma activation of
one of the reaction components can increase the con-
tribution of the surface reactions.

For the purpose of characterization and comparison
of the kinetic features of the deposition processes, in
[20] the author introduced a universal characteristic of
the processes of deposition of TF (including the one ap-
plicable and for processes of obtaining of SNTF),
dubbed as the effective constant of the rate of reaction
k. with the dimensionality of a centimeter per second
(cm/s) (keﬁc ~ WJ/[Cg;l, where [Cg;] — concentration of
the basic silicon-containing reagent in the gas phase,
mol/l). High rates of deposition of the plasma- and cat-
alyst-activated processes definitely correspond to the
greater values of keﬁ. At that, it is necessary to point out,
that an increase of W (i.e. k,z) also directly correlates
with the increase of the efficiency of the use of the rea-
gents, which is shown by an arrow in the right part of fig.
1. However, an increase of W (i.e. keﬁr) has also a neg-
ative effect — it leads to a deterioration of the confor-
mality of SNTF deposition on the developed reliefs of
the devices. In the same fig. 1 an arrow points to the op-
posite direction in relation to the arrow of the efficiency
of the use of the reagents. Thus, application of the high-
speed processes is expedient for the substrates without
a relief or with a minimally developed relief, while the
low-speed processes allow us to receive essentially more
conformal coatings [20]. An exception is the combined
process of deposition with CVD and the simultaneous
etching of TF, specially developed for obtaining of the
conformal coatings on the high-aspect structures [17].

Temperature dependences of SNTF composition

As the basic characteristics of SNTF composition
the author selected the Si/N ratio and the concentra-
tion of hydrogen in a film. The latter characteristic is
especially topical for the low-temperature deposition
methods. We should point out, that for definition of
Si/N relation the authors of the publications used var-
ious direct methods for definition of silicon and nitro-
gen (including the one with profiling of the elements
by thickness of the films): Auger spectroscopy (AES);
x-ray photoelectronic spectroscopy (XPS), secondary-
ion mass spectrometry (SIMS); spectroscopy of the Ru-
therford backscattering (RBS), the method for detec-
tion of the recoil atoms (ERDA), etc., and for hydrogen
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definition — SIMS, RBS, ERDA, the methods of nu-

clear reactions (NMR), and also the widespread pre-

liminary calibrated infra-red spectroscopy with Fourier
transform, allowing us to record the concentrations of

Si-H and N-H bonds in SNTF.

The data in fig. 2, a point to a practically stoichi-
ometric composition of the high-temperature films
(S-SNTF, Si/N = 0.75), at only several atomic per-
cent of the content of hydrogen (fig. 2, b). However, for
the low-temperature plasma-activated SINH-TF a very
wide range of Si/N correlation with a certain general
trend to enrichment by silicon is possible. Under cer-
tain conditions of the deposition processes (basically,
during selection of the correlations of the silicon and
nitric components of the reactions) and for SiNH-TF
it appears possible to reach a formal stoichiometric cor-
relation of Si/N = 0.75. However, it is impossible to
consider such films as stoichiometric ones, because of
a considerable presence of hydrogen in them (fig. 2, b),
many times exceeding the content of hydrogen in the
high-temperature S-SNTF (including those, received
in the individual reactors [21, 25]). Out of the low-tem-
perature ones, the comparative concentrations of hy-
drogen in SiNH-TF were observed for the films re-
ceived by method 4 (HDP-CVD), where SiH;—N,
mixes were usually applied. The maximal values of the
content of hydrogen (up to 40 at. %) were recorded for
the PECVD processes with the use of SiH,—NH 3 mix-
es. As a whole, the data presented in fig. 2, b correspond
to the trend of a decrease of the concentration of hy-
drogen in SNTF in case of a rise of the temperature for
obtaining of the films [5].

The author would like to underline, that in IC and
MEMS technologies the thin films are often subjected
to thermal annealing at high temperatures. In this case
it is necessary to take into consideration information
from the sources [26, 27] about removal of hydrogen
from the films at temperatures approximately over
500...600 °C, which leads to a variation of the compo-
sition and structure of the films. According to the au-
thor, the problem of presence of hydrogen in SNTF is
of interest for a separate publication.

As far as the presence of the other elements in SNTF
is concerned, for example, chlorine, oxygen, carbon,
here the following comments are necessary:

e In the high-temperature films presence of the im-
purity elements (residual elements from the initial
reagents) is recorded at the level below the limit of
detection of the methods of the analysis;

e In the low-temperature films obtained by ALD
methods from the chlorine-derivative of monosilane
[14, 18], the effects were observed of an abnormal
high-speed dissolution of coatings and their oxidation
in the air after their extraction from the reaction
chambers. According to information of the work [5],
during mixing of the chlorides of silicon and ammo-
nia at low temperatures, formation was observed of




the soluble in water powder-like products: silicon di-
imide Si(NH),, hexachlorodisilazane Si;(NH)Clg
etc. So, the composition and the structure of thus ob-
tained coatings can be more complex than the regular
SiNH-TF because of the presence of chlorine and the
hydrogen-containing groups oxidizing easily in the
air. However, according to [5], these products can
transform into the silicon nitride at an essential rise of
temperature of the process or annealing of TF.

