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PaccmoTpeHbl akTyasibHble BaKyyMHO-MJ/1a3MeHHble NPpoL,ecchl A1 MUKPO3/J1eKTPOHUKU: aTOMHO-C/10eBoe
ocaxgeHue, niasMoxuMmuyeckoe TpassieHue, ¢OPMI/IPOBaHVIe MEe/IKOLLLE/IeBOM M30NALUM N O4YUCTKA

NOBEPXHOCTU NMNJIACTUH.

Current vacuum-plasma processes for microelectronics including atomic layer deposition,
plasma-chemical etching, shallow trench isolation technique and wafer stripping are

considered.

AO "Hay4HoO-uCCIeq0BaTelbCKUM UHCTUTYT

TOYHOTO MAIINMHOCTPOEHUS" OCBOUJIO HOBBIE

BaKyyMHO-IIJITa3MeHHBble TeXHOJOTHYECKHe
IpoIecchl U pa3paboTasno MpoOMBIIIIEHHOE aBTOMa-
TU3UPOBaHHOE 060pyIOBAHUE [I/ISI CEPUITHOTO IIPOH3-
BOZICTBA M3/IeJIMH MUKPO3JIeKTPOHHUKH.

ATOMHO-C/IOEBOE OCAXAEHUE
CornacHo OOPOXHOM KapTe pa3sBHUTUSI MHKPO3IeK-
TPOHHKH, K 2020 rony MUHHMaJIbHBIH XapaKTep-
HBII pa3Mep TOIOJOTMU UHTeTpaJbHbIX MHUKPOCXeM
bymet mocturats 5-10 HM, a popMHUPyeMble TOHKO-
IIJIEHOYHble TIOKPBITHS I0JIKHBI 00/1aJaTh KOMITIEKCOM
CBOMCTB, 0becrieurBaoONIMX Hale’KHOCT PAbOTHI MOy~
IIPOBOJHHKOBBIX YCTPOMCTB. CyIlecTByOIlee TeXHOJIO-
rudeckoe 06opyoBaHuUe 1)1 GOpMHPOBAHUS TOHKOIL/Ie-
HOYHBIX IIOKPBITUI BaKyyMHO-TIJIa3MeHHBIMH MeTO-
namu (PVD u CVD) He obecrieuriBaeT TpebyeMele I1apa-
MeTpbI KauecTBa GOPMHPyeMbIX CBEPXTOHKHX I/IEHOK.
AToMHO-c/10eBoe ocakgeHHe (ACO) I103BOJISeT CO3/a-
BaTh TOHKHe IVIEHKHY HAaHOMeTPOBOK TOMIIHHBL. KpoMe
TOT'0, CBEPXTOHKHE ITOKPBITH S, II0JTyYeHHBIe II0 MEeTOAY
ACO, 061aa0T PSIAOM YHUKAIBHBIX XapaKTePUCTUK
(KOH)OPMHOCTB, CIUIOMIHOCTD, CTEXHOMETPHSI), KOTOpbIe
CIT0COOCTBYIOT UX IIPMMEHEHHUIO, HAIIPUMep, B CIeAyIo-
IIMX OTPAC/ISX:
* MHKPO3TeKTPOHUKA (II0A3aTBOPHBIE AH3IeKTPUKHU
C BBICOKHMM Kk, MeTajin4eckue CIOH 3aTBOPHOIO

3IeKTPOJIA, 3aTPABOYHBIE U 6apbepHBIe CJIOH B TEXHO-

JIOTUHY CKBO3HBIX OTBepPCTHUI TSV U T.1.);

* COJIHeYHas 9HepreTHKa (IaCCUBUPYIOMIMIEL CJIOK, IIPO-
BOZSIIIYE OKCHU/IbI, IIPOMEXKYTOUHBIEe MHOIOCTIOLHbIE
MHOTOKOMIIOHEHTHBIe CTPYKTYPBI U T.J1.);

* IIPOM3BOACTBO TBEPHAOTE/IbHBIX TOIIMBHBIX 3/IEMEHTOB
(aHOmHBIE CJIOH, CJIOH NIeKTPOIMTA, KATOAHBIE CJIOU
UT.J.);

* MAaIIMHOCTpoeHHe (KOPPO3HOHHOCTOMKHeE ITOKPBITHS,
IIapbl TPEHUS U T.[1.);

e MenuIuHa (OMOCOBMeCTHMBble IOKPBHITHUS [JIs
HMMIIJIAHTOB).

