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PaccMmoTpeHO opHoBpeMeHHOe ¢opmupoBaHMe GyHKLUOHANbHOro penbeda Ha obeumx paboumx
NOBEPXHOCTAX ONTUYECKUX MJIoCKOoMNapasulesibHbIX MIACTUH NPU U3FOTOBIEHUU AUPPAKLUOHHbIX
M TronorpaMMHbIX ONTUYECKMX 3J1eMeHTOB. WMccnepoBaHbl TeXHONOTUMYECKMEe BO3MOXHOCTU
NNasMoXMMUYECKOro TpaB/ieHUs CcTeksa C pasMel,eHneM 3arotoBku B ob6bemMe niasmbl
M NpUMeHeHUeM YyCTaHOBKM AUOAHOr0 TUMNA C BbIHECEHHbIM MJlaHapHbIM UHAYKTOpOoM. MNMokasaHo,
YTO OrpaHUYMBAKLUM KAuYecTBO TpaB/ieHNss GaKTOPOM SIB/SeTCA OTBOJA NMPOAYKTOB XMMUYECKUX
peakuui ot o6pabaTbiBaeMoin NOBEPXHOCTU. AN 60POCUINKATHOrO ONTUYECKOro CTeK1a JOCTUIHYTa
CcKOpoCTb TpaBsieHnsi 100 HM/MUH.

The simultaneous formation of the functional reliefs on both of the two working surfaces of optical plane-
parallel wafers is considered in relation to manufacturing of diffractive and holographic optical elements.
The technological possibilities of plasma-chemical etching of glass are investigated for the case of placement
the workpiece in the plasma volume and using the diode type device with an outboard planar inductor. It is
shown that the quality-limiting factor is the withdrawal of products of chemical reactions from the treated

surface. The etching rate of 100 nm/min for borosilicate optical glass was achieved.

7a3MoxHuMHKUecKoe TpasieHue (IIXT) cTexsia Mony-

YMJIO MIMPOKOEe PACIIPOCTPaHEHHE B OIITUYeCKOM

IIPOMBIIIJIEHHOCTH IIPH U3TOTOBJIEHHUH OTUPPAK-
LIUOHHBIX HJIA FOJIOTPAMMHBIX OIITUYECKUX JIeMeH-
ToB ([JO2/T'03) [1]. MakcuManbHas BLICOTA pesibeda
(rnybmHa BrIaJMH) OIITHYECKUX JeTalel COCTABISIET
1-2 MmxM. CunTaeTcs, YTO 4J1s1 AUGPAKLIMOHHBIX OIITH-
YeCKHUX 37IeMeHTOB Hy>kKeH pejbed C BepTUKATbHBIMU
CTeHKaMH, [10/Iy4aeMBbIH aHU30TPOITHEIM TPaB/IeHHEM.
TeM He MeHee HaKJIOHHbIe O0KOBBIe CTEHKH penbeda
CO3[AI0T JOIIO/IHUTE/IbHbIe BOSMOKHOCTH GOPMHUPOBa-
HUs n30bpaskeHus [2].

B HacTosllee BpeMs IOSBHU/INCh KOHCTPYKILIUU
J03/TO3, comepkamue GYHKIIMOHAIBHBIK penbed
Ha obenx pabounX MIOCKOCTSIX IJIOCKOIAPAIENb-
HOM IUIACTHHHI [3]. [IpU M3TOTOBIEHUH TaKUX JeTa-
nel Lenecoobpa3Ho 3aMeHUTH [Be Ollepalluy OJHO-
cropoHHero IIXT Ha ofHY ollepaliiio JBYXCTOPOHHEr 0

[1XT. Tako¥ BHUJ TPaBeHHs BO3MOXKeH, ecIu obpaba-
TBIBAE@MYIO 3aTOTOBKY IIOMECTHTb HEIIOCPeICTBEHHO
B IIJ1a3My, 06pa30BaHHYIO BEICOKOYACTOTHBIM pas-
psinoM [4]. CooTBeTCTBYyIOIIKe YCTAHOBKH, KaK 3asB-
NS0T UX U3TOTOBUTE/IH, HalpUMep, KOMIIAHUS
Diener electronic, obecrieduBaIOT BO3MOKHOCTH [1XT
KBaplia, XOTs U IHpeJHa3Ha4YeHbl B OCHOBHOM /14
TaKHX OIlePallMH KaK CHSTHE OCTaTKOB $OTOpe3u-
CTa HJIK yAaJIeHHe TOHKOIJIeHOUHBIX IIOKPBITHH.
K paccmaTpuBaeMoMy Kjaccy 060pyfAoOBaHUS OTHO-
CUTCA U ycTaHoBKa RIE-300 mpou3BoacTBa GHUPMBL
Torr International. KOHCTPYKTHBHO OHa COAEPKUT
BbIHECEHHBIH 3a Ipejebl pabouerl KaMepsl Ija-
HapHBIM UHAYKTOP B BH/e IIJIOCKOM CIHPaIbHOU
aHTeHHBI, QOPMHPYOLIEH BBICOKOYACTOTHYIO JHOM-
HYIO CUCTEMY.

LlenpIo JAHHOM PaboTHI SIBJISITIOCH BEISIBJIEHHE TeX-
HOJIOTHYeCKUX BO3MOXKHOCTeM IIXT CHUIMKATHBIX

MITY um. H.3.baymaHa / Bauman MSTU.
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CTeKOJI IIPH KOHTAKTUPOBAHUU IIJIa3Mbl C 06enMHu
CTOPOHAMHM 3aTOTOBKHU U OIlpeJie/ieHHe IIyTekl COBep-
IIeHCTBOBAHU I COOTBETCTBYIOIIEI TeXHOIOTUUeCKON
OIlepaLluHu.

AHAJIU3 CTARWIA NXT
Teopus IIXT [4] paccMaTpuBaeT cyxoe TpaBjeHHe
KaK II0C/TIef0BaTelbHOCTh XUMUYeCKHUX PeaKlLUu.
OCHOBHBIMHY CTaAUSMHU CYXOTO TPABJIEHHUS SIBIAIOTCA
JOCTaBKa MOJIEeKyJI pabouero rasa B 30HY I1JIa3MBbI Ta30-
BOrO pa3psifia, Iepexos MoseKysI pabouero rasa B raso-
BOM paspsijie B 3HepreTHYecKyue ¥ XMMHYeCKHU aKTUB-
Hble YaCTHIIbI, JOCTaBKa TAKUX YaCTHII K IIOBEPXHOCTHU
obpabaTbiBaeMOro MaTepuasa, UX B3aHUMOJEHCTBHe
C TIOBEPXHOCTBIO 06pabaThIBa@MOro MaTepHaa, a TAKKe
OTBOZ, IPOJYKTOB B3aUMOJEHCTBHU S OT II0BePXHOCTH
obpabaTbIiBaeMOro MaTepHuasa.

Ha 3¢ peKTHBHOCTB IOCTAaBKH MOJIEKYJI pabodero rasa
B 30HY I1JIa3MBbl Fa30BOI0 pa3psfia BIKSeT B3aHMHOe pac-
rosnoskeHue o6pabaTeiBaeMBbIX [TIOBEPXHOCTEL 0bpa3slia
Y TOYKH BBOJIA Ia30B B pabouyro KaMepy (CM. PUCYHOK).
Kpome Toro, ocTaBKe MOJIeKy/ pabouero rasa mpernsr-
CTBYIOT 3ay>KeHHBbIe 06J1acTH B paboueil Kamepe, obpa-
3yeMble mepskaTesieM obpasia, MO3UIMOHHPYIOUHIM
npucriocobneHreM U IOJIKOKM-HOCUTEeIeM.

I[lepexon Mosekys pabodero rasa B ra30BOM paspsjie
B SHEPreTHUYeCKHe U XMMHYEeCKH aKTHBHBIE YaCTHIIBI
IPOUCXOAUT 61aromaps ToOMy, YTO CIHPaIbHas
aHTeHHa, SBJISIOMAACSI KaTyIIKOM HHAYKTUBHOCTH,
3aIyCcKaeT BJOJIb OCH Z B I1JIa3My 3JIEKTPOMarHUTHYIO
BOJIHY, KOTOPast 3aTyxaeT I10 3KCIIOHeHTe. [1y6uHy mpo-
HUKHOBEHH S 3/IeKTPUYECKOro M0/ B II7Ia3My OOBIUHO

XapaKTepHU3YIOT BeIMUUHO, 06PaTHOIM KO3QPUIIEHTY
3aTyXaHUsI 3TO BOHBI §. B CBOIO ouepesib, BeTUYHHA §
oIpeenseTcsa MHUMOM 4acTbI0 KOMIIJIEKCHOU AH3JIeK-
TPHUYeCKOM IPOHHIIAeMOCTH IIJIa3MBL.

