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PaCCMOTpeHI)I AKTyaJbHBIE BaKyyMHO-IIJIa3BMEHHBIC MMPOUECCHI U SKCIICPUMEHTAJIBHOC OGOpYHOBaHI/ICI ATOMHO-CJIOEBOEC

OCaXICHUE, IMJIa3SMOXUMUYECKOE TPABJICHUEC, (I)OpMI/IpOBaHI/Ie MEJIKOIIEIEBOI U30JISILIUY U OUUCTKA ITIOBEPXHOCTHU IJIACTUH.

Karouegoie crosa: BAKYYMHO-NAA3MEHHble NPOUeCcChl, MeaKouwenseeds U30AAYUA; NAASMOXUMUYECKoe mpaesieHue;, amomHo-ca0e-

80e ocaxcoenue.

The paper highlights current vacuum-plasma processes and experimental equipment, such as atomic-layer deposition, plasma-

chemical etching, shallow trench isolation technique and wafer stripping.
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OAO «HayyHo-MccIeq0BaTeIbCKU MHCTUTYT TOUHOTO MalllMHO-
CTPOEHMSI» OCBOMJIO HOBbIE BAKYYMHO-TIJIa3MEHHBIE TEXHOJIOTHYE -
CKMe TIPOIecChl U pa3padboTajio aKCIepuMEHTaIbHOE aBTOMATU3H -
poBaHHOE 000pyIOBaHUE IJIsI TPOU3BOACTBA U3IEJIUIT MUKPOIJIEK-
TPOHUKHU.

ATOMHO-CAOEBOE OCAXAEHUWE

CorslacHO MOPOXHON KapTe Pa3BUTUS MUKPODIIEKTPOHUKU

Kk 2020 rony MUHMMAaJIbHBII XapaKTePHBII pa3Mep TOMOJIOTMU UHTE-

rpaJibHbIX MUKpoOcXxeM OyneT mocturatb 5—10 HM, a popmupye-

Mble TOHKOIJIEHOUHbIE MTOKPBITUSI JOJIXKHBI 00J1a1aTh KOMITJIEKCOM

CBOICTB, 0OecnieunBaOIIMX HALEXHOCTh PabOTHI MOJTYPOBOAHM-

KOBBIX ycTpoiicTB. CylecTBylolliee TeXHOJIOrnyeckoe ooopynoBa-

HUe U1 OPMUPOBAHUST TOHKOIIJIEHOYHBIX TOKPBITUI BaKYYMHO-

niaa3MeHHbIMU MeTogamu (PVD u CVD) He oGecnieunBaeT Tpedye-

MBble TapaMeTphl KauecTBa HOPMUPYEMBIX CBEPXTOHKUX TIICHOK.
AtoMHo-croeBoe ocaxaeHue (ACO) Mo3BoIseT co31aBaTh TOH-

K¥e TIJIeHKN HaHOMETPOBO ToNIMHBI. Kpome Toro, cBepXToHKUE

MOKPBITUS, NTOJyueHHbIe 10 MeTony ACO, o06sianaroT psiioM YHU-

KaJIbHBIX XapaKTePUCTUK (KOHPOPMHOCTb, CIJIOIIHOCTb, CTEXUOME-

TpHUsI), KOTOPbIE CIIOCOOCTBYIOT UX MPUMEHEHU IO, HAIIPUMEp, B clie-

IYIOLIMX OTPACSIX:

* MUKPOBJIEKTPOHUKA (MTOA3aTBOPHBIE NUIJIEKTPUKHU C BBICO-
KM K, MeTaJuTM4ecKue CJI0M 3aTBOPHOTO 3JIEKTPO/Ia, 3aTpaBou-
Hble U 0apbepPHBIE CJIOU B TEXHOJOTUU CKBO3HBIX OTBepcTUilt TSV
UT.1.);

* COJIHEYHas dHepreTuka (MacCUBUPYIOUINI CI0M, TPOBOASIINE
OKCHUJIBI, TPOMEXYTOUHBIE MHOTOCTONHbIE MHOTOKOMITOHEHT-

HbI€ CTPYKTYPBI U T. 11.);

* TIPOM3BOJICTBO TBEPIOTEIbHBIX TOTLIMBHBIX 2JIEMEHTOB (AHOIHBIE

CJIOW, CJIOU DJIEKTPOJIUTA, KATOMHBIE CJIOU U T.]1.);

* MalIMHOCTPOeHUEe (KOPPO3ZUOHHOCTOWKUE MOKPBITHUSI, TTApbI TPe-

HUS U T.]11.);

e MeauuurHa (OMOCOBMECTUMBIC TOKPBITHUS AJ1s1 UMILJIAHTOB).

ACO peanusyercs B BUIIe TTOBTOPHO-IIUKINPYEMOI XMMUUE-
CKOIl peakIlMu ¢ MocjeaoBaTeJbHON afcopOuIineit Ha TTOITOXKe
JIBYX PEAareHTOB — MPEKYPCOPOB, MPOAYKT B3aUMOACICTBU S KOTO-
puIX hopMUPYET MJIEHKY AU3JIeKTpuKa 1160 meraiiaa. B ACO dasbr
COpOLIMY MPEKYPCOPOB U COOCTBEHHO PeaKIMU MEXIY MpPeKyp-
copaMu MepeMexaroTcsl IPOAYBKOI MHEPTHBIM ra30M U OTKayKoi
o0beMa peakTopa 15 yAaJdeHU s U3JUILIKOB IPEKyPCOPOB U ra3000-
pPasHBIX MPOAYKTOB peakinu. PocTOBOIM mpoliecc B KaXKI0M IIUKJIE
CcaMOOTPaHUYMBAETCS TOJINIMHOM B TOYHOCTU OTHOTO MOHOCJIOS
BhIpaniuBaemMoil riieHku. CxeMatuuecku (Ga3bl aTOMHO-CJIOEBOTO
IIMKJa ToKa3aHbl Ha puc. 1. Ha puc. 2 moka3aHbl IprMepbl XUMHU-
YeCKHUX MPOLIeCCOB, MPOTEKAIOIINX Ha TTIOBEPXHOCTH 00pasiia mpu
OCaXJEHUU MJIEHOK okcuaa anmomuuus Al,O;, okcuna turana TiO,
u okcuna nuHka ZnO.