ACO peanu3syeTcs B BUJe IOBTOPHO-LIMK/IHPyeMOH
XUMHYECKON peaKI MU C II0CIe0BaTeNbHOM aJCoP-
OLiMel Ha IOJJI0KKe ABYX PeareHTOB - IIPeKypPCOpOB,
MPOAYKT B3aHMOJEHCTBH I KOTOPBLIX POPMHUPYeT IIJIEHKY
A137IeKTpHKa 1160 MeTanna. B ACO da3sbl copbIiyu mpe-
KyPCOPOB M COGCTBEHHO PeaKLIMK MKy HUMH Iepe-
Me>KaIo0TCS IPOAYBKON MHEPTHBIM Ia30M M OTKa4YKOMU
obbeMa peakTopa IS yoAAeHUs U3THUIIKOB IIPeKyp-
COPOB U ra3006pa3HbIX IPOAYKTOB PeaKIUK. POCTOBO
IIPOLIeCC B KasKA0M LIMKJ/Ie CAMOOI PAHMYHBALTCS TOJI-
IIMHOK OJHOI0 MOHOCJIOS BBIpallliBaeMOM IIJIeHKH.
CxemaTtuvyeckH paspl aTOMHO-CJIO@BOIO IIMKJIA ITIOKa~
3aHBl Ha puc.l. Ha puc.2 npencraB/ieHbl IPHMeph
XHMHYECKUX IIPOLIECCOB, IPOTEKAIIMX Ha [TI0BEPXHO-
ctu obpasLa IIpH ocaskAeHUH IIJIEHOK OKCHA ATIOMHU-
HUS A1203, okcupa tutaHa TiO, ¥ okcua HHHKa ZnO.,

OAO «Hay4Ho-1ccnenoBaTeNbCknii MHCTUTYT TOYHOIO MalMHOCTpoeHUs» [ Research Institute of Precision Machine Manufacturing.

HAHO UHAVCTPUA #7/78/2017



NANOTECHNOLOGY

® o0 o, ®

& »OOOQ O

&

Organometallic precursor

Ve®QgO %eM
»0’0‘59%00‘»
WMM

I

& MeTannoopraHuyeckuin npekypcop O AproH
Argon

‘ MeTannoopraHm4ecknii npekypcop
Organometallic precursor

Puc.1. Cxemamuueckoe npedcmasneHue nocAedo8ameAbHOCMU N0BEPXHOCMHbIX peakuuli, popmupyouiux 00uH uuka ACO
Fig.1. Schematic representation of sequence of surface reactions that form one cycle of ALD

ITpermyimectBom Mmetoma ACO ABJIseTCS Xopoliee
yIpaB/ieHHe CTeXHOMEeTPHYECKHUM COCTABOM HAaHO-
CHMBIX IIJIEHOK C BBICOKOM CTeIleHbI0 OJHOPOJHO-
CTH II0 IIJIOIIAJH IUIACTHHBI. MX TOMIIMHA KOHTPO-
JMPYeTCs B IIPolLlecce POCTa C TOYHOCTHIO 0 OMHOTO
MOHOMOJIEKY/ISIPHOTO cj1os. TeMIiepaTypa maIacTHHBI
B IIpoLiecce HaHeCeHU S IIJIEHKHU He mmpeBbiinaeT 300 °C,
O@HAaKO CKOPOCTh OCAXKAEHHUSI OKA3bIBAETCS CYLIeCT-
BEHHO HMKe, YeM IIPU HUCII0Ib30BAHUH JPYTUX METO-
[I0B, UTO OrpaHHUYMBaeT npuMeHeHHe ACO TONIBKO
3a/layaMH IIPeM3MOHHOI0 HaHeCeHHU I CBePXTOHKHUX
[JIEHOK,