OneHOYHBbIE pacyeThl, MeTOJUKA KOTOPBIX IIPUBO-
OUTCS B CIelIMa/IN3KMPOBAHHOM JIUTepaType (5], mpoBo-
JHJIH IPHUMEHHTEIBHO K ycTaHoBKe RIE-300. beLio mipy-
HATO, 4YTO Ha aHTEeHHY [I0/1aeTCs HallpSsKeHHe C YaCTOTOR
f =13,56 MI'1l, B KaueCcTBe XMMHYECKHU aKTUBHOIO rasa
HCIIONb3yeTCs 371era3 SFy, a IaBneHue B pabouert Kamepe
cocTtaBsieT p = 10-100 I1a [4]. TIo pe3yapTaTaM pacueToB
YaCTOTa CTOIKHOBEHUH 371eKTPOHOB C HeHMTPaIbHBIMU
YaCcTULIAMHU COCTABHUIIA V,, = 101 ¢l B To BpeMsi Kak Kpyro-
Basg YacTOTa HAIIPSyKeHMs, II0aBAeMOro Ha aHTEeHHY, 0 =
108 1. OKka3bIBAETCS, UTO V., >> (), TO €CTh MBI UMEEM [IeJI0
CO CJ1y4aeM IIa3MbI BBICOKOTO AaB/IeHU. [lajiee, OLleHUB
KPYT'OBYIO 4acCTOTY OCLIMJLISILIM I1/1a3MBbl BeJIMUHUHOMN
Wpe = 21'[fPe = 6101 I'l1, mONMyYU/IK OPUEHTHUPOBOYHO IIIy-
OMHY IPOHUKHOBEHH S 37IeKTPUUeCKOro MO B IJIA3My
8 =7 cM. JTa BelMYMHA NIPUMEPHO paBHA pa3smepy
(anuHe L, yKa3aHHOM Ha PUCYHKe) paboderl KaMepsl.
YcnoBue § ~ L COOTBETCTBYeT I171a3Me HU3KOM IVIOTHOCTH.

B ciy4dae ma3Mel BBICOKOIO JaBI€HHUS U HHU3KOH
IIJIOTHOCTH JTHUMUTHUPYIOIIUM GaKTOPOM SBJISETCH
MHHHMAaJbHBIH TOK 1, COOTBeTCTBEHHO, MUHHUMaJlb-
Hasi MOILIIHOCTbD, [10JjlaBaeMasi Ha aHTeHHY [/ Bo3by-
SKIeHHUSI MHAYKTUBHO CBSI3aHHOM ILJIa3MBI. {4 pac-
CMaTpHBaeMOH ycTaHOBKH RIE-300 orpaHu4YeHHeM, a
CJIe0BaTe/IbHO, U IMMUTHPYIOUIMM yC/IOBUEM Ilepe-
X0fIa MOJIeKy pabouero rasa B XMHU4eCKH aKTHBHBIE
YaCTHILIBL, BJISETCS [IoJaBaeMasi Ha aHTeHHY MaKCH-
MaJsipHas MoIHOCTE W, =300 BT.

lasma-chemical etching (PCE)
of glass has become wide-
spread in the optical industry
in the manufacture of diffractive or
holographic optical elements (DOE/
GOE) [1]. The maximum height of
the relief (the depth of the hollows)
of the optical partsis1to 2 pm. It
is believed that the diffractive opti-
cal elements need a relief with ver-
tical walls, obtained by anisotropic
etching. Nevertheless, the inclined
side walls of the relief create addi-
tional opportunities for image for-
mation [2].
At the present time, DOE/COE
designs have been developed that

contain a functional relief on
both working planes of a plane-
parallel plate [3]. When manufac-
turing such parts, it is advisable
to replace two single-sided PCE
operations with one two-sided
PCE operation. This type of etch-
ing is possible if the workpiece to
be processed is placed directly in
a plasma formed by a high-fre-
quency discharge [4]. Appropriate
machines, as claimed by their
manufacturers, for example by
Diener electronic, provide the
possibility of PCE of quartz,
although they are intended
mainly for such operations as

photoresist stripping or removal
of thin-film coatings. The RIE-
300 system manufactured by
Torr International belongs to this
class of equipment. It contains
a planar inductor brought out of
the working chamber in the form
of a flat helical antenna that
forms a high-frequency diode
system.

The purpose of this work was
to determine the technologi-
cal capabilities of PCE of silicate
glasses when plasma contacts
with both sides of the workpiece
and the ways to improve the cor-
responding processes.
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L) “Mojadara3os
=Gas supply -

BakyymupoBaHue 8 7 6
Vacuuming

PacnonoxeHue obpasuya 6 kamepe ycmaHosku RIE-300:
1 -06paseu; 2 - nA0CKAs CNUpAAbHASI AHMEHHA; 3 — Keapue-
80€ OKHO; 4 — 8aKyyMHas kamepa; 5 — dep>xamenb 0bpasua, 6 -
no3uyuoHUpyrouee npucnocobaeHue; 7 - naazma BY-paspsoa;
8 - noaka; I - 2eHepamop; CY - cozaacyroujee ycmpolicmao
Position of sample in chamber of RIE-300: 1 - sample; 2 - flat heli-
cal antenna; 3 - quartz window; 4 - vacuum chamber; 5 - sam-
ple holder; 6 - positioning device; 7 - high-frequency discharge
plasma; 8 - shelf; I' - generator; CY — matching device

XMMHUYECKY AKTUBHBIMH YaCTHIAMU C1y>KaT aTOMBL
dTopa, KoTopble 06pPa3yIOTCS B YCIOBUSIX IIa3MBbI ITPH
pacmane moiekys snerasa SFg Ha pagukainsl SFs, SE,,
SF,, Monekynsl F, u atoMsl F [5], mpuieM B m1asme

ANALYSIS OF PCE STAGES

MoJIeKyIbl ¢pTopa F, TakKe pacramaoTcs Ha aTOMBL.
MexaHH3M [JOCTaBKH 06pa30BaBIINXCSI aTOMOB pTopa
K 06pabaTbIBaeMOM [TOBEPXHOCTH U OTBOJ, OT Hee Ipo-
OYKTOB B3aHMOJEHCTBUS OIIpefeNsieTCss COOTHOIIe-
HHeM MeXy pa3MepaMH KaMephl U IJIMHOM cBo6oz-
Horo rmpobera MosieKys1, KOTopasi 3aBUCHT OT JaBJIeHUs
B BAaKYYMHOK KaMepe 1 KOMIIOHEHTOB Ta30BO CMeCH.
Pacuet 110 pekoMeHAyeMbIM popmynam [5] rmokassl-
BaeT, YTO /J/Is1 YKa3aHHOTO BhIIIe AHAIa30Ha AaBie-
HHUM, XapaKTepHOTO /ISl YCTAaHOBOK pacCMaTpHBae-
MOT0 THIIA, AJIMHA cBobomHOro ITpobera cocTaBseT A =
0,05-0,5 MM. 3Ta BeJIMYKMHA HAMHOI'O MEeHBIIIe pa3Me-
POB KaMephl, CIeI0BaTeIbHO, OCTABKA XUMUYECKU
AKTHUBHBIX YaCTHUI] K 06pabaTbiBaeMoil IOBEPXHOCTH
Y OTBOJL OT Hee IIPOJIyKTOB B3aMMOJEHCTBHUSI IIPOUCXO-
JST 10 MeXaHU3MYy THUPy3HUH.

B3auMopeiCTBUE SHEPreTUYeCKUX U XUMHUYEeCKH
AKTHUBHBIX YaCTHUI] C [IOBEPXHOCTHIO OIITUYECKOr0 CTe-
KJIa BKJIIOYaeT B cebs ymaneHue obpabaTeiBaeMoro
MaTepHasia NpU NPOTeKAHUU XUMHUYECKON peaKkIHu
c obpasoBaHHeM TeTpadTOpHIa KPEMHHUS:

4F(ra3) + SiO,(TB) - SiF,(ra3) + O,(ra3). o))

OnHaKo OIITHUYeCKOe CTeKJIO (33 UCK/IIoUeHHeM I1/IaB-
JIeHOT0 KBaplia) COeP>KUT B CBOEM COCTaBe He TOIbKO
JOYOKCHJ, KPeMHHU S, HO M MHOXKECTBO [PYTHX COe/IlHe-
HUH, HallpUMeP, OKCUBI 60pa, HaTpHs, Kaaus U T.J.
Kpome TOro, BO3eHMCTBUI0O XUMHUYEeCKH aKTUBHBIX
YaCTHUI] II0JBepraeTcsi He TOJIbKO COOCTBEHHO CTEKJIO, HO
Y MaTepHaJl MacKH, IIPUMeHsIeMOH /151 CO3[aHUS Tpe-
OyemMoro prcyHKa Ha 06pabaTbiBaeMOH IIOBEPXHOCTH.