[IpeuMyIiecTBOM MeTOa ATOMHO-CJIOEBOTO OCAXKIEHU S SIBIISI-
eTcs Xopollee yIpaBieHue CTEXMOMETPUUYECKUM COCTaBOM HAHOCH-
MBIX TIJIEHOK C BBICOKOI CTETNEeHbIO0 OTHOPOIHOCTH IO MJIOLIALHU T1a-
CTUHBL. VX TolLIMHA KOHTPOJUPYETCs B IpoLecce pocTa ¢ TOUHO-
CTBIO 10 OTHOI'O MOHOMOJIEKYJISIPHOTO cJiosl. Temreparypa niaacTUHbBI
B Ipoliecce HaHeceHU s rieHKU He npesbimaeT 300 °C. OqHako cko-
POCTh OCaXXIEeHUsI OKa3bIBaeTCsl CYNIECTBEHHO HUXe, YeM IMpuU
HCTIOJIb30BAHUU APYTUX METONOB, UTO OTPAHUUYKMBAET IIPUMEHEHUE
ACO TOJbKO 3aa4aM¥ MPEIM3UOHHOTO HAHECEHU ST CBEPXTOHKUX
TJICHOK.
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Cxema npouecca | The Process Scheme

MeTannoopraHmyeckumii npekypcop
Organometallic precursor

AproH
Argon

HemeTtannuuecknin npekypcop
Non-metallic precursor

Puc. 1. Cxemamuueckoe npedcmasnenue nocaedogamenbHoCmu H08epXHOCMHbIX peakyuii, hopmupyroujux ooun yuka ACO

Fig. 1. Schematic representation of sequence of surface reactions that form one cycle of ALD

2AI(CH,), + 2H,0 — Al,0, + 3CH, (A)
TiCl, + 2H,0 — TiO, + 4HCI (B)
Zn(CH,CH,), + H,0 - ZnO + 2C,H,(B)

Puc. 2. Xumuueckue peakyuu, npomekarnujue Ha n08epxHocmu o0pa3-
108 NPU AMOMHO-CA0€60M 0CANCOCHUU CEePXMOHKUX NACHOK 0KCUOQ
anomunus Al,O; (A), okcuda mumana TiO,(b) u okcuda yunka ZnO (B)
Fig. 2. Chemical reactions on the samples surface during atomic-layer dep-
osition of ultrathin films: Al,O, (A) alumina, TiO2 (B) titanium oxide and
Zn0 (C) zinc oxide

st moBBILIEHU S IPOU3BOAUTENbHOCTH npouecca ACO npume-
HsIeTCsl YAaJIeHHbIl MCTOYHMK MJ1a3Mbl HA OCHOBE MHAYKTUBHO-CBSI-
3aHHoro BY rasoBoro paspsna. TexHoJgornyeckue raspl, MpoOxoast
yepes 00J1acTb FOPEHMsI pa3psiia, pa3jiaraloTcsi Ha paguKalbl, KOTO-
pble yyacTBYIOT B GOPMUPOBAHUHU IJIEHOK HA ITOBEPXHOCTU 00pa3-
110B. YToOBI MIa3Ma B UCTOYHUKE HE OKa3blBaja paauallMOHHOTO

BO3JeCTBUS Ha 00pas3iibl U HE TOBpeXaasia CTPYKTYpPY MJIEHOK,
BBIXOJIHas allepTypa MCTOYHMKA yIajieHa OT peaKTopa Ha 3HAUYUTeb-
HOE pacCTOSIHUE M OT/IeJIEHAa OT HETO ObICTPONEUCTBY IOLIMM BaKyyM-
HBIM 3aTBOPOM.

Cawm 1o cede npouecc ACO nmeer 10BOJIbHO MTPOCTOM aJlropuT™M
paboThI, HO BOT 00OPYIOBAaHUE JIJISI €TO peau3allui J0JTKHO OCHA-
AThCS OOJIBITMM KOJIMISCTBOM HAJIEKHBIX Y3JI0B, TaK KaK UCIIOTb-
3YI0TCS BOCTJIAMEHSTIOIIMECS M BPEIHBIC IJIS 3T0POBbSI XMMUYECKHE
peakTUBbI, KOTOpble HEOOXOAMMO OBICTPO MOBTOPHO-IIUKJIUYHO
noJaBaTh B peakTop.

Ha puc. 3 u 4 nokasaHbl KOHCTpYKLIMS peakTopa ACO u cxema
yctaHOBKM ACO ¢ rnia3MeHHOM aKTUBalLMeil U MOLITYYHOM 3arpy3-
KO niaacTuH quameTpom a0 200 MM C TOMOIIIBIO LIJIF030BOI KaMephl.
YcranoBka ACO npenHa3HauyeHa AJisl TPOBeLeHUsT HU3KOTeMIepa-
TYPHOTO IMJa3MOCTUMYJIUPOBAHHOTO aTOMapHO-CJI0E€BOT0 OCaX-
neHus (ITACO) GapbepHBIX, 3apOABILIEBBIX CJIOEB B TEXHOJIOTUSIX
TSV, nonyuenust auanaekTpudeckux cioes Al,O,, BKIoUas Xecr-
KHWe MaCKM, I OCaxXIeHU I MeTaJUIMUYEeCKUX cloeB (capping layer),
Hutpuna raduuss HfN, HuUTpuga TuTaHa, a Takke OCaXJJICHUS

“Research Institute of Precision Machine
Manufacturing” JSC has mastered new vac-
uum-plasma technological processes and
developed industrial automated equipment for
serial production of microelectronics devices.

ATOMIC-LAYER DEPOSITION
According to the microelectronics develop-
ment road map, by 2020 the minimal node
size of the integrated circuits topology will
be 5—10 nm, and thin-film coatings will have
a complex of properties that ensure the reli-
ability of semiconductor devices. The existing
process equipment for the formation of thin-
film coatings by vacuum-plasma meth-
ods (PVD and CVD) does not provide the
required quality parameters of the generated
ultrathin films.

Atomic-layer deposition (ALD) makes
it possible to create thin films of nanome-

ter thickness. In addition, ultrathin coatings
obtained by the ALD method have a num-
ber of unique characteristics (conformality,

continuity, stoichiometry) that promote their

use, for example, in the following industries:

* microelectronics (gate dielectrics with high-
k, metal layers of the gate electrode, seed and
barrier layers in the TSV technology, etc.);

» solar energy (passivation layer, conductive
oxides, intermediate multilayer multicom-
ponent structures, etc.);

+ production of solid-state fuel cells (anode
layers, electrolyte layers, cathode layers,
etc.);

* mechanical engineering (corrosion-resis-
tant coatings, friction pairs, etc.);

* medicine (biocompatible coatings for
implants).