J1s1 IIOBBILIEH WS [IPOU3BOAUTEIBHOCTH IIpoLecca
ACO nprMeHSeTCs yAaleHHbIM HCTOUHMK I1J1a3Mbl
Ha OCHOBe MHAYKTHUBHO-CBS3aHHOro BY rasosoro
paspsana. TexHO/MOrKMYECKHEe Ta3bl, IIPOXOMs Yepes
067acTh TOpeHHU s pa3psaja, pas3naraloTcs Ha paju-
KaJIbl, KOTOPhIe YyYaCTBYIOT B GOPMHPOBAHUU IIJIe-
HOK Ha IOBepPXHOCTH 06pa3uoB. YTobkl maa3ma

esearch Institute of Precision

B MCTOYHHKEe He OKa3blBajla PaHallMOHHOTO BO3-
IeHCTBUS Ha 06pasLibl U He IIOBpeXAaaa CTPYKTYPy
IIJIEHOK, BBIXOAHAA allepTypa MCTOYHMKA yaajeHa
OT peakTopa Ha 3Ha4YMTe/bHOe PACCTOSHHE U OTHe-
JleHa OT Hero GBICTPOMEMNCTBYIOIIUM BaKyyMHBIM
3aTBOPOM.

CaM 1o cebe mpornecc ACO UMeeT LOBOJBHO IIPO-
CTOH aJrOpPUTM PaboTsl, HO 060pyOBaHUE AJISl €TO
peasn3aluHy J0/IKHO OCHAIIATHCS 60JIBIINM KO e~
CTBOM HaJe>XHBIX y3JI0B, TaK KaK KCII0/Ib3YIOTCS BOC-
IJaMeHSIIUeCcs U BpeJHbIe OIS 300POBbsI XUMU-~
YeCcKHe peaKTHUBHI, KOTOpble HeobxomauMo 6BICTPO
[IOBTOPHO-LIMKJIMYHO I10aBaTh B peaKTOP.

Ha puc.3 mokasaHa cxeMa ycTaHOBKH ACO c mas-
MEeHHOM aKTHBAallMel M IOIITYyYHOM 3arpy3Kou
IJIACTHH JHaMeTpoM 10 200 MM C IIOMOIIBIO IIJIF0-
30BOM KaMepkl. Ha puc.4 moka3aHa cxema IIOAIO-
TOBKH M I[OJa4yHu IpeKypcopoB. IIpekypcopaMu
Ha3BIBAIOTCSA XUMHUYECKHE PEaKTHBbI, KOMIIOHEHTHI

Machine Manufacturing

mastered new vacuum-
plasma processes and developed
industrial automated equipment
for serial production of microelec-
tronics devices.

ATOMIC LAYER DEPOSITION

According to the microelectron-
ics development road map, by 2020
the minimal node size of the inte-
grated circuit topology will be 5-10
nm, and the thin-film coatings
will have a complex of properties

that ensure the reliability of semi-
conductor devices. The existing
process equipment for the forma-
tion of thin-film coatings by vac-
uum-plasma methods (PVD and
CVD) does not provide the required
quality parameters of the gener-
ated ultrathin films.
Atomic-layer deposition (ALD)
makes it possible to create thin
films of nanometer thickness.
In addition, ultrathin coatings
obtained by the ALD method have
a number of unique character-
istics (conformity, continuity,

stoichiometry) that promote their

use, for example, in the following

industries:

e microelectronics (gate dielec-
trics with high k, metal layers
of the gate electrode, seed and
barrier layers in the TSV tech-
nology, etc.);

« solar energy (passivation layer,
conductive oxides, intermedi-
ate multilayer multicomponent
structures, etc.);

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

#7/78/2017 NANO INDUSTRY
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2AI(CH,), + 2H,0 - AL,0, + 3CH, (A)
TiCl, + 2H,0 - TiO, + 4HCI (B)
Zn(CH,CH,), + H,0 » ZnO + 2C,H, (C)