The PCE theory [4] considers dry
etching as a sequence of chemical
reactions. The main stages of dry
etching are the delivery of working
gas molecules to the gas discharge
plasma zone, the transfer of work-
ing gas moleculesin a gas discharge
into energetically and chemically
active particles, the delivery of such
particles to the surface of the pro-
cessed material, their interaction
with the surface of the processed
material, as well as the withdrawal
of products of interaction from the
surface of the processed material.
The efficiency of the deliv-
ery of working gas molecules to
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the gas-discharge plasma zone is
influenced by the mutual arrange-
ment of the processed surfaces of
the sample and the point of intro-
duction of gases into the working
chamber (Fig.). In addition, the
delivery of working gas molecules
is prevented by narrowed areas in
the working chamber, formed by
the sample holder, the positioning
device and the carrier shelf.

The transition of working gas
molecules in a gas discharge into
energetically and chemically active
particles is caused by the fact that
the helical antenna, which is an
inductor, triggers an electromag-
netic wave along the z axis into the

plasma, which decays exponen-
tially. The depth of penetration of
the electric field into the plasma
is usually characterized by a value
that is inverse to the magnitude of
the attenuation coefficient of this
wave (8). In turn, the value of § is
determined by the imaginary part
of the complex dielectric permittiv-
ity of the plasma.

Estimated calculations, the
methodology of which is given in
the specialized literature [5], was
carried out with reference to the
RIE-300 system. It was assumed
that the antenna is supplied
with a voltage with a frequency
of £=13.56 MHz, SF; gas is used
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OcobernHocTH IIXT OIITHYECKOrO CTeKJIA TpebyroT
MIpoBeZleHH sl SKCIIepHMeHTa/IbHBIX UCCIeJOBAHUH [JIs
YCTAHOBJIEHH I Ha X OCHOBE pAKTOPOB, OrPAHUYMUBAIO-
KX ITPOK3BOSUTEIBHOCTD IIPOIiecca U KauecTBO obpa-
OOTaHHOM IIOBEPXHOCTH.

METOZMKA SKCMEPUMEHTA/IbHbIX UCCNEAOBAHUI
JJ1s1 IpoBefieHU sl SKCIIepHMeHTa/IbHBIX UCC/IeJOBAaHUL
IIPUMEeHSIN YCTaHOBKY RIE-300 IpoM3BoACTBa QU PMBL
Torr International (cM. prCYHOK).

[TonBepraemsle I1XT 06paswsl pa3mepom 10x10 Mm
OBLIM BBIPE3aHBI U3 OHOTO I'PYIIIIOBOro obpaslia, HU3ro-
TOBJIEHHOTO U3 3arOTOBKH $oTomIablIoHa AJIsI HHTer-
PanbHBIX MHUKPOCXeM TOJIIIHUHOM 2,5 MM C XpPOMOBBIM
MaCKHPYIOUIUM IOKPBITHEeM. O6pasibl comepsKanu
[IOJIyYeHHBIM MeTOJ0M 3/IeKTPOHHO-JIy4eBOU JIUTOI-
padru pHCYHOK - paHIOMH3UPOBAHHBIN HAbop ONTH-
YeCKM MPO3PavyHBIX (XPOM IIPOTPaBJIeH [0 CTeKa)
Y He[lpO3pauyHBbIX (XpOM He TPOHYT) YYaCTKOB PaBHOM
IIOIIAJH.

KaskbI¥ OIBIT IIPeACTaBIIsiI cOBOM TeXHONIOrH4e-
CKYIO OIIePaLIMIO, COCTOSAIIYIO M3 IIATH IIePEeX0I0B: Iep-
BBIH U IISITBIH I€PEeXO bl - KUCJIOPOAHAS OYMCTKA IIPO-
JOJKUTEeTBHOCTBIO 5 MUH; BTOPOH U UeTBEPTHIH Ilepe-
Xombl — cobcTBeHHO IIXT IIPOJOIKUTEIbHOCTBIO tnp;
TPeTHU IIepexo[, — KUCJIOPOAHAas OYUCTKA IIPOJOJIKH-
TeJIBHOCTBIO .

B KauecTBe BEIXO[HOTO [TapaMeTpa pacCMaTpUBasiach
[IPOM3BOAUTEIBHOCTS IIPOLiecca, KOTOPYIO OLleHUBAaIHU
o r1ybuHe cTpaB/leHHOro obpabaTbiBaeMOro mMare-
puasa (CMIHMKaTHOIO CTeKJIA), OIIpeesisieMOk Ha IIpo-
dunorpape-npodpunomerpe Form Talysurf PGI 420 co

CHSITHEeM IIPodUIOrpaMMBbI IOBEPXHOCTH 06pasiia 10 U

ToCJjIe OMbITa. 1o/ Tpor3BOAMTEIPHOCTBIO ITpolLiecca (q,

HM/MUH) IOHHMaJTH YacTHOe OT fe/leHus r1ybuHsI (H,

HM) CTPaB/IeHHOIO B JAHHOM OIIBbITe CTeK/Ia Ha BeJIu-

YUHY 2t;,, MHH.

PaccMaTpuBanucCh chaepymomue ¢GakKTOPL
3KCIIePHMEeHTA:

+ paccrosiHue | oT obpasna mo IAH3JIeKTPHUUECKOro
OKHa, KOHTaKTHPYIOIIEro CO CIIMPaJ/IbHOM aHTeHHOH
ycTaHOBKHY RIE-300;

* IPOJOJIKUTEIBHOCTh KMC/IOPOLHOM OYHCTKH t;

* IIPOMOJIKUTENIBHOCTDb KaskKJOro U3 I1epexooB cob-
crBeHHO IIXT t, (IPOmOIKUTENIBHOCTH 3THUX JBYX
Ilepexof0B IIPUHSI/IM PaBHBIMU APYT APYTY).

BBITM IIPUHATHI CIeAYIOIIHe JHUaIla30Hb H3MeHEeHH
$akTOpOB: | =12-2 MM; ty, = 2-6 MUH; t, = 5-15 MUH.

I[IoCTOSHHBIMY BeIHYMHAMU, XapaKTepu-
3YIOUUMU yCJIOBHS 3KCIIepUMeHTa, ObIIM Moll-

HOCTb H3/ly4yaeMOM aHTeHHOM 3/JeKTPOMAarHHUT-

HoH BolHBL W = 200 BT, a TaKk>Xe pacxofbl ra3os.

I[Ipy KHUCAOPOSHOM OYHCTKe pacXof KHCJIO-

poma coctaBasin Cy, = 50 cM3/MUH, pacxon

aprona - C,, = 50 cm*/muH. Ilpu nepexoze IIXT pac-

X0pm 35erasa cocTaBisii Cgpe = 100 cM3/MUH, pacxon

Kkucnopoza - Cy, = 40 cM3/MuH, pacxol aproHa - C,, =

35 cm3/MuH. B pabouert kKamepe GOPMHPOBAIHCE Clle-

OyIOLHe BeTMYUHBL JaBIeHU BaKyyMa: IIPH KKCJIO-

POIHOI OYHCTKE Py, = 65 I1a; mpu cobcTBeHHO IIXT

Pup =5711a.

Bbl/1 peanu30BaH MOMHBIN GaKTOPHBIH SKCIIEPUMEHT

23. KonupoBaHHBIe 3HauUeHUS GaKTOPOB OIlpesesiiu

10 opMmynam:

as the reactive gas, and the pres-
sure in the working chamber is
p =10-100 Pa [4]. According to the
results of calculations, the collision
frequency of electrons with neutral
particles was v, =101 s, while the
circular frequency of the voltage
applied to the antenna, w =108s™.
It turns out that v, >> w, thatis, we
are dealing with the case of high-
pressure plasma. Then, estimat-
ing the circular frequency of the
plasma oscillations with the value
Wy = 2Mf,, = 6101 Hz, we obtained
approximately the depth of pen-
etration of the electric field into
the plasma § =7 cm. This value is
approximately equal to the size (the

length L shown in the figure) of the
working chamber. The condition
8 ~ L corresponds to a low-density
plasma.

In the case of high-pressure and
low density plasma, the limiting
factor is the minimum current
and, correspondingly, the mini-
mum power applied to the antenna
for exciting the inductively coupled
plasma. For the RIE-300, the maxi-
mum power W, =300 W supplied
to the antenna is the limit that is
also the limiting condition for the
transfer of working gas molecules
into chemically active particles.