ALD is realized in the form of a repeated
cycled chemical reaction with sequential adsorp-
tion on the substrate of two reagents (precur-
sors), whose interaction product forms a dielec-
tric or a metal film. In ALD, the phases of sorp-
tion of precursors and the reaction between
them are alternated with blowing an inert gas
and pumping out the reactor volume to remove

excess precursors and reaction gases. The growth
process in each cycle is self-limited by the thick-
ness of one monolayer of the grown film. Sche-
matically, the phases of the atomic-layer depo-
sition cycle are shown in Fig. 1. Figure 2 shows
examples of chemical processes occurring on the
surface of a sample during deposition of Al,O;,
aluminum oxide films, titanium oxide TiO, and
zinc oxide ZnO.

The advantage of the ALD method is
a good control of the stoichiometric composi-
tion of the deposited films with a high degree
of homogeneity in the area of the wafer. Their
thickness is controlled during growth with
an accuracy of up to one monomolecular
layer. The temperature of the wafer during the
deposition of the film does not exceed 300°C.
However, the rate of deposition is significantly
lower than when using other methods, which
limits the use of ALD only to the problems
of precision deposition of ultrathin films.

To improve the productivity of the ALD
process, a remote plasma source is used based




Puc. 3. Konempyxuus peakmopa ycmanogxu ACO (1 — eepxusas kame-
pa; 2 — kpemnuesasn naacmuna ouamempom 200 mm; 3 — no0a0xcKo-
depocamens; 4 — omeepcmue 045 NOOA4U NPEKyPcopos; 5 — omeepcmue
051 nodauu npo0dysouHoeo eaza; 6 — MeXaHu3M 6epmuUKaIbHO20 nepeme-
weHus; 7 — 6aKyyMHblll KAGNAH; 8§ — UCMOYHUK naasmel; 9 — Kepamuye-
ckas koaba; 10 — undykmop; 11 — coenacyrouee yempoiicmeo, 12 — BY-
eenepamop; 13 — npucoedunumensvHolii hraney, nooa0JcKoOepIcamens)
Fig. 3. The ALD reactor (1 — the upper chamber; 2 — the silicon wafer
with a diameter of 200 mm; 3 — substrate holder; 4 — a hole for the supply
of precursors; 5 — aperture for purge gas supply;, 6 — mechanism of verti-
cal movement; 7 — the vacuum valve; § — source of plasma; 9 — ceramic
flask; 10 — inductor; 11 — matching device; 12 — HF generator; 13 —
connecting flange of the substrate holder)

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

Puc. 4. Cxema ycmanosxu ACO ¢ naasmeHnol akmugayuell u 3aepy3Koil
naacmun duamempom 0o 200 Mm ¢ ROMOULbIO KACCEMHO20 3a2pY3HUKa
Fig. 4. Scheme of ALD system with plasma activation and loading of up
to 200 mm wafers using cassette loader

rnoasarBopHoro auanektpuka HfO, 0151 TeXHONIOTUM C TOMOJIOTU-
4eCKHUM pa3mepoMm 65—45-32 um, B Tom uucie high-k momxzarsop-
HBIX (DePPOINEKTPUUECKUX U/VITU CETHETOIIEKTPUIECKIX TUITeK-
TPUKOB JIJISI OTIEpPaTUBHBIX 3HeproHezaBucumbix 3Y Tuna FRAM
(Ferroelectric Random Access Memory) u ap. Ha puc. 5 nokazaHa
cxeMma MOATOTOBKHU U Mofayu npekypcopos. [Ipekypcopamu Ha3bI-
BAIOTCSI XUMUUYECKUE PEaKTUBbI, KOMIIOHEHTHI KOTOPBIX pearu-
PYIOT C KOMITOHEHTaMH1 Ha MMOBEPXHOCTU 00Pa3IloB, B pe3yJibTaTe
yero popMUpyeTCsl OAUH MOJIEKYJISIPHBII CJI0i BeliecTBa ¢ 0opa-
30BaHMEM JIETYYMX COCAUHEHU I, KOTOPBIE 3aTeM yIadSIOTCs MPOo-
IyBKoil peakTopa. [Ipekypcopsl — B OCHOBHOM MeTaJlJIOOpTaHN4e-
CKHE COCTUHEHMS C PAa3JITUYHBIM YPOBHEM TaBJICHU ST HACBIIIIEHHBIX

on an inductively-coupled RF gas discharge.
Process gases passing through the discharge
burning region are decomposed into radicals
that participate in the formation of films on the
surface of the samples. To ensure that the
plasma in the source does not have a radiation
impact on the samples and does not damage
the film structure, the output aperture of the
source is removed from the reactor at a con-
siderable distance and is separated from it by
a fast-acting vacuum shutter.

The ALD process itself has a fairly simple
algorithm of operation, but here the equipment
for its implementation must be equipped with
a large number of reliable units, since inflam-
mable and harmful chemicals are used, which
need to be re-cycled quickly to the reactor.

Figures 3 and 4 show the construction of the
ALD reactor and the scheme of the ALD instal-
lation with plasma activation and piece load-

ing of wafers with a diameter of up to 200 mm
using a loadlock chamber. The ALD installa-
tion is designed to conduct low-temperature

plasmostimulated atomic-layer deposition
(PALD) of barrier, embryonic layers in TSV
technologies, to obtain Al O, dielectric layers,
including hard masks, for deposition of cap-
ping layers, hafnium nitride (HfN), titanium
nitride, and deposition gate dielectric HfO, for
a technology with a topological size of 65-45-
32 nm, including high-k gate-like ferroelectric
and/or ferroelectric dielectrics for operational
non-volatile memory of FRAM type (Ferro-
electric Random Access Memory), etc. Fig-
ure 5 shows the scheme for preparation and
supply of precursors. Precursors are chemical
reagents whose components react with compo-
nents on the surface of the samples, as a result
of which one molecular layer of the substance
and volatile compounds are formed, which are
then removed by purging the reactor. Precur-
sors are basically organometallic compounds
with different levels of saturated vapor pressure.
If the pressure on the surface of the organo-
metallic liquid is less than 133.33 Pa, then such
a compound is a low-pressure precursor and

it must be applied heated to a temperature from
50 to 80°C. To feed such a precursor to the
reactor, bubbling, that is, pumping an inert gas
with a certain flow through a bubbler, in which
the precursor is located, should also be per-
formed. If the pressure on the surface of the
organometallic liquid is greater than 133.33 Pa,
then such a compound is a high-pressure pre-
cursor, and it must be cooled to a temperature
from 10 to 20 °C for feeding to the reactor. Pas-
sage of inert gas through the bubbler in this case
is not required.