Puc.2. Xumuueckue peakyuu, npomekatroujue Ha nogepxHocmu
06pasy08 Npu amoMHO-CA0EB80M OCAXDEHUU CB8EPXMOHKUX
nneHok okcuda antomunus Al,O5 (A), okcuda mumaHa TiO(B)
u okcuda yuHka Zno (C)

Fig.2. Chemical reactions on surface of samples during atomic
layer deposition of ultrathin films of Al,O; (A), TiO, (B) and ZnO (C)

KOTOPBIX PEATHPYIOT C KOMIIOHEHTAMH Ha IIOBEPXHO-
cTu 06pasLoB, B pe3yabTaTe yero GOpMUpPYyeTCs O4UH
MOJIeKYJISIPHBIN CJIOHM BeIecTBa C obpa3oBaHHEM
MeTy4uX COeJUHEeHHUH, KOTOPble 3aTeM YAasI0TCS
MpOoAYyBKOM peaKkTopa. [IpeKypcopsl - B OCHOBHOM
MeTaJJIOOPTaHUuYeCKHe COeUHEHHS C Pa3THYHBIM
YPOBHEM [aBJIeHUS HACBIIIEHHBIX COOCTBEHHBIX
napos. Ec/iu faB/leHHe Ha [I0OBePXHOCTH MeTalJIoop-
TaHHYeCKOH KUAKOCTH MeHbIIe 133,33 I1a, To Takoe
CoefMHEeHHEe Ha3blBAIOT IIPEKYPCOPOM C HU3KHUM
IaBJIeHHeM - ero Heo6X0JQMMO IIPUMEHSTh Harpe-
TBIM 0 TeMmIiepatypsl oT 50 mo 80°C. [lng momayu
TaKOT0 IIpeKypcopa B peakKTOp TaKkKe cjeayer
BBIIIONIHATE 6apbOTHpOBaHUeE — IPOKAYUBATH HHED-
THBII a3 C ollpefie/IeHHBIM PacXo[oM Uepes aMIIysy
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Puc.3. Cxema ycmaHosku ACO ¢ naasmeHHou akmueauueli
u 3azpy3kol naacmuH ouamempom 9o 200 MM C NOMOUW,bHO
KaccemHozo 3azpy3vuKa

Fig.3. Scheme of ALD system with plasma activation and loading
of up to 200 mm wafers using cassette loader

(6apboTep), B KOTOPOM HaXOAUTCS MpeKkypcop. Ecnu
JlaB/IeHHe Ha [I0BEPXHOCTHU MeTajlJIOOPraHU4YecKou
SKUAKOCTHU bosnbiie 133,33 I1a, To TaKoe coeqUHEHHE
Has3bIBAIOT IIPEKYPCOPOM C BBICOKMM [aBjIeHHEM,

« mechanical engineering (corro-
sion-resistant coatings, friction
pairs, etc.);

« medicine (biocompatible coat-
ings for implants).

ALD is realized in the form of a
repeated cycled chemical reaction
with sequential adsorption on the
substrate of two reagents (precur-
sors), the interaction product of
which forms a dielectric or metal
film. In ALD, the phases of sorp-
tion of precursors and the reac-
tions 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

HAHO WHOVCTPHA #7/78/2017

in each cycle is self-limited by the
thickness of one monolayer of the
grown film. Schematically, the
phases of the atomic layer deposi-
tion cycle are shown in Fig.1. Fig.2
shows examples of chemical pro-
cesses occurring on the surface of a
sample during deposition of Al,0;
aluminum oxide films, titanium
oxide TiO,, and zinc oxide ZnO.
The advantage of the ALD
method is a good control of the
stoichiometric composition of
the deposited films with a high
degree of homogeneity in the
area of the wafer. Their thick-
ness is controlled during growth
with an accuracy of up to one

monomolecular layer. The tem-
perature 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
by the problems of precision depo-
sition of ultrathin films.