Chemically active particles are
fluorine atoms, which are formed

under plasma conditions during
the decomposition of SF, molecules
into SFs, SF,, SF,, F, molecules and
F atoms [5], and the fluorine mol-
ecules F, also decay into atoms.
The mechanism of delivery of the
formed fluorine atoms to the pro-
cessed surface and the withdrawal
of interaction products from it is
determined by the ratio between
the dimensions of the chamber
and the mean free path of the mol-
ecules, which depends on the pres-
sure in the vacuum chamber and
the components of the gas mix-
ture. Calculation using the recom-
mended formulas [5] shows that
for the above-mentioned range of
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®)

roe | - paccTosHue 0T 06pa3La 10 AUITEKTPUYECKOTO

OKHa, MM; t, ~ IPOJAOIKUTENIbHOCTh KHCIOPOLHON

OYUCTKH, MUH; t, ~ IPOJOJIKUTEIbHOCTD IIepPexofa

IIXT, MmuH.

MaTpHLa IVIAHUPOBAHMSA U Pe3y/IbTaThl IKCIIePH-
MeHTa IpHBeJeHbl B CJIefyIoleM pasjee.

Bo BTOpOI1 CepHUH 3KCIIepUMeHTaIbHBIX UCCIeL0Ba~
HUI 06pabaTbIBaeMble [IOBEPXHOCTH 06pa3LioB pacIio-
JlaTa/Id Ha PACCTOSHHUM 6 MM OT OKHA I10 LIeHTPY CIIH-
Pa/ii aHTeHHBI U OLleHKMBAJIY BAMSHHE Ha IIPoLiecc
IIXT nByxX $paKTOpPOB:

* PACIHONIOXeHUS ITOJBepraeMor TPABIeHHIO II0Bep-
XHOCTH "BBepX' HIM "BHHU3" II0 OTHOLIEHHUIO
K aHTeHHe U TPaBsIlleMy rasy;

* KOJIMYeCTBAa TPaBsILero rasa, KoTopoe GUKCHUpOBa-
7I0Ch Ha [IBYX YPOBHSX, COOTBETCTBOBABIIHX 06U /Ib-
HOH W yMeHbIIeHHOM B [1Ba Pa3a II0J,a4H ra30B.
Omnepanus ITXT B 3TOU CepUHU COCTOSANA U3 AEBIATH

yepeayroIXCs [IepexXofoB ~ IISTH IIepeX0of0B KHCJI0-

POAHOM OYHCTKU U YeThIPeX I1epexoloB COBCTBEHHO

TPaBJIeHUs IIPOJOIKUTEIbHOCTBIO 10 MUH KasKIbIH.

[lepexoAbl KHCIOPOAHON OUHUCTKH MPOM3BOAUIU

C IIofavyer Ha aHTeHHY MOMIHOCTH Wy, = 200 BT,

a mepexoAbl TPAaBJIEHHS — C MoJadeld MOIIHOCTH

Wt = 250 BT. KHC/IOpOAHY0 OUKMCTKY IIPOU3BOAU /U

IIpH CIeyIMHX CKOPOCTAX pPacxola ra3oB: KHCJIO-

poza - qp, = 50 cM3/MUH; aprona - q,, = 50 cM3/MHH.

IIpu 3TOM pOopMHUPOBAJIOCH JaBIeHUE Py = 62-67I1a.

[lepexonsl cO6CTBEHHO TpPaBJIeHUS IIPOU3BO-
OUIU IIPU JBYX BAapHaHTaX [0Ja4YU Ia30B: 06HUIb-
HOM U YMeHbIIeHHOH. OOHUIBHOM I0Jla4ye COOTBeT-
CTBOBAJIM CHAeIYyIOIIHe CKOPOCTH pacxoda rasos:
aproHa - q,, = 40 cM3/MHUH; KHCIOPOAA — (g, =
35 cMm3/MuH; 3nerasa - qgpg = 100 cm3/MuH. IIpu
3TOoM GOpMHUPOBAJIOCH OAaBJIIeHHe Pyt = 57-60 Ia.
YMeHBIIeHHOH IoJauye COOTBETCTBOBAJIIHU CKOPO-
CTH pacxofia Ta3oB: aproHa - (,, = 20 cM3/MuH;
KHCJIOPOAA — (o, = 17 cM3/MUH; 37erasa - Qgpg =
50 cm3/MmuH. IIpu 3ToM GOPMHUPOBAIOCEH LaBIeHHUE
Prxr = 28-30 I1a.

Her3MeHHBIN COCTaB ra3o0BOI CMeCH IOAJepPKU-
BaJICsl 3a c4eT obecrieyeHHU s CJIe[[yI0Iero COOTHOIe-
HHUS MeXK/1y CKOPOCTSIMH PAacX0fia ra3oB, 06pasyomux
TPaBAIIyI0 CMech: Ha 100 yacTeH 31erasa Ipuxogu-
710Ch 40 YacTel aproHa M 35 4acTel KUC/IOpoAa.

ITocse ITXT o6pasLibl IOABEPraau yabT Pa3ByKOBOMN
OYHUCTKe C IPUMeHeHHeM pacTBopa Allstrip komma-
Huu OHARA Optical Class. 3aTem B KUIIsAIIeN cep-
HOM KHCJIOTe yAaJIsIM OCTaTKH XPOMOBOM MacCKH.
Pe3ynbTaTsl NpoduIorpaduIecKUx UCCIef0BaHUU
IIpeACTaB/IeHbI B CJIeAYIOIIEeM pasiee.

B mensx BBISABIEHUS IPOLECCOB, IIPOTEKAIOUIMX
[IpY TPaBJIEHUH CTEKJIa B PACCMOTPEHHBIX YCIOBU X,
IIPOBOJMIJIM OIITHKO-MHKPOCKOIIMYECKOe HCCIe0Ba-
HUe [IOABePTHY THIX TPAaB/IeHUIO [I0BEPXHOCTEH 06pas-
LI0B C MCIIO/Ib30BaHHEM OITHYEeCKOI0 MHKPOCKOIIA
Axio Imager Vario Z2 nmpousBoacTBa ¢upmer Carl
Zeiss. TaKk>Ke BBIIIOJHSIOCh MUKpodoTorpaduposa-
HHe 06pa31oB nocye [IXT, yapTpa3ByKOBOM OTMBIBKH
M KMCJIOTHOTO TPaBJIeHU .

pressures typical for installations
of the type under consideration,
the mean free path is A= 0.05-0.5
mm. This value is much smaller
than the dimensions of the cham-
ber, therefore, the delivery of
chemically active particles to the
surface being treated and the
withdrawal of the interaction
products take place by the diffu-
sion mechanism.

The interaction of energetically
and chemically active particles
with the surface of an optical glass
involves the removal of the pro-
cessed material during the chemi-
cal reaction with the formation of
silicon tetrafluoride:
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4F(gas) + SiO,(solid) - 0
- SiF,(gas) + O,(gas).

However, optical glass (with the
exception of fused quartz) contains
in its composition not only sili-
con dioxide, but also many other
compounds, for example, oxides of
boron, sodium, potassium, etc. In
addition, not only the glass itself is
exposed to the action of reactive par-
ticles, but also the mask material
used to create the desired pattern on
the surface to be treated.

The features of PCE of optical
glass require experimental studies
to establish on their basis factors
that limit the productivity of the

process and the quality of the treated
surface.

METHOD OF EXPERIMENTAL
RESEARCH
To carry out experimental stud-
ies, a RIE-300 system (Torr
International) was used (Fig.).
10x10 mm samples for PCE were
cut from one group sample made of a
photomask preform for 2.5 mm thick
integrated circuits with a chromium
masking coating. The samples con-
tained a pattern obtained by electron
beam lithography - a randomized
set of optically transparent (chrome
is etched) and opaque (chrome is not
etched) sections of equal area.
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Tabauua 1. Mampuua naaHupo8axus 3KCNepumMeHma U noAyeHHble pe3yAbmambl

Table1. Experimental design matrix and results obtained
N2 onbiTa

L » HM/MUH
EXP?\I"'_nent 3. nm/min

2 = + - = + = + 98 9,8

3 + - - - - + + 73 73

4 - = - + + + - 95 9,5

5 + + + ar + + + 215 7,2

6 = + + = = + - 324 10,8

7 + = + - + = - 198 6,6

8 = = aL + = = + 201 6,7

9 0 0 0 0 0 0 0 165 8,2

PE3Y/ITATbI 9KCMEPUMEHTA/IbHBIX MICCNIELOBAHMIA +0,175%,X; + 0,6X,%; ~ 0,35%,X,X; . ()

MaTpH1a IVIAaHHPOBAHHUS K Pe3y/IbTAThl 3KCIIePHMEeHTa
IIePBOM CTAAUH UCC/IeJOBAHUMN IIPUBeIeHB! B Tabi. 1.
Pe3ynbTatThl podrorpadrpoBaHus 06pasLioB Bo BTO-
POXL CepHH 3KCIIePHUMeHTAIbHBIX UCC/IeIOBAaHU I IIpefi-
CTaBJIEHBI B TabJ1.2.