DEEP ANISOTROPIC ETCHING

According to the forecasts of the IC manufac-
turers for 2020—2025, the physical dimensions
of the minimal CMOS elements will decrease
below the threshold of 10 nm. Despite the
development of promising tunnel transis-
tors, it becomes clear that geometric lim-
its will soon be reached, so now active stud-
ies of three-dimensional structures with the
possibility of stacking transistor drainage
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Puc. 5. Cxema nodeomosku u nodauu npexypcopos é peakmop (1 — oap-
6omep c memannoopearuveckum npekypcopom eaprus (TEMAH) ¢ hu3-
Kum dasaenuem HacblujeHHbIX napos, 2 — bapbomep ¢ Memannoopeanu-
ueckum npexypcopom maumana (TBTDET) ¢ nuskum dasieHuem Hacbol-
WeHHbIX napos, 3 — 6apbomep ¢ MEMANN00PAHUMECKUM NPEKYPCOPOM
antomunus (TMA) ¢ 6bicokum dagrenuem HACbIUEHHbIX NaApo8, 4 — bap-
b6omep ¢ memannoopeanuseckum npexypcopor mumana (TiCl,) c évico-
KUM 0agaeHuem HacblujeHHbIX Napos)

Fig. 5. Scheme of preparation and supply of precursors to reactor: 1 — bub-
bler with organometallic hafnium precursor (TEMAH) with low saturated
vapor pressure; 2 — bubbler with organometallic tantalum precursor (TBT-
DET) with low saturated vapor pressure; 3 — bubbler with organometal-
lic aluminum precursor (TMA) with high saturated vapor precursor; 4 —
bubbler with organometallic titanium precursor (TiCl,) with high saturated
vapor pressure

CcOOGCTBEeHHBIX TTapoB. Eciin naBjieHre Ha TOBEPXHOCTH METaJIIO0P-
raHu4eckou xuakoctu MeHble 133,33 Ia, To Takoe coenuHeHUE
Ha3bIBAIOT MPEKYPCOPOM C HU3KUM JaBJICHUEM, eTO HEOOXOIMMO
TMPUMEHSTh HarpeThIM 10 TeMmepaTypsl oT 50 mo 80°C. I nmomauu
TAaKOTO MPEeKypcopa B peakTop TaAKXKe CJAeAYeT BBIMOJIHITH 6ap0o-
TUPOBaHUE — MPOKAYMBATH MHEPTHBIN ra3 ¢ ONMpeaeSeHHbIM pac-
XOZ0M 4yepe3 ammnyJjy (6apdboTep), B KOTOPOii HAXOAUTCS MPEKypcop.

Tabauya 1. Pexcumvl mpasaenus omeepcmuii ouamempom 13 mxm
Table 1. Etching modes for 13 um holes

Pacxon, a/4
Consumption, I/h

JlaBienne,
IIa

Pressure, Pa HWcTounnka mia3mel

Ar SF; Source of plasma

C,F,

3 6 2,2 9 500

Momnuocts, BT
Capacity, W

Puc. 6. Cxemamuueckoe npedcmasgnenue nocaedo8amenbHOCMu NOgepx-
HOCMHbIX peakyuil, popmupyiougux odun yuka Bosch-npoyecca

Fig. 6. Schematic representation of sequence of surface reactions that form
one cycle of Bosch process

Eciu naBieHue Ha MOBEPXHOCTU METAJJIOOPTAHUYECKOM XKHUIKO-
ctu 6osbiie 133,33 [1a, To Takoe coeMHEHNEe Ha3bIBAIOT MPEKYpPCO-
POM C BBICOKMM TaBJICHUEM U 151 [IOaYi B PEAKTOP €ro HeOOX0IMMO
oxJsiaxaath g0 Temnepatyp ot 10 no 20 °C. [TponyckaHue MHEPTHOTO
rasayepe3 6apboTep B 3TOM ciiydae He TpedyeTcsi.

TAYBOKOE AHU3OTPOITHOE TPABAEHUE

ITo nporHo3am npousBonutesneit UC Ha roast 2020—2025, dusuueckue
pa3mepbl MUHUMaJbHBIX 35ieMeHTOB KM OIT ymeHbiarcst Huxe nopora
10 am. HecmoTpst Ha pa3pabOTKy MepCIIeKTUBHBIX TYHHETbHBIX TPaH-
3UCTOPOB, CTAHOBUTCS SICHO, YTO CKOPO OYIAYT TOCTUTHYTHI TEOMETPU-
YecKHe TPeeNbl, IOITOMY ceiiyac BeayTCsl aKTUBHbIE MCCISIOBAHUS
TPEXMEPHBIX CTPYKTYP C BO3MOXHOCTBIO YKJIaIbIBAaTh CTOKU TPAH3U-
CTOPOB APYT Ha npyra. Takoit 3D-noaxoa Mo3BOJUT MPOAOIKATh Hapa-
LMBAaTh KOJMYECTBO KOMIIOHEHTOB Ha KBaJPaTHbII MUUIMMETP, Aaxke
€CJIM TOPU3OHTAJIbHBIE PU3MUYECKe pa3Mephl OoJbllie He OyayT nmojia-
BaTbCs aJIbHEMIIEMY MaclITaOUPOBAHUIO.

OnHa U3 TEXHOJIOTHUI CO3aHUs TPEXMEPHBIX CUCTEM — IJ1y0O-
KO€ aHU30TPOITHOE TPaBJeHUE, KOTOPOE B HAUOOJIbILIEH CTENEHU
aKTyaJibHO i hopmupoBaHus cTpyktyp MEMS u TSV, a takxe
DRAM-KoHIeHCAaTOPOB.