To improve the productivity of
the ALD process, a remote plasma
source is used based on an induc-
tively-coupled RF gas discharge.
Process gases, passing through
the discharge burning region, are
decomposed into radicals that par-
ticipate in the formation of films
on the surface of the samples.
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Puc.4. Cxema nodzomosku U noda4u npekypcopos 8 peakmop: 1 — 6apbomep ¢ Memaan00p2aHu4eckum npekypcopom 2adHus
(TEMAH) ¢ Hu3Kum dasneHuem HACbILWEHHbIX napos; 2 — 6apbomep ¢ MemanaoopaaHu4eckum npekypcopom maHmaaa (TBTDET)
C HU3KUM dasAeHUeM HACbILeHHbIX Napos; 3 — 6ap6omep ¢ Memaanoopzanuyeckum npekypcopom aatomurus (TMA) ¢ ebicokum
dasneHUeM HACbIWeHHbIX Napos; 4 — 6ap6omep ¢ Memaan0opzaHuyeckum npekypcopom mumana (TiCl,) c ebicokum dasneHuem

HAcblUeHHbIX napoeé

Fig.4. Diagram of preparation and supply of precursors to reactor: 1 - bubbler with organometallic hafnium precursor (TEMAH) with
low saturated vapor pressure; 2 - bubbler with organometallic tantalum precursor (TBTDET) with low saturated vapor pressure;
3 - bubbler with organometallic aluminum precursor (TMA) with high saturated vapor pressure; 4 - bubbler with organometallic tita-
nium precursor (TiCl,) with high saturated vapor pressure

U [UIS II0JlaYHM B PeaKTOp ero HeoOXOmMMO oXJa-
KAaTh 40 Temiepatypsl oT 10 mo 20 °C. IIpommyckaHue
HHepPTHOIO rasa yepes 6apboTep B 3TOM cilydae He

TpebyeTcs.

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 remote from the reactor for a
considerable distance and is sepa-
rated from it by a fast-acting vac-
uum shutter.

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

rNYBOKOE AHU3OTPOMHOE TPABJIEHUE
ITo mporHosaM npoussoguTenei MC Ha 2020-2025
rogbl, puU3MUYeCKHUEe pa3sMepbl MUHHUMAaJbHBIX /1€~

meHTOB KMOII yMeHbIIaTCAd HHKe mmopora 10 HM.

Fig.3 shows the scheme of the
ALD system with plasma activa-
tion and single-piece loading of
up to 200 mm wafers using a lock
chamber. Fig.4 shows the scheme
for preparation and supply of pre-
cursors. Precursors are chemical
reagents whose components react
with components on the surface of
the samples, as a result of which
one molecular layer of the sub-
stance and volatile compounds are
formed, which are then removed
by purging the reactor. Precursors
are basically organometallic
compounds with different lev-
els of saturated vapor pressure.
If the pressure on the surface of

the organometallic liquid is less
than 133.33 Pa, then such a com-
pound 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 reac-
tor, bubbling, that is, pumping
an inert gas with a certain flow
through an bubbler, in which the
precursor is located, should also
be performed. If the pressure on
the surface of the organometal-
lic liquid is greater than 133.33 Pa,
then such a compound is a high-
pressure precursor, and it must
be cooled to a temperature from
10 to 20°C for feeding to the reac-
tor. Passage of inert gas through

#7/78/2017 NANO INDUSTRY
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Tabauua 1. Pexkumbl mpasaeHus omeepcmuli duamempom 13 MKm
Table1. Etching modes for 13 um holes

Pacxopa, n/u
Consumption, I/h

AasneHwue, Na
UCTOYHUK

nasmbl
Source of
plasma

Pressure, Pa

3 ‘ 6 ‘ 2,2 ‘ 9 ‘ 500 ‘

MouwHocTb, BT
Capacity, W

Cronuk
Stage

Bgemn, [
Kon-Bo Time, s

CmelueHue, B u,u;noa.

F
Offset, V Number of
cycles, SFg

CFn nonnmep

CFn polymer KIIPIF(‘JﬂSAr
Macka
e Oo 909 999
@W L~ e (:) )
999 N GNG!