Ha oCHOBaHHMH pe3ynbTaTOB 3KCIIePUMeHTIbHBIX
HCC/IeIOBAaHU M, IPHUBeIeHHBIX B Tab/1.1, 1o cTaHAap-
THBIM GOpMYJIaM pacCUMTaIN KO3QPULIMEeHTEI perpec-
CHH U 0Ty YHJIH CJle[lyIollee ypaBHEHHE perPecCHH:

q=38,1-1,1x, + 0,575%,- 0,275x;~ 0,525%; X, +

JaHHble, IPUBeIeHHbIe B TabJ1.2, ITOKA3bIBAIOT, YTO
IIPH PACIIONOKeHUHU 06pa3LioB TOBEPXHOCTHIO TPABIIe-
HUS 'BHU3' [71yOKHA TPaB/IeHUs CTeK/IA OKa3bIBaeTcs
Ha 5-10% 6osble, YeM IIPH PACIIONIOKEHUH "BBEpX .
Tak>ke MOKHO BHUJIETh, YTO YBeJIHYEHHe [TOJA4YH Tpa-
BHJIBHOK CMeCH B [IBa Pa3a IIPUBOAUT K YBeTHUEHHUIO
I7TyOMHBI TPAaBIeHHUS B ABa pa3a. OqHOBPeMEHHO B 1B
pasa OBBIIIAETCS U IABJIEHHE Pryr B paboueil kKamepe.

OITHUKO-MHKPOCKOITMYECKHEe HCC/IeOBAaHU S II0Ka-
3274, YTO IPH INy6HMHAX TpaBleHHUs h=2-3 MKM

Each experiment was a techno-
logical operation consisting of five
steps: the first and fifth steps are
oxygen cleaning for 5 minutes; the
second and fourth steps are proper
PCE with the duration of t,,; The
third transition is oxygen cleaning
with a duration of ty,.

As an output parameter, the
productivity of the process was
evaluated, which was estimated
by the depth of the etched mate-
rial (silicate glass) determined on a
Form Talysurf PGI 420 profilometer
with the obtaining of the profile of
the sample surface before and after
the experiment. The productiv-
ity of the process (q, nm/min) was
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estimated as the quotient of the

depth (H, nm) of the glass etched

in this experiment and the value
of 2t,,;,, min.

The following experimental fac-
tors were considered:

+ distancel from the sample to the
dielectric window contacting
with the spiral antenna of the
RIE-300;

« duration of oxygen cleaning tko;

« duration of each of the steps of
the PCE tpr (the duration of these
two steps is assumed to be equal
to each other).

The following ranges of fac-

tors were adopted: 1=12-2 mm;

tyo =276 min; t,, = 5-15 min.

The constant values charac-
terizing the experimental condi-
tions were the power of the elec-
tromagnetic wave emitted by the
antenna W =200 W, as well as
the gases consumptions. During
oxygen cleaning, the oxygen
consumption was Cq, =50 cm?/
min, argon consumption was
Cu, =50 cm3/min. In the PCE step,
the SF; consumption was Cg =
100 cm?*/min, oxygen consump-
tion - Cy, = 40 cm?3/min, argon
consumption - C,, = 35 cm?/min.
In the working chamber, the fol-
lowing vacuum pressures were
formed: during oxygen cleaning,
Pxo = 65 Pa; during PCE p,,, = 57 Pa.
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Tabauua 2. Peayabmambl u3mepeHuli 2Ay6UHbI peAbeda NpuU 8apbLUPOBAHUL PACNOAOXKeHUS nodaepaaemoli MXT nogepxHocmu u o6zema

nodasaemozo 2a3a

Table 2. Results of measurements of relief depth when position of processed surface and volume of supplied gas are varied

U3MepeHHas rnybuHa

N2 3KcnepumeHTa Pacno/ioXeHue NoBepXHOCTU Mopavarasa penbeda H, MKM
Experiment No. Surface position Gas supply Measured l:ll1i1ef depthH,
| Bece oo
2 EEEPX \F’{“é'gg'c’gée””a“ 1,61+ 0,03
3 pown Rouncant 3,84 0,06
4 i

MIPOUCXOAUT HCKaskeHHe KOHQUI'YPALIUU HEKOTOPBIX
37IeMEeHTOB PUCYHKA. 3aMeTHO, YTO 3TO MCKasKeHHe BbI3-
BaHO "HIOATpaBIKBaHHeM' obpabaTpiBaeMoro mare-
pHana (CHIIMKAaTHOrO CTeKJ/a) o, KpasMH XPOMOBOK
MaCKH, TO eCTh TPaB/IeHHe IIPOHCXOLHUT He TOBKO B Bep-
THUKaJbHOM HallpaBjieHUH IepIeHAUKYISIPHO obpa-
6aTeIBaeMOI IIOBEPXHOCTH, HO U [IAPAJUIENIBHO €M1, YTO
CBUIETE/IBCTBYET 06 H30TPOITHOM XapaKTepe IIPOoLiecca.
JIaHHBIA GaKT HOKEH OBITH yUTEeH IIPH pa3paboTke
[035/TO3: KOHTYPHI yUaCTKOB PUCYHKA, 00Pa3yONIIHX
"ocTpoBa”, MOMKHEL OBITH PAaCIIMPeHBl HA BeTUUYHHY,
COOTBETCTBYIOIIYIO TpebyeMor I/TybrHe TpaBIeHHUs.
ONTHKO-MHUKPOCKOIIMYeCKHe UCCIIeIOBAHUS TaKKe
IIO0Ka3a/IH HaJIHU4He CYIIeCTBeHHOTro 06paTHOro mepe-
oCakIeHHUSs 06pabaTbiBaeMOro MaTepHasa - oITHYe-
CKOTO CTEKJIA B BUJIE OIITUYECKHU IIPO3PAUHbIX 'KaIlesb,

MMEOIINXCS KaK Ha XPOMOBOM MacKke, Tak U Ha cBo6oz-
HBIX OT Hee y4acTKax CTeksa. [ociie ynaaeHus oCTaT-
KOB XPOMOBOM MacCKH KHUCJIOTHBIM TPaB/lIeHHEM 3TH
"KaIuTu" 0CTAlOTCs TOIBKO Ha CBOOOJHBIX OT Hee y4acT-
KaxX CTeKJIa.

OBCY)XAEHUE PE3YJ/IbTATOB

3KCMEPUMEHTAJIbHBIX VICCJIEAOBAHI/IVI

IIpoBenem aHaIK3 II0YyUYeHHBIX KO3QPUIIMEHTOB per-
peccuu B ypaBHeHUH (3).

YucieHHOe 3HaYeHUe Ko3dounmeHTa b, = 8,1 okasa-
JIOCh BecbMa 6JIM3KO K BeJITMYHHe q = 8,2 HM/MHH, [0y~
UeHHOM ITPH PeaIHM3aliHH OIbITa B LIeHTPe IJIaHA IKCIIe-
pHMeHTa, TO eCTh IOTPeLIHOCTH 3KCIIepUMeHTa He
BeJIMKH, 1 BCe KO3QOULIMEHTBI perPecCUHU SIBISIOTCS
3HAQUUMBIMHU.

A complete factor experiment 23
was implemented. The coded values
of the factors were determined by
the formulas:

1-17  t.-4 t. -10
.X pS ’(2)

where: 1is the distance from the
sample to the dielectric window,
mm; ty, is the duration of oxygen
cleaning, min; t,, is duration of the
PCE step, min.

The planning matrix and the
results of the experiment are given
in the next section.

In the second series of experimen-
tal studies, the processed surfaces

of the samples were placed at a dis-

tance of 6 mm from the window

along the center of the antenna spi-
ral and two factors were evaluated
for the effect on the PCE process:

« position of the etched surface
"up” or "down" relative to the
antenna and the etching gas;

« amount of etching gas, which
was fixed at two levels, corre-
sponding to an abundant and
halved gas supply.

The PCE operation in this series
consisted of nine alternating steps:
five steps of oxygen cleaning and
four steps of the etching lasting 10
min each. Steps of oxygen clean-
ing were performed with the power

of Wyo=200W supplied to the
antenna, and the etching steps -
with the power of Wy =250 W.
Oxygen cleaning was carried out at
the following gas flow rates: oxy-
gen - o, = 50 cm?*/min; argon -
Qar = 50 cm3/min. The pressure
Pro = 62-67 Pa was created.