IMpouecc riy6okoro aHuzoTponHoro TpaBieHus (Bosch-
mpoliecc) SIBJsIeTCS IBYXCTAAUMHBIM U UUMKJINYecKuM. Ha mepBoii
craauu (puc. 6) OCYyILIECTBIISIETCS OBICTPOE U30TPOITHOE TPaBICHUE
KpeMmHus B masme SF¢-rasa, Ha BTOpoit — ocaxkieHNe MOJIMMEPHOit

Bpewms, ¢
Kou-Bo Time, s
LHUKJIOB
Number

of cycles SF,

CMmelnenne,
B

Croanka Offset, V

Stage C.F,

10 30 260 11 4

Tabauua 2. Pexcumor mpasnrenus wieaeil wiupuroii 1,5 mxm
Table 2. Modes of etching of 1.5 um trenches

Pacxon, a/4

Consumption, I/h JlaBienune
J >

IIa

Pressure, Pa M cToYHNKA NI1a3Mbl

b S Source of plasma

C-lFS

3,6 4 6 9 600

MomHocTs, BT
Capacity, W

Bpems, ¢

Koa-Bo : .

Cmemenne, Time, s
B LHUKJIOB

Offset, V Number

Cronnka of cycles SF,

Stage C.Fs

20 85 60 11 4




IIJI€EHKU BO q)TOpyFHGpOHHOfI niasMe. DT CTagun MUKINYECCKU

MOBTOPAIOTCS. Ha mepBoit cTanuu cienyoiero NuKia moa nei-
CTBUEM MOHHOI 60MOApANPOBKY MOHAMU AT TIPOUCXOIUT OBICTPOE
yaajeHue macCUBUPYIOLIE MISHKHU CO 1HA KaHABKU C MOCIeayIo-
KM yaajieHueM kpeMHusi. Ha 60KOBBIX cTeHKaxX MaccuBUpYyIolLast
MJIEHKa OCTAeTCs 3a CUET OTCYTCTBUSI MOHHOM KOMITOHEHTHI MPU ee
TpaBJIEHUU.

OcHOBHBIMU TIpeuMyLIecTBaMu Bosch-nipouecca siBasiI0TCs KOH-
TPOJMPYEMBIH ¥ CTAOMITBLHBIN MTPOMUITH TPABICHU S, XOPOIIas CeJieK-
TUBHOCTB K MacKe, BBICOKasi CKOPOCTh TPABJICHUSI U BBICOKOE aCTIeKT-
HOe cooTHoteHre. OCHOBHOI HEMOCTATOK — IIEPOXOBATOCTh CTEHOK
BCJIEICTBUE LIMKJIUUYHOCTH TPABICHUSI.

Ha puc. 7 npencraBieH pe3yabTaT I1y00KOTO aHU30TPOITHOTO
TpaBJICHUSI OTBEPCTUI TuaMeTpoM 13 MKM Ha miyouHy 112 MKM mpu
pexumax, NpuBeaeHHbIX B TabJ. 1. HepaBHOMEpHOCTb TpaBJeHU ST
10 MJIacTUHe cocTaBuia +3,5%.

Ha puc. 8 npencraBiieH pe3yabTaT r1y0OKOTr0o aHU30TPOIMHOIO
TpaBJICHUS LIeJeil IUPUHOM 1,5 MKM TIpU peXrMax, MPUBEICHHBIX
B TabOJ1. 2. HepaBHOMEPHOCTH TpaBJEHUS TI0 TIACTUHE COCTaBUIA
+3,5%.

Ha puc. 9 u 10 mpuBeneHa cxeMa yCTaHOBKU TJTyOOKOTO aHU30-
TPOMHOTO TPaBJIEHUS C MOMITYYHOU 3aTpy3KOil MIACTUH NUaAMeE-
TpoM 10 200 MM € TTOMOIIIBIO IIIJII030BOI KaMepbl. YCTaHOBKA Tpe.l-
Ha3HayeHa JJIs MJIa3MOXMMUYECKOTO BHICOKOCKOPOCTHOTO aHU30-
TPOMHOIO CeJEeKTUBHOTO IJyOOKOIro TpaBJleHuUsl KpeMHU s Ha 6a3e
Bosch-npoiiecca st popMupoBaHusi CKBO3HBIX OTBEPCTUI B KpeM-
Huu (Through Silicon Vias — TSV) st npousBoacTBa, B YaCTHOCTH,
TSV-unTepnosepos mist 2,5-3D-Mukpocobopok, MOMC u np.

®OPMUPOBAHUE MEAKOILIEAEBOU M30ASLIU

C pa3BUTHEM HAHOTEXHOJOTHHU IMJIA3MOXUMUYECKOE TPaBIeHUE
CTaJIo MPAKTUYECKU €AMHCTBEHHBIM NHCTPYMEHTOM JUISI IepeHoca
pucynka MIC B MacKkupylolieM ciioe B MaTtepual moaioxku. Kpome
TOTO, BasKHBIM 3TaroM dhopmupoBanust UC siBIsieTCs U3TOTOBJICHUE
M30JISIIIAY JIEMEHTOB B KpeMHUEBOI moaioxke. [Tocie Toro kak
MOJTYTPOBOHUKOBAS TPOMBIIIJIEHHOCTh JOCTUTJIA KPUTUYECKOTO
pasmepa 0,25 MKM, cTajia MPUMEHSITHCSI TEXHOJIOTUSI MEJIKOIIeIe-
BOI1 u30siuK 37eMeHTOoB (shallow trench isolation, STT). C kaxabiM

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

Puc. 7. Tpasaenue omeepcmuii duamempom 13 mxm Ha eny6uny 112 mxm
Fig. 7. Etching of 13 um holes to a depth of 112 um

Puc. 8. Tpasaenue weneit wupuroit 1,5 mxm Ha eayouny 18,1 mxm
Fig. 8. Etching of 1.5 um wide trenches to a depth of 18.1 um

to each other are being carried out. This 3D
approach will allow further increasing the
number of components per square millimeter,
even if the horizontal physical dimensions will
no longer be amenable to further scaling.

One of the technologies for creating
3D systems is deep anisotropic etching,
which is the most relevant for the forma-
tion of MEMS and TSV structures, as well
as of DRAM capacitors.