Puc.5. Cxemamuyeckoe npedcmasneHue nocaedosameAnbHocmu
No8epXHOCMHbIX peakuyuli, Gopmupyruux 00uH yuka Bosch-
npouecca

Fig.5. Schematic representation of sequence of surface reac-
tions that form one cycle of Bosch process

HecMoTpst Ha pa3paboTKy IepCrIeKTUBHBIX TYHHEIb
HBIX TPaH3HUCTOPOB, CTAHOBUTCS SICHO, YTO CKOPO
OyAyT OCTUTHYTHI TeOMeTpHUeCcKHUe IIpeesbl, 103"
TOMY CeHdYac BeAyTCS aKTHBHBIe HCCIe[0BaHUS
TPeXMEePHBIX CTPYKTYP C BO3MOXKXHOCTBIO YKJ/IaIbI-
BaTh CTOKHM TPaH3HUCTOPOB APYr Ha Apyra. Takou
3D-momXxon MO3BOMMT IIPOAOJIKAThH HapalllMBaTh
KOJIMYeCTBO KOMIIOHEHTOB Ha KBaJpaTHBIH MUJ/IIH-
MeTp, Ja’ke eC/IM FOPU3OHTaJIbHbIe QHU3HYeCKUe pas3-
Mepsl 6osblIe He 6y1yT OALABATHCS AATbHEHIIEMY
MacmTabupoBaHHUIO.

OnHa M3 TeXHOJOIHMU CO3JaHHMS TPEeXMEPHBIX
cucTeMm - rnybokoe aHM3O0TPOIIHOe TpaBJeHHe,
KOTOpoe B Haubo/bIIelN CTelleHW aKTyaJIbHO IS
bopMupoBaHUS CTPYKTYp MEMS u TSV, a Takxke
DRAM-KOH/IEHCATOPOB.

ITpomecc rny6oKOro aHU30TPOIIHOTO TPaBIeHUS
(Bosch-mrporiecc) siByisieTCst IByXCTaAMMHBIM U ITUK/IH-
yecKKMM. Ha nepBol cTaguu (puc.5) ocyIlecTBIseTCs
OBICTPOE HU30TPOITHOE TPaB/IeHHe KpeMHHUS B I1/Ia3Me
SF; rasa, Ha BTOPOM - OCaXX[eHHe IOoJIHMepPHOU

the bubbler in this case is not
required.

DEEP ANISOTROPIC ETCHING

According to the forecasts of IC
manufacturers 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 transistors,
it becomes clear that geomet-
ric limits will soon be reached,
so now active studies of three-
dimensional structures with
the possibility to stack transis-
tor drains to each other are being
carried out. This 3D approach will

HAHO WHOVCTPHA #7/78/2017

allow to continue to increase the
number of components per square
millimeter, even if the horizon-
tal physical dimensions will no
longer be amenable to further
scaling.

One of the technologies for cre-
ating 3D systems is deep anisotro-
pic etching, which is the most rel-
evant for the formation of MEMS
and TSV structures, as well as of
DRAM capacitors.

The process of deep anisotro-
pic etching (the Bosch process) is
two-stage and cyclic. In the first
stage (Fig.5), rapid isotropic sili-
con etching occurs in the SF, gas
plasma, the second stage involves

the deposition of a polymer film
in a fluorocarbon plasmas. These
stages are cyclically repeated. In
the first stage of the next cycle,
under the action of bombardment
with Ar ions, the passivation film
is quickly removed from the bot-
tom of the groove, followed by
the removal of silicon. On the
side walls, the passivation film is
retained by the absence of an ionic
component when it is etched.