Steps of the etching were car-
ried out with two variants of gas
supply: abundant and reduced.
The following gas flow rates cor-
responded to an abundant sup-
ply: argon - q,, =40 cm3/min;
oxygen - g, = 35 cm3/min; SFg -
Qsre = 100 cm?3/min. The pressure
Ppce = 57-60 Pa was formed. The
reduced flow rate corresponded

#1/80/2018 NANO INDUSTRY



HAHOTEXHONOrMun

YncieHHOe 3HaueHUe KodadduimenTa b, =-1,1 ykassl-
BaeT Ha TO, YTO CKOPOCTh CheMa 06pabaTeiBaeMOro MaTe-
pHasa yBeJTHUHBAeTCs NPH MPUOIKeHHU obpasia
K aHTeHHe - UCTOYHHUKY IIa3MBl. 9TO MOXKeT OBITh
06BsICHEHO HePAaBHOMEPHOCTHIO PacIipe/ie/leHH s SHep-
r'UH B riasme [5].

YncneHHble 3HaUYeHUS Ko3duipeHTos b, = 0,575
U by =-0,275 yka3pIBalOT Ha TO, YTO CKOPOCTh CheMa obpa-
baTrIBA€MOro MaTepHasa BO3pacTaeT C yBeTHYeHHEM
BpeMeHH, 3aTPaYyKrBaeMOr0 Ha KUCIOPOAHYI OYHCTKY
obpasia Mexx1y ABYMs ITlepexofaMu cobcTBeHHO I1XT,
UM CHHKAeTCA C yBeJIMYeHHEeM IIPOJOJIKHUTeIbHOCTH
nepexopa I[IXT. ITpowecc ITXT BK/IIo4UaeT B cebst He TONIBKO
yAareHHe CTeK/a I0J AeHCTBHeM XMMHU4YeCKH aKTHB-
HBIX YaCTHI] 3a CUeT 06pa3oBaHUs TeTpadTopHIa KpeM-
HHUS 110 peakuuH (1), HO U mosiB/IeHHe Ha obpabaThiBa-
eMOH ITI0BePXHOCTH CTeKJIa IIJIeHKH (TaK Ha3bIBaeMOM
"BBICAZIKHK") B Pe3ysIbTaTe IPOTeKAHMS Fa30TPAHCIIOP-
THBIX peaKLIM I I0O/IMMepPHU3aLiuy TUIIA

21’151:6 - 3[..._SF4_...]n . (4)

[111eHKa monKMepa, BEICA’)KMBAeMOro M3 3/erasa,
HIMeeT PBIXJIYI0 CTPYKTYPY U MOKeT ObITh pa3pylleHa
KHUCJIOPOZIOM, ITPUCYTCTBYIOIIKM BO BBOAHMOL B pabo-
4yl KaMepy ra30BOM CMecH. Bo3MokHasl peaKkIHs
JeCTPyKLIMH BbICayKeHHOTI'0 IO/ Mepa:

3...-SF,~...(TB) + 60,(ra3) » 4S04(ra3) + 6F,(ra3). (5)

O4eBUOHO, UTO yBe/In4deHHe IIPOAO/I>KUTE/IPHOCTH
KPIC)'IOpO,Z[HOfI OUMCTKHU obecrmeurBaeT 6ojiee IIONIHOE

to the gas flow rates: argon
qar = 20 cm?/min; oxygen -

of profilographic studies are pre-
sented in the next section.

yaajieHue IUIeHKH II0JIMMepa, KOTOpas IpersiTCTBYeT
JOCTyIly K 06pabaTbiBaeMOM [IOBEPXHOCTH XUMHUYECKH
aKTUBHBIX YaCTHUILIL, a YBeJIMYeHHE IPOJOIKUTEIbHO-
CTH Ilepexozia cobcTBeHHO [IXT ITPUBOAUT K ITACCHBALTHH
[IOBEPXHOCTH.

KoapdunueHt b,; = 0,6 ykassiBaeT Ha TO, 4UTO
K MOBBIIIEHHIO CpelHeHN IIPOM3BOAUTeNbHOCTH IIXT
IIPUBOJAT ONHOBPeMEHHBIE YBeIUMYeHHEe UIU YMEeHb"
HIeHHe IIPOJOJIKUTeIbHOCTe! I1ePeX0f0B KUCI0PO:-
HOM OYMCTKH U ITXT.

3HaueHUs (C yueToM 3HaKOB) K03pUIILEeHTOB per-
peccuu by, , bjs 1 by,; yKa3bIBalOT Ha HHTEHCUHUKALILIO
BCeX ITPOLIeCCOB, COIIPOBOXKAAIOIINX 06paboTKy obpasLia
B IUIa3Me, 00pa30BaHHOM KaK MHEPTHBIMH, TaK U XUMU-
YeCKU aKTUBHBIMU ra3aMH, IIPU YBeIUYEeHUH HAIIPS-
SK@HHOCTH BBICOKOYACTOTHOIO 3/IEKTPOMATHHUTHOIO II0JIA.

OLeHMBas pe3yabTaThl 3TOM CepPUHU 3KCIIePHMeH-
TOB B LIeJIOM, CIelyeT yKa3aTh Ha TO, YTO LOCTUIHYTas
[IPOM3BOAMTEIBHOCTD q = 10 HM/MUH 11pH [1XT cunuKat-
HOro cTeksa Ha yctaHoBKe RIE 300 OTHOCHTe/IbHO HHU3KaA,
M IIPMMEPHO B IIATh Pa3 MeHbIIIE ITIPOM3BOIUTEIbHOCTH,
JOOCTUTaeMOM Ha ycTaHoBKe Caroline 15 PE [2], 4To 06B-
SACHSAeTCSA IPUHIMIIMAJIPHO PA3IMYHBIMU CXeMaMU
TpaBJIeHHUs B 3TOM 060pyIoBaHUMU. [Io pe3ynbTaTaM
CepHH 3KCIIepPHMeHTa/IbHBIX UCCIeI0oBaHUM 6bl1a pa3pa-
boTaHa CTpyKTYypa onepauuu I1XT, cocTosias U3 depe-
IYIOIIMXCSI IIEPEX0J0B KUCIOPOAHOM OUHUCTKHU B CObCT-
BeHHO [1XT. OmHOBpeMeHHO, Ha IIepexofax CO6CTBEHHO
[1XT nomaBaeMasi Ha aHTEHHY MOIIHOCTH OBLIA YBeIH-
YyeHa 10 250 Bt. C mpuMeHeHHeM 3TOro peskuma Oplia
peanusoBaHa BTOpas CepUs 3KCIIEPUMEHTOB, pe3yJib-
TaTbl KOTOPOX ITpeJiCTaB/IeHbl B TabI.2.

experiment are shown in Table 1.
The results of the profiling of the

Qop =17 cm3/min; SF; - qgps = 50 cm’/
min. The pressure ppcg =28-30 Pa
was formed.

The constant composition of the
gas mixture was maintained by pro-
viding the following relationship
between the flow rates of the gases
forming the etching mixture: there
were 40 parts of argon and 35 parts
of oxygen per 100 parts of SF; gas.

After PCE, the samples were
ultrasonically cleaned using the
Allstrip solution (OHARA Optical
Class). Then, in the boiling sulfuric
acid, the remnants of the chrome
mask were removed. The results
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In order to identify the processes
occurring during the etching of
glass under the considered condi-
tions, an optical-microscopic exam-
ination of the etched surfaces of
the samples was carried out using
an optical microscope Axio Imager
Vario Z2 manufactured by Carl Zeiss.
Samples were also imaged after
PCE, ultrasonic washing and acid
etching.

RESULTS OF EXPERIMENTAL
STUDIES

The planning matrix and
the results of the first-stage

samples in the second series of
experimental studies are pre-
sented in Table 2.

Based on the results of the exper-
imental studies given in Table1,
according to standard formulas, the
regression coefficients were calcu-
lated and the following regression
equation was obtained:

q=8.1-1.1x, + 0.575x, -
-0.275%;~ 0.525x,%, + 0.175x;%;  (3)
+0.6x,%;3~ 0.35%;X,X; .

The data given in Table 2 show
that when the samples are placed
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[IpegBapUTe/nbHas OLlEHKA Pe3y/IbTaToB, IIpeJCcTaB-
JIeHHBIX B Tab1.2, IOKa3bIBaeT, YTO JOCTUTHYTHI CKO-
poctu IIXT B nuamnasoHe q = 90-95 HM/MUH, IIpeBbI-
IIafoIIHe ITPOM3BOJIUTEIBHOCTD TPABIeHUS Ha yCTa-
HOBKe Caroline 15 PE [2] B 1Ba pa3a.