The process of deep anisotropic etching
(the Bosch process) is two-stage and cyclic.
In the first stage (Fig. 6), rapid isotropic sili-
con etching occurs in the SF, gas plasma, the
second stage involves the deposition of a poly-
mer film in the fluorocarbon plasmas. These
stages are cyclically repeated. In the first stage
of the next cycle, under the action of bom-
bardment with Ar ions, the passivation film

is quickly removed from the bottom of the
groove, followed by the removal of sili-
con. On the side walls, the passivation film
is retained by the absence of an ionic compo-
nent when it is etched.

The main advantages of the Bosch pro-
cess are the controlled and stable etching pro-
file, good mask selectivity, high etching rate
and high aspect ratio. The main disadvantage
is the roughness of the walls due to the cyclic
etching.

Figure 7 shows the result of deep anisotro-
pic etching of 13 um holes to a depth of 112 um
under the conditions given in Table 1. The etch-
ing unevenness across the wafer was +3.5 %.

Figure 8 shows the result of deep aniso-
tropic etching of 1.5-um-wide trenches under
the conditions given in Table 2. The etching
unevenness across the wafer was £3.5 %.

The Figures 9 and 10 show the scheme
of the system for deep anisotropic etching with
a loading of up to 200 mm wafers using a lock
chamber. The device is designed for plasma-
chemical high-speed anisotropic selective deep
etching of silicon based on the Bosch pro-
cess for the formation of through holes in sil-
icon (Through Silicon Vias-TSV) for the pro-
duction, in particular, of TSV interpolators for
2.5—3D microcircuits, MEMS, etc.

Figure 12 shows the result of etching the
structure with smooth trenches 1.5 um wide
under the conditions given in Table 3. The uni-
formity of etching across the wafer was +3.5 %.

Figures 13 and 14 show a scheme of equip-
ment for the formation of shallow trench iso-
lation on up to 200 wafers. The installation
is designed for plasma-chemical anisotropic

selective etching of polycrystalline silicon, silicon
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Puc. 9. Koncmpykyus peakmopa ycmanosku das Bosch-npoyecca (1 —
ucmounuk naasmol; 2 — BY-eenepamop; 3 — pabouas naacmuna; 4 —
nodaoxuckodepyucamens, 5 — BU-eenepamop; 6 — mexanuzm eepmu-
KaAbHO20 nepemeuleHus; 7 — yCmpoicmeo agmomamuiecKoeo coeaaco-
saHus; 8§ — ycmpoiicmego coenacoganus; 9 — undyxmop; 10 — keapue-
6as koaba, 11 — eeaueeoe oxnaaxncoenue; 12 — mexarHuueckuii npuicum)
Fig. 9. Design of the plant reactor for the Bosch process (1 — plasma source;
2 — HF- generator; 3 — working wafer;, 4 — substrate holder; 5 — HF-
generator; 6 — vertical movement mechanism; 7 — automatic matching
device; § — matching device; 9 — inductor; 10 — quartz window; 11 —
helium cooling; 12 — mechanical clamp)

Tabauya 3. Pexcumor mpasaenus weneil wupuroii 1,5 mkm
Table 3. Modes of etching of 1.5 um trenches

Pacxon, /4
Consumption, 1/h
JlaBaenne, I1a
Pressure, Pa
HcToyHnKa mia3msl

L SF, Source of plasma

C.F,

3,6 6 4 9 600

MomnocTb, BT
Capacity, W

Puc. 10. Cxema ycmanogKku 2ay60K020 AHU30MPONHO20 MPABACHUS
€ KaccemHuiM 3aepy34uKom 045 naacmur ouamempom 0o 200 mm

Fig. 10. Scheme of equipment for deep anisotropic etching with cassette
loader for up to 200 mm wafers

rogom kputuyeckue pazmepsl MC npoaoKaloT yMEeHbIIAThCs U Tpe-
OGoBaHMSI K U30JISILIMU 2JIEMEHTOB CTAHOBSITCSI BCe 00Jie€ BLICOKUMM.

TpaieHue KpeMHUs ¢ HOPMUPOBAHUEM TJIAAKUX LIeseit ocy-
1IECTBJISETCS MPU OAHOBPEMEHHOM Mmojaye B KaMepy TpaBsIIero
1 oOpasyrouiero rnojumep rasza. B pesysnpraTe npouecchl TpaBjieHU S
KpEeMHUS U 00pa30BaHUs MOJMMepa Ha MOBEPXHOCTH MIACTUHBI
TIPOUCXOAST OMHOBPEMEHHO, HO 3a CUET HAMPSI)KEHUST CMEIIEeHU S
TpaBJieHUe UIET MPEUMYIIECTBEHHO B BEPTUKAJIbHOM HAMpaBJICHU U
(puc. 11).

OCHOBHOE MPEUMYIIECTBO Mpoliecca — KOHTPOJUPYEMBbIii TPO-
¢uib TpaBaeHU S, CEJEKTUBHOCTb K MacKe U BBICOKOE acleKTHOe
cooTHouleHue. OgHaKo Npu TpaBJeHUU Ha OOJbLIME TITYOUHBI TPO-
116CC CTAHOBUTCS TPYAHOKOHTPOJUPYEMBIM, UTO JIEJAET ero HexXea-
TEJIbHBIM B TeXHOJOoTUM TSV,

Bpewms, ¢

Koa-Bo ; :
CMmemienue, Time, s

HKJIOB
B I

St Offset, V Number

Stage

of cycles SF,

C.Fy

15 50 60 11 4

nitride, trenches with smooth slots for slot insu-
lation at the FEOL stage of VLSI production.

STRIPPING USING MICROWAVE
PLASMA SOURCE
The processes of photoresist mask removal
remain one of the most common operations
in microelectronics. With the development
of technologies, new challenges arise in the
field of photoresist removal and wafer cleaning,
for example, removal of polymer residues after
deep anisotropic etching in TSV structures.
Removal of the photoresist mask and poly-
mers is carried out in a rector with a remote

plasma microwave source.

Remote plasma isolates the wafer from ions
and electromagnetic fields, which reduces the
unwanted effects of the built-in charge, which
can damage the active regions of the chip
on the wafer. Isotropic processing occurs with
the help of chemically active particles in the
absence of electromagnetic fields.

Microwave plasma (2.45 GHz) in com-
parison with HF plasma (13.56 MHz) has
a number of advantages. The microwave
plasma is characterized by a higher concen-
tration of neutral particles, higher photoresist
and other impurities removal rates, a lower
concentration of ionized particles, which
in turn leads to less damage to other layers

caused by the charge, as well as a higher etch
selectivity with respect to the underlying and
exposed films.