The main advantages of the
Bosch process are the controlled
and stable etching profile, good
mask selectivity, high etch-
ing rate and high aspect ratio.
The main disadvantage is the
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Tabauua 2. Pexkumbl mpasaeHus wweAeli WUpuHou 1,5 mkm
Table 2. Modes of etching of 1.5 um trenches

Pacxop, n/4
Consumption, I/h
AdaBsneHwue, Na
UcToUYHUK
naasmbl
Source of
plasma

Pressure, Pa

MouwHocTb, BT
Capacity, W

Bpewms, c

Kon-Bo Time, s

LUKJIOB
Number
of cycles

CmMmewieHue, B
Offset, V
CTonuk
Stage

IJIEHKX BO QTOPYIIePOJHOM IIIa3Me. DTH CTaJUH
LMK/IMYeCKH OBTOPSOTCSA. Ha mepBoi cTafuu ciie-
AyIoIlero UK/ MoA AercTBueM 6oMbapAHpoOBKU
HMOHAMH AT IIPOUCXOLHUT OBICTPOE yAa/IeHHe [TaCCHUBHU-
PyoLIel IIeHKH CO JHA KaHaBKH, C MOC/IeIYOIIUM
yAaneHHeM KpeMHHs. Ha 60KOBBIX CTeHKaX MacCH-
BUPYIOIIAs [IJIeHKA COXPAaHAETCA 3a CYET OTCYTCTBUSA
HOHHOL KOMIIOHEHTBI IIPH ee TPaBJIeHUH.

OCHOBHBIMH IpeHMYyllecTBaMHU Bosch-mporecca
SIBJISIIOTCSL KOHTPOJIMPYyeMBbIE U CTabKJIBHBIE IPODHIIb
TPaBJIeHU s, XOpolllas CeJIeKTUBHOCTh K MacCKe, BBICO-
Kasi CKOPOCTb TPaB/IeHHUS U BBICOKOE aCIIeKTHOEe COOT-
HomeHHe. OCHOBHOM HeJOCTATOK — IIePOXOBAaTOCTh
CTEHOK BCJ/IeICTBHE IMK/IHMYHOCTH TPaBIeHH .

Ha pruic.6 mpeicTaB/IeH pe3y/1bTaT Iy60Koro aHU30-
TPOITHOI'O TPaBJeHU S OTBEePCTHI AHUaMeTPOM 13 MKM
Ha r1ybuHy 112 MKM IIPH peXXMMax, IPHUBeJeHHBIX
B Tabs.1. HepaBHOMEPHOCTh TPaBJIeHHUS I10 IVIACTHHE
cocTtaBuaa+3,5%.

Ha puc.7 mpescTaB/ieH pe3yJbTart INy6oKOro aHU30-
TPOIIHOI'O TPaBJ/IeHH S Ie/lel MHUPHUHOM 1,5 MKM IIpH

Pe>KMMax, IPUBeIeHHBIX B Tab1.2. HepaBHOMEPHOCTh
TpaBJ/IeHHU I10 IJIACTHHe COCTaBHJIa +3,5%.

Ha puc.8 mpuBemeHa cxeMa yCTAaHOBKHU ITyOOKOTro
AHM30TPOIIHOI'O TPaBJIEHUSI C IIOMITYYHOM 3arpy3KoHn
IIJIACTHUH JHaMeTpoM 10 200 MM C IIOMOIIBIO IIIII030-
BOU KaMepBHI.

®OPMUPOBAHWE MENIKOLLENIEBOM U30NSLUK

C pasBuUTHEM HAHOTEXHOJIOTHHU IIJIa3MOXHMHUYE-
CKOe TpaBjIeHHe CTaJIO IIPaKTHYeCKH eqMHCTBeHHBIM
MHCTPYMEHTOM /14 IIepeHoca pucyHKka MC B Macku-
pyroiem cjaoe B MaTepHasl IMOAJIOKKU. Kpome Toro,
Ba’KHBIM 3TarioM ¢opMmupoBanus HMC aBasgeTcs U3ro-
TOBJIEHHE U30/ISILUH 3/IeMeHTOB B KpeMHHeBOL 0J-
noxke. ITocme TOro Kak IIOJYIIPOBOAHHKOBAasS IIPO-
MBIIIJIEHHOCTh JOCTUI/IA KPUTHYECKOI0 pasmepa
0,25 MKM, CTajia IPUMEHSATHCSA TeXHOJIOI U MeJIKOIIe-
JIeBOM M30aaIuH 1eMeHToB (shallow trench isolation,
STI). C Ka>KIbIM rofloM KpHuTHYeckre pasMepsl HIC mpo-
JOIKAIOT yMEHBIIAThCsI, U TPe6OBaHUS K U30/ISALIUU
371eMeHTOB CTAaHOBSITCS Bce 60iee BBICOKMMH.

roughness of the walls due to the
cyclic etching.