Hanuuue nepeocaskfeHUs 06pabaTeiBaeMOro MaTe-
pHasia B BHZe 0OpaTHOM KOHAEHCALIMH, a TAK3Ke y4acT-
KOB, ITOKPBITHIX 3€JIeHBIM KU/ KOPUYHEBBIM HAJIETOM
(coegunenus CrF, u CrF,), CBUIeTeIbCTBYET O 3aTPYA-
HEHHOCTH OTBOJIa ITPO/IyKTOB B3aKMOJEHCTBHU S OT 06pa-
baThIBaeMOM MOBEPXHOCTH, YTO 0OyCJIOBIIEHO MeXa-
HU3MOM IUGY3HUH, TO eCTh C/IyUaHHOro 61yskIaHUs
IIPOAYKTOB B3aHMOAEHNCTBUS BOIM3U IIOBEPXHOCTH
obpasLia, KoTopasi B IOLOOHBIX CIIy4asix SBISETCS KaTa-
JTM3aTOPOM IIPOLECCOB KOHIEHCAITHH.

OTpuIaTenpHas POIb Ha/IeTa 3aK/I0YaeTCsl B TOM,
YTO OH, 3KPaHHUPYs 06pabaTsiBaeMyI0 IIOBEPXHOCTb,
IIPeIIsITCTBYeT IPOHUKHOBEHHUIO K HEH aTOMOB K IOHOB
dTOpa, M TeM caMbIM 3aMeAJIsieT HMJIH IIOTHOCTBIO
OCTaHABJIHBAaeT IIPOLeCC TPaBaeHUs . OYeBUIHO, UYTO
B HaIlleM C/Iy9ae KauecTBO 06paboTaHHOM II0BEPXHOCTH
OTPaHHYHMBAET CTAZHSI OTBOAA ITPOAYKTOB B3aUMOJIEH-
CTBUS OT IIOBEPXHOCTH 06pabaThiBaeMOro MaTepraia.

Pe3ynbpratrhl npoduiorpadrieckKux UCCIefOBaHUN
rny6buHbl 06pa3oBaBLIerocss MUKpopenbeda (Tabin.2)
IIOKA3BIBAIOT, YTO PACIONIOKeHHe obpabaTriBaeMom
IIOBEPXHOCTH "BHM3" IIPUBOAUT K IIOBBIIIIEHHIO IIPOH3-
BOOUTEJILHOCTH Ha 5-10%. 9To 06bACHACTCS CoKpalie-
HHeM IIyTH, IPOXOJHMOr0 XMMHUYeCKH aKTUBHBIMHU
YaCTHULIAMU OT UX UCTOYHHKA (CM. PUCYHOK) 0 0bpa-
GaThIBaeMOI IIOBEPXHOCTH I10 CPABHEHHIO C ee PacIio-
NokeHHEeM "BBepX . [I0CKOTBKY XUMHYeCKH AaKTHBHbIE

YaCTHUIIBL IOCTABJISIIOTCS [10 MeXaHU3My TUbY3HH,
TO yBeTHYeHHe PACCTOSIHUS OT UCTOYHUKA ITPUBOSUT
K YMeHbIIEeHUIO UX KOHIIeHTpalluK Ha obpabaTriBae-
MOM ITIOBEPXHOCTH.

HamHoro 6oyiee CUpHOe BAMSHHE Ha MPOU3BO-
OUTENBHOCTh TPABIEHUS OKa3blBaeT PacXof ra3oB.
B HcceoBAaHHOM [Halla30He YBeJIUYeHHe pacxona
ra3oB B [1Ba pa3a IPHUBOJMIIO K TAKOMY >Ke ITOBBIIIe-
HHIO CKOPOCTH TpaBjleHHs. TakuUM obpa3om, CTa-
I¥sI B3AMO/JIEHCTBHSI XUMHYeCKH aKTHBHBIX YaCTHI]
C IIOBEPXHOCTBIO 06pabaTeiBaeMOro MaTepuasa siBJs-
eTCs TUMUTHUPYIOIIEH 10 IPOU3BOLUTEIBHOCTH IIPO-
1ecca. OmHAKO yBeJIMYeHKe Pacxofa ra3oB IIPUBOSUT
K POCTY HaBJIeHHs B pabodell KaMepe, YTO IIPEISITCT-
BYeT OTBOZly ITPOAYKTOB PeaKI[UM 0T 06pabaThIBaeMO
IIOBEPXHOCTH.

Pe>XMIM TPaBJIeHUS CIefyeT IoAOHpaTh TAKKUM obpa-
30M, 4TOOBI IOCTUTA/NIOCh HAMJTyUlllee KaueCTBO TPaB-
JIeHHOM IIOBePXHOCTH IPHU IIPHEMJIeMON CKOPOCTH
TPaBJIeHHS.

3AKNIIOYEHUE

Ha ocHOBaHMU IIpOBeeHHBIX UCCIeN0BAHULK MOKHO

CeIaTh C/IeAYIOI[Ke BRIBOABI OTHOCKTEIBHO OCHOBHBIX

3aKOHOMEPHOCTeH U ocobeHHOCTeN [1XT CHIMKATHBIX

CTEKOJI Ha YCTaHOBKaX C BRIHECEHHBIM IIJIAHAPHBIM

UHIYKTOPOM:

+ AHa/NH3 CTafiUHU Ilepexoja MoOJIeKys pabodero rasa
B XMMHYECKM aKTUBHBIE YACTULBI IOKA3aJI, YTO
B pacCMaTpHUBaeMBbIX YCIOBUSAX PopMHUpYyeTCs
IIJIa3Ma BBICOKOTO aBJeHUsl U HHU3KOU IIJIOTHOCTH.
[TosTOMy THUMUTHPYIOIIHUM GaKTOPOM SBISETCS

by the etching surface "down", the
depth of etching of the glass is 5 to
10% greater than in case of the "up"
position. And a doubling in the feed-
ing of the etching mixture increases
the etching depth by a factor of
two. At the same time, the pressure
PPCE in the working chamber also
doubles.

Optical-microscopic studies have
shown that at a depth of etching
of h =2-3 pm, the configuration of
some elements of the pattern is dis-
torted. It is noticeable that this dis-
tortion is caused by the "undercut-
ting" of the processed material (sil-
icate glass) under the edges of the
chromium mask, that is, etching

HAHO MHOVCTPHA #1/80/2018

occurs not only in the vertical direc-
tion perpendicular to the surface
being treated, but also parallel to it,
which indicates the isotropic charac-
ter of the process.

This fact should be taken into
account in the development of DOE/
GOE: the outlines of the sections
forming the "islands" should be
expanded by an amount correspond-
ing to the required etching depth.

Optical microscopic studies also
showed the presence of substantial
re-deposition of the processed mate-
rial - optical glass in the form of
optically transparent "droplets” both
on the chromium mask and in glass
areas. After removing the chrome

mask by acid etching, these "drops"”
remain only on the glass areas.

DISCUSSION OF RESULTS
OF EXPERIMENTAL STUDIES
Let's analyze the obtained regres-
sion coefficients in equation (3).
The value of the coefficient
b, =8.11s very close to the value of
q =8.2nm/min obtained when the
experiment was realized at the cen-
ter of the experimental design, that
is, the experimental errors are not
large, and all regression coefficients
are significant.
The value of the coefficient
b, =-1.1 indicates that the removal
rate of the processed material
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MHMHHMaJIbHasi MOUHOCTb, KOTOPYIO CeAyeT Iofa-
BaTb Ha aHTEHHY /151 BO30y KAeHU I HHAYKTUBHO CBSI-
3aHHOM I1IJIa3MBl. DKCIIEPUMEHTAJIFHO YCTAHOBJIEHO,
YTO JJI51 KUCJIOPOJHON OYMCTKH LOCTATOYHO MOLIHO-
ctu Wy = 200 BT, a mporekaHue rporecca IIXT obec-
[IeYHBaAeTCA IIPU MOITHOCTH Wiyt = 250 B,
[ToBBIIEHHIO ITPOM3BOAUTENbHOCTH IIXT cTexIa
Ha yCTAaHOBKaX pacCMaTpPHBAaeMOro THIIA CIIOCO6CT-
ByeT mpubnuskeHue obpabaTsiBaeMoM 3aroTOBKH
K IUIOCKOCTH CIIMPAJIHOL AaHTEHHBI, a TAK)KE UCIIONb-
30BaHHe MHOIOCTYIIEHYAThIX OIepPaLHH, YepeayIo-
IUX Iepexofpl cobcTBeHHO [IXT ¢ IpOAOIKUTENb-
HBIMH IIepexofiaMH KHCIOPOLHOL OYHUCTKH.
Iloka3aHo, YTO JOCTaBKa XMMHUYECKU aKTHBHBIX
YJaCTHUIL K IOBEPXHOCTH 06pabaThIBaeMOro MaTepraa
OCYILeCTBJISCTCS [10 MeXaHU3MY IUbQy3uH, IpHIeM
yBeJTHYeHHe PACX0[a [a30BOLK CMEeCH IIPUBOIUT K IIPO-
MOPLIKOHATIBHOMY YBeJIMYeHHIO aB/leHUs B pabouert
KaMmepe. IIpu pacxomax rasa q = 80-180 cm3/MuUH naB-
neHue B paboyer Kamepe cocTaBisieT p = 25-60 I1a.
JKCIePUMEHTA/IbHO YCTAHOBJIEHO, YTO CKOPOCTh
TPaB/IeHMS CHJIMKATHOIO CTEK/a IIPSIMO IIPOIIOP-
LIMOHAJIbHA KOHIEHTPALMHY XUMUYECKHU aKTUBHBIX
YyacTHU1 y 06pabaThIBaeMOK [IOBEPXHOCTH U ITPHU BBICO-
KHX KOHLIeHTPALUIX COCTaBIsIeT y = 90-95 HM/MHUH.
JTa CKOPOCTh TPaBJeHM S BIIOJIHE SOCTATOYHA /IS
HM3TOTOBJIEHHUS JeTaller JUPPaKIJMOHHOM ONTHKH
13 OIITHYECKOr0 CTeK/Ia, COAepKaIIUX Ha 06eux CTo-
POHAX IIJIACTHUHEI pernbed rnybrHom 300-1500 HM.