To prevent diffusion of ions into dielectric
or oxide layers, the wafer is heated to a tem-
perature of no more than 270 °C. During the
purification process, the radicals can include
the following elements: F, CI, O, H and CF,,
where x =1, 2 or 3.

When the photoresist is removed, the O
radicals move to the surface of the wafer,
where they are adsorbed (Fig. 15). Then these
radicals react chemically with the C atom
to form a CO, molecule and with its subse-
quent desorption.




Puc. 11. Cxemamuueckoe npedcmaenenue NOBEPXHOCMHbIX peaKyuii, gop-

MUDYIOWAUX 8 NPOYecce MPAagAeHUs CIPYKMYpbl ¢ eAA0KUMU CMEHKAMU
Fig. 11. Schematic representation of surface reactions during etching
of structures with smooth walls

Ha puc. 12 nokaszaH pe3yJsibTaT npoliecca TpaBJIeHUs CTPYKTYPbl
C IIaIKUMU HISJSIMU IMUPUHOM 1,5 MKM ITpH pexkuMax, puBeaeH-
HBIX B Ta0J1. 3. PABHOMEpHOCTH TpaBJIEHUS TIO IJIACTUHE COCTaBUIIA
+3,5%.

Ha puc. 13 u 14 npeactaBieHbl cXeMbl yCTaHOBKY (hOPMUPOBaAHU S
MEJIKOIIEJIeBOM M30SIIMK Ha TlacTUHaX AuaMeTpom 10 200 MM.
YcTaHoBKa MpeqHa3HaueHa JJisl MJIa3MOXMMUYECKOT0 aHU30TPOII-
HOTO CEJIEKTMBHOTO TPaBJICHUsI MOJTMKPUCTAIINYECKOTO KPEMHMSI,
HUTPUIA KPEMHU S, TPaHIIEH C MTaAKUMU LIeIsSIMU A5 LieIeBoi
usonsuuu Ha ctaauu FEOL nmpousBoncrea CBUC.

OUUCTKA ITOBEPXHOCTH C UCITOAB3OBAHUVEM
CBYU-UCTOYHUKA ITAA3MBbI

[Mporecchl ynaieHuss GoTOpe3UCTUBHON MaCKU OCTAIOTCS OTHOM
W3 CaMbIX PaCIIPOCTPAHEHHBIX OTlepaIlMii B MUKPODJIEKTPOHUKE.
C pa3BUTHEM TEXHOJIOTUI BOZHMKAIOT BCe HOBBIE 3aaUu TIPH yaaie-
HUU HOTOpe3nCcTa U OUUCTKU MIACTUH, HATIPUMEP yIaJeHhe OCTaT-
KOB TIOJIUMEPa MOCJIe MPOLECCOB IMTyOOKOro aHM30TPOMHOTO TpaBie-
Hus B TSV-cTpyKTypax.

Ynanenue GoTope3sUCTUBHON MACKU U MOJUMEPOB MPOBOAUTCS
B pekTope ¢ yaaieHHbIM CBY-MCTOYHMKOM TIa3MBbl.

VianeHHas mjia3ma U30JUPYeT MJIACTUHY OT MOHOB U DJIEKTPO-
MarHMTHBIX TOJIel, YTO YMeHbIIaeT HexeJlaTelbHbie 3GhGheKThI
BCTPOEHHOTO 3apsiia, KOTOPbIe MOTYT MMOBPEINUTH aKTUBHBIC 00Ia-
CTH MUKPOCXEMBI Ha TtacTuHe. M3oTporrHast o6paboTKa mpoucxo-
IUT C TIOMOIIbIO XUMUYECKN aKTUBHBIX YACTUI] B OTCYTCTBUE DIIEK-
TPOMAarHUTHBIX TOJIEH.

CBY-mrasma (2,45 I'Tix) o cpaBHenuio ¢ BU-turasmoii (13,56 M)
UMeeT psl NpeumMyuiecTs. MUKpOBOIHOBAS MJIa3Ma XapaKTepusy-
eTcst 6oJiee BBICOKOM KOHIIEHTpalMei HEeMTpalbHbIX YacTUL, 0OJb-
UMMM CKOPOCTSIMU yaajieHUs1 hoTope3ncTa U Ap. 3arpsi3HeHU, MEHb-
el KOHLEHTpalMeil HOHU3UPOBAHHBIX YACTHUII, YTO, B CBOIO OUepelb,
BeleT K MEHbLIEMY OBPEXACHUIO IPYTUX CI0€B, BBI3BAHHOMY 3apsi-
IIOM, a TakKe 06oJiee BBICOKOU CEIEKTUBHOCTH TPABJICHUSI IO OTHOIIIE-
HUIO K HUXKEJeKallUM ¥ TTPOIKCITOHUPOBAHHBIM TUIEHKAM.

Jnst npenoTBpaieHus: n1uddy3suu MOHOB B IUAJIEKTpUUYECKUE
WJIV OKCUIHBIE CJIOU TIJIACTUHY HArpeBaloT 10 TeMIepaTyphl He OoJiee

270°C. B nmpoliecce 0O4MCTKM pagrKaabl MOTYT BKJIHOYATh CJISAYOLIME
anemenTsl: F, Cl, O, Hu CF ,tne x=1,2 unn 3.

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AASA ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

Puc. 12. Tpasaenue weneii wupuroii 1,5 mkm Ha enyouny 7,5 mkm
Fig. 12. Etching of 1.5 um wide trenches to a depth of 7.5 um

Puc. 13. Koncmpykyus peakmopa ycmanogku 045 mpagieHus mMeako-
wenesoll u304AYUU ¢ 2A1a0KuMu cmenkamu (1 — ucmounuk naasmol; 2 —
BU-eenepamop; 3 — pabouas naacmutna; 4 — nooa0xcKodepicamens,
5 — BY-eenepamop; 6 — mexaHuzm 6epmuKanbHo2o nepemeu,enus; 7 —
YCmpoiucmeo asmomamu4ecko2o coeaaco8anus; § — ycmpoucmeo co-
enacosanus; 9 — undykmop; 10 — keapuyesoe okHo; 11 — eeauegoe 0x-
aaxcoenue; 12 — mexanuvecKuii npuUiICUM)