The author would also like to comment on the active
involvement by many authors of the values of the re-
fraction index » for characterization of SNTF compo-
sition. The methods for definition of » are simple,
hardware perfect, accurate and, as a consequence,
widespread in IC and MEMS industry for control of
TF compositions. However, with reference to SNTF it
is necessary to point out the following. The refraction
index for S-SNTF is usually accepted at the level of
2.0 £ 0.02, but in case of presence of the hydrogen and
oxygen impurities in SNTF, » essentially decreases
(down to 1.7...1.8), and in case of increase of Si/N
correlation it raises considerably (for example, at
Si/N = 1.42 the value of n = 2.5 [28]). Thus, during re-
search of SNTF with the composition varying in a wide
range the interpretation of the results by means of
measuring of n can lead to erroneous conclusions.

Temperature dependences of the basic physical
and chemical properties of SNTF

In literature various physical and chemical charac-
teristics of SNTF are discussed. Most authors frequent-
ly analyze the methodically simple and accessible to
them rate of dissolution of SNTF in the solutions on
the basis of hydrofluoric acid. According to different
authors, the rates of dissolution demonstrate a trend to
a decrease with the rise of the temperature of deposition
of the films. Besides, an increase of the concentration of
hydrogen results in higher rates of dissolution [29]. How-
ever, the problems are due to the fact that different au-
thors have very different compositions of solvents, SNTF
are obtained at various temperatures, etching is influ-
enced strongly by the compositions of the films and con-
ditions for etching, etc. Thus, a technologically conven-
ient characteristic of SNTF can, in fact, be considered
only as the secondary one, and this is of little use for
the comparative analysis of the SNTF properties.

In this connection the author for a comparative
analysis made his choice in favor of the primary char-
acteristic of SNTF — film density (y), although this
characteristic was investigated in a considerably small-
er number of works. The value of density for S-SNTF
is 2.9...3.1 g/cm3 (fig. 3), which is actually close to
the known reference value for a volume material —
3.17 g/cm3 . The ranges of the density variation for the
activated methods of deposition in fig. 3 show a trend
to a decrease of the density of the low-temperature

SiNH-TF, which correlates with the trends for an
increase of the concentration of hydrogen and enrich-
ment with silicon (reference density of silicon —
2.33 g/cm3). For latter case, for example, in [30] a di-
rect dependence is shown of the decrease of y in the
range of 3.0...2.0 during a decrease of Si/N in the
range of 0.75...0.5. Naturally, the rates of dissolution of
SiNH-TF demonstrate an inverse dependency on the
density of the films [31].

For MEMS technologies the most topical parameter
of TF is the value of the mechanical stresses. By the re-
sults of generalizations [14—19], for SNTF the sign and
the value of the mechanical stresses depend on numer-
ous factors and in this connection this question de-
mands a separate discussion going beyond the frame-
work of the present work. The useful for comparisons ref-
erence ranges of the mechanical stresses (o) for various
methods of obtaining of SNTF [14, 16—19] are pre-
sented in fig. 4. One can see that for S-SNTF the max-
imal values of the tensile, plus sign, mechanical stresses
are typical. A version of a considerable decrease of the
stress values for S-SNTF was demonstrated in [22, 23]
by means of enrichment of a film with silicon and in the
work [23] in 1.5 times by means of increasing the depo-
sition temperature for SiH,—NH; mixture. For the
former case it is demonstrated by a block arrow in fig. 4
and the corresponding arrow in fig. 2, a for the level of
variation of Si/N correlation.

On the contrary, for the activated processes in
SiNH-TF, usually, a compressive (minus sign) type of
stress is observed more likely. A comparison of the data
in fig. 4 shows, that the greatest possibilities for varia-
tion of the sign and the values of the mechanical stresses
are provided by method 3. For example, the results of
the multifactorial experimental research works in [32]
demonstrated, that the trend toward tensile stresses was
observed at the rise of the deposition temperature and
frequency of the plasma excitation and also at the rise
of temperature of the thermal annealing, which fol-
lowed the deposition.

Conclusion

The state and directions for development of six basic
methods for obtaining of SNTF for IC and MEMS ap-
plications were analyzed. Such methods are the depo-
sition methods in the reactors of the flow and cyclic
types during the thermal activation of the initial rea-
gents, during the plasma activation, and also the meth-
od of the catalytic deposition with application of a de-
composition of the initial reagents on a hot wire. A de-
tailed analysis of the technologies for obtaining, specific
features and directions for development of the con-
crete processes are presented in the corresponding
parts [14—19]. The analysis comprised the basic publi-
cations for several decades of the research works and in-
cluded specific features of the equipment, comparison of
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the advantages and drawbacks of the applied chemical re-
agents, used parameters of the processes, etc.

The generalized comparative data presented in
part 7 of the review in the form of the temperature areas
for the rates of deposition, composition and basic prop-
erties of SNTF demonstrate the specific features of the
analyzed methods of deposition. This makes possible
not only a visual comparison of the basic characteristics
of the deposition processes and TF parameters, but also
an estimation of the applicability of the basic methods
of obtaining of TF for solving of concrete tasks in the
microelectronic and MEMS technologies.
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