B pacCMOTpeHHBIX YCIOBUAX OTBOJ IPOLYKTOB
B3aHMOJEHCTBUA Ta30BOM CMeCH C KBapLeBbM
CTeKJIOM M MaTepHa/ioOM MacCKHU 3aTpPyLHEH, 4YTO

[IPUBOLUT K 00paTHOMY OCa>KAeHHUIO U GOPMHUPO-
BAHHIO MAaTOBOCTH Ha TPaBIe€HHON II0BEPXHOCTH.
I[TosTOoMy HeobX0qUM IOAO0p SMIMPHUYECKUMH METO-
namu pexxuma IIXT, obecneunBaromero 6asaHc
MesKIy IPOK3BOAUTE/IBHOCTBIO ITpolLiecca (ee IIpueM-
JIeMOU BeJTUYMHOM) ¥ KA4eCTBOM ITOBEPXHOCTH (106u-
BasICh €r0 MaKCUMyMa).
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increases as the sample approaches
the plasma source (antenna). This
can be explained by the uneven dis-
tribution of energy in the plasma [5].

The values of the coefficients
b, =0.575 and b; =-0.275 indicate
that the rate of removal of the pro-
cessed material increases with
increasing time of oxygen cleaning
of the sample between the two steps
of the PCE, and decreases with the
increase in the duration of the PCE
step. The PCE process involves not
only the removal of glass under the
influence of chemically active par-
ticles due to the formation of silicon
tetrafluoride according to the reac-
tion (1), but also the appearance of a

film on the glass surface as a result
of gas-transport polymerization
reactions of the following type:

2nSF, - 3[..—SF,—...],. @

The polymer film, deposited from
the SF; gas, has a loose structure
and can be destroyed by oxygen from
the gas mixture introduced into the
working chamber. Possible reaction
of degradation of this polymer:

3...—SF,—...(solid) + 60,(gas) -
- 4S05(gas) + 6F,(gas).

Obviously, an increase in the
duration of oxygen cleaning provides

a more complete removal of the poly-
mer film, which prevents access to
the surface of chemically active par-
ticles, and an increase in the dura-
tion of the PCE step leads to passiv-
ation of the surface.

The coefficient b,; = 0.6 indicates
that an increase in the average PCE
rate is caused by a simultaneous
increase or decrease in the dura-
tion of the oxygen cleaning and PCE
steps.

Values (taking into account the
signs) of the regression coefficients
by, bj; and by,; indicate the intensi-
fication of all the processes accom-
panying the sample processing in
a plasma formed by both inert and
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chemically active gases, when the
intensity of the high-frequency elec-
tromagnetic field increases.

Estimating the results of this
series of experiments in general,
it should be pointed out that the
achieved capacity of q =10 nm/
min for PCE of silicate glass in the
RIE 300 is relatively low, and about
five times less than the productiv-
ity achieved with the Caroline 15
PE [2], which is explained by funda-
mentally different schemes of etch-
ing in this equipment. Based on
the results of a series of experimen-
tal studies, the structure of the PCE
operation was developed, consisting
of alternating steps of oxygen purifi-
cation and PCE. Simultaneously, at
the step of the PCE, the power sup-
plied to the antenna was increased
to 250 W. In this mode, a second
series of experiments was imple-
mented, the results of which are
presented in Table 2.

A preliminary evaluation of the
results presented in Table 2 shows
that the PCT rates in the range
q=90-95nm/min, which are twice
as high as the etching performance
of the Caroline 15 PE 2], are achieved.

The presence of re-deposition of
the processed material in the form
of reverse condensation, as well as
of areas covered with green or brown
film (CrF; and CrF, compounds) indi-
cates a difficulty in withdrawing
the products of interaction from the
surface being treated, which is due
to the diffusion mechanism, that
is, the random wandering of inter-
action products near the surface of
the sample, which in such casesisa
catalyst for condensation processes.
The negative role of this film is that
it shields the surface being treated
and prevents the penetration of
fluorine atoms and ions to it, and
thereby slows or completely stops
the etching process. Obviously, in
our case, the quality of the treated
surface is limited by the stage of
withdrawal of interaction products
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from the surface of the processed
material.

The results of profilographic stud-
ies of the depth of the formed micro-
relief (Table 2) show that the posi-
tion of the surface to be treated
"down" leads to an increase in pro-
ductivity by 5-10%. This is explained
by the shortening of the path trav-
eled by chemically active parti-
cles from their source (Fig.) to the
treated surface in comparison with
its position "up". Since chemically
active particles are delivered by the
diffusion mechanism, increasing
the distance from the source leads
to a decrease in their concentration
on the treated surface.

The consumption of gases has a
much stronger effect on the effi-
ciency of etching. In the investi-
gated range, an increase in the gas
flow rate by a factor of two resulted
in a similar increase in the etching
rate. Thus, the interaction stage of
reactive particles with the surface
of the material being processed is a
process-limiting process. However,
anincrease in the gas flow rate leads
to an increase in the pressure in the
working chamber, which prevents
the withdrawal of reaction products
from the treated surface.

The etching mode should be
selected in such a way that the
best quality of the etched surface is
achieved at an acceptable etching
rate.

CONCLUSION

Based on the studies carried out, the

following conclusions can be drawn

regarding the main regularities and
features of PCE of silicate glasses in
equipment with a planar inductor:

« Analysis of the stage of the tran-
sition of working gas molecules
into the reactive particles showed
that under the conditions under
consideration a high-pressure and
low-density plasma is formed.
Therefore, the limiting factor is
the minimum power that should

be applied to the antenna for
exciting an inductively coupled
plasma. It has been experimen-
tally established that for oxygen
purification, Wy, =200 W is suf-
ficient, and the PCE process pro-
ceeds at a power of Wy =250 W.
Approaching of the workpiece to
the plane of the helical antenna,
as well as the use of multistage
operations, alternating steps
of PCT with long oxygen clean-
ing, contribute to an increase in
the productivity of PCT of glass
in equipment of the type under
consideration.

It is shown that the delivery of
reactive particles to the surface of
the processed material is carried
out by the diffusion mechanism,
and an increase in the flow rate
of the gas mixture leads to a pro-
portional increase in the pressure
in the working chamber. At gas
flows of q = 80-180 cm?/min, the
pressure in the working chamber
isp=25-60 Pa.

It was experimentally established
that the rate of etching of silicate
glass is directly proportional to the
concentration of chemically active
particles on the surface being
treated and at high concentra-
tions is y = 90 + 95 nm/min. This
etching rate is quite sufficient for
manufacturing details of diffrac-
tive optics of optical glass contain-
ing a relief of 300-1,500 nm on
both sides of the plate.

Under the conditions considered,
the withdrawal of products of the
interaction of the gas mixture
with the quartz glass and the
mask material is difficult, which
leads to a re-deposition and for-
mation of haze on the etched sur-
face. Therefore, it is necessary to
select the PCE mode by empirical
methods, which ensures a bal-
ance between the process effi-
ciency (its acceptable value) and
the surface quality (achieving its
maximum). [ |