Fig. 13. Reactor design for a shallow-shear insulation pickling plant with
smooth walls (1 — plasma source; 2 — HF- generator; 3 — working wafer;
4 — substrate holder; 5 — HF- generator; 6 — vertical movement mecha-
nism; 7 — automatic matching device; 8§ — matching device; 9 — inductor;
10 — quartz window; 11 — helium cooling; 12 — mechanical clamp)




AOKAAABI KOH®EPEHIIUU

Puc. 14. Cxema ycmaHo8Ku hopmupoanus mMeakou,ene8oil u3onayui
€ KACCeMHbIM 3a2py34uKom 0458 naacmut ouamempom 00 200 mm

Fig. 14. Scheme of equipment for the formation of shallow trench isolation
with cassette loader for up to 200 mm wafers

Puc. 15. Cxemamuueckoe npedcmasaenue nocaedogamensbHoCmu no-
8EPXHOCMHBIX peakuyuii 8 npoyecce O4UCmKu
Fig. 15. Schematic representation of sequence of surface reactions in the

[pu ynanenuu dbortope3ucra panukanibl O mepemMeniamTcs
K MOBEPXHOCTH IJIACTUHBI, T1Ie TPOUCXOAUT UX aacopouus (puc. 15).
3aTeM 3TU paauKabl BCTYMAIOT B XUMUYECKYI0 PEaKIIUI0 C aTOMOM
C c obpazoBaHueM MoJekyasl CO, 1 mocienyouieit iecoponmeii.

OCHOBHbIE peaKIIMK1 B3aMMOIECTBUS paanKauoB ¢ (hoTopesu-
CTOM ¥ MOJIMMEPHOM MJICHKOMN MPOTEKAIOT CICAYIOIMM 06pa3oM:

* ¢ doTope3ucToM: *  CIOJMMEPOM:
C+20 - CO, (CH), +20 - CO,
2H+0—H,0 C,Si,0,+ F— CO, + SiF,
N +20 - NO,
S+20 - S0,

[MpomyKThl peakIIn¥ BITOCIEACTBUY YAAISIOTCS OTKAYHOM CUCTE-
MOit YCTaHOBKH.

Takum o6pa3om, ynaneHHbIit ucTouHUK CBY-111a3Mbl U301 pyeT
MJIACTUHY OT MOHOB U 3JIEKTPOMArHUTHBIX MOJei, KOTOPble MOTYT
MOBPEIUTH AKTUBHBIE 00JACTU MUKPOCXEMBI, a pafilKabl obecre-
YUBAIOT OYUCTKY U3AETUS U yaajdeHue GOTOPe3UCTUBHBIX MU MOTHU-
MEPHBIX CJIOEB.

Puc. 16. Cxema ycmanosku ouucmKu ¢ Kaccemuwim 3a2py34uKom ons
naacmun duamempom 00 200 mm
Fig. 16. Scheme of stripping system with cassette loader for up to 200 mm

stripping process

The main reactions of interaction of rad-
icals with photoresist and polymer film pro-
ceed as follows:

» with photoresist:

C+20—- CO,

2H+0—H,0

N +20 — NO,

S+20 - SO,

+ with polymer:

(CH),+20— CO,

CSi, 0.+ F~CO, + SiF,.

The reaction products are subsequently
removed by a pumping system.

Thus, the remote source of microwave
plasma isolates the wafer from ions and
electromagnetic fields that can damage the
active regions of the chip, while the radi-
cals ensure the purification of the product
and the removal of photoresist or polymer

layers.

wafers

The scheme of the equipment with
a source of microwave plasma for the removal
of a photoresist or polymer film is shown
in Fig. 16 and 17.

A general view of the systems for per-
forming atomic-layer deposition processes,
plasma-chemical etching, formation of shal-
low trench isolation and stripping of the wafer
surface is shown in Fig. 8.

The installation is designed to conduct
plasma-chemical selective isotropic removal
of the photoresist mask (MFM) and to clean
the wafers, including the walls (TSV) of struc-
tures from the polymer reaction products
remaining after silicon etching based on the
Bosch process, etc.

Reactors of these units are built into the
transport-loading system with the SMIF con-
tainers of a cluster installation sample with
four technological modules (Fig. 19).
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Puc. 17. Koncmpyxuyus peaxmopa ycmanogeku ¢ CBY-ucmounurxom oas

ouucmiu naacmut (1 — ucmounuk naasmoel; 2 — pabouas naacmuHa;
3 — nooaoxckodepicamens, 4 — 3auumuas cemka; 5 — mexaHusm eep-
MUKANbHO20 nepeMeueHus)

Fig. 17. The reactor design for a plant with a microwave source for cleaning
plates (1 — plasma source; 2 — working wafer, 3 — substrate holder; 4 —
protective mesh; 5 — vertical movement mechanism)

Cxema ycTaHOBKM ¢ uctouHukom CBYU-nna3mbl 115 yaanieHus
(oropesucra uu MOJTUMEPHOI MJICHKH MTPUBeieHa Ha puc. 16 u 17.

OO6muit BUIl yCTAHOBOK JUISI IPOBEIEHU ST IIPOIIECCOB aTOMHO-CJIO-
€BOTO OCaXIeHUs, MJIa3MOXUMUYECKOTO TpaBieHus1, GpopMupoBa-
HUSI MUKPOIUIENEBOI U30MSIIUU U OUUCTKYU MOBEPXHOCTHU MIACTUH
npencTaBiieH Ha puc. 18.

YcTaHOBKa npeaHa3zHaueHa AJs MPOBEAEHU S MJIa3MOXUMU-
YECKOTO CEJIEKTUBHOTO MU30TPOMHOrO ynajleHus: GoTope3ucTuB-
Hoit Macku (PPM) 1 o4MCTKY TJIACTUH, B TOM yucie cteHok (TSV)
CTPYKTYP OT MOJIMMEPHBIX POAYKTOB PeaKLMU, OCTABLIMXCS MOCIe
TpaBJieHU s KpeMHU s Ha 6a3e Bosch-nipouecca u ap.

PeakTopbl yKazaHHBIX yCTAHOBOK BCTPANBAIOTCS B TPAHCIIOPTHO-
3arpy3ouHyio cuctemy co CMUD-koHTeiiHepaMu oOpa3iia KjiacTep-
HOM YCTAHOBKU C YeTHIPbM I TEXHOJOTUYECKUMU MOAYISIMU (puc. 19).
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