Fig.6 shows the result of deep
anisotropic etching of 13 pm holes
atadepth of 112 pm under the con-
ditions given in Table 1. The etch-
ing unevenness across the wafer
was £3.5%.

Fig.7 shows the result of
deep anisotropic etching of
1.5-pm-wide trenches under the
conditions given in Table 2. The
etching unevenness across the
wafer was +3.5%.

Fig.8 shows a diagram of the
system for deep anisotropic etch-
ing with loading of up to 200 mm
wafers using a lock chamber.

FORMATION OF SHALLOW TRENCH
ISOLATION

With the development of nan-
otechnology, plasma-chemical
etching has become almost the
only tool for transferring the IC
pattern in the masking layer to
the substrate. In addition, an
important stage in the formation
of IC is the manufacture of insu-
lation elements in a silicon sub-
strate. After the semiconductor
industry reached a critical size of
0.25 pm, the shallow trench iso-
lation technology (STI) began to
be applied. Each year, the criti-
cal dimensions of IC continue to
decrease, and the requirements

for the isolation of elements are
becoming increasingly high.
Silicon etching with the for-
mation of smooth trenches is
carried out by simultaneously
feeding into the chamber of the
etching and polymer forming
gases. As a result, silicon etch-
ing and polymer formation on
the wafer surface occur simul-
taneously, but due to the bias
voltage, the etching proceeds
mainly in the vertical direc-
tion (Fig.9). The main advantage
of the process is the controlled
etching profile, mask selectivity
and high aspect ratio. However,
when etched to great depths, the
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Puc.6. TpasneHue omseepcmull duamempom 13 MKM HA 2ny6bu-
Hy 112 MKm
Fig.6. Etching of 13 pm holes to depth of 112 pm

TpaBieHHe KpeMHHUS C pOPMUPOBAHUEM IJIa/-
KHX IIeJIer OCYINeCcTBISeTCs IIPU OLHOBpPeMeH-
HOM Iloflaye B KaMepy TpaBsllero u obpasyomuiero
IIOJIKMEP Ta30B. B pesynbraTe IIpoLecCh TpaBie-
HUS KpeMHUS 1 06pa30BaHUS IIOJIMMePa Ha [oBep-
XHOCTH IIJIACTHUHBI IIPOUCXOAAT OLHOBPEMEHHO, HO
3a CYeT HaIlpsKeHU s CMelleHUs TpaBleHue UieT
INperMMYIIeCTBeHHO B BepTHUKaJAbHOM HallpaBje-
HUU (puc.9). OCHOBHOe NIpeHMYIlecTBO Ipoliecca -
KOHTPOJIMPyeMBbIH IIPOOUIb TPaBIeHUs, CeIeKTUB-
HOCTb K MacCKe 1 BBICOKOE aCIIeKTHOe COOTHOIIeHHe.

wirl | WIN T'QT

10 MKM | pm

Puc.7. TpasneHue wenel wupuHol 1,5 MKM Ha 2Ay6uHY
18,1 mkm
Fig.7. Etching of 1.5 pm wide trenches to depth of 18.1 pym

OmHaKo IMPH TpaBJeHHUHU Ha 6onabimue I1y6HUHBI
IIpoLecc CTAHOBHUTLCSA TPYAHO KOHTPOJIHPYEMEIM,
YTO JejlaeT ero HeskejJaTe/JIbHBIM B T€XHOJIOTHU
TSV.

Ha puc.10 rmoka3aH pe3yibTaT TPaBIeHUI CTPYK-
TYPBI C [MIaAKUMH IIeNIsIMHU IMHPUHOU 1,5 MKM IIpHU
peXkuMax, NpUBeeHHBIX B Tab1.3. PABHOMEePHOCTH
TPaBJ/IeHU 10 IIJIACTHHEe COCTaBHJIA + 3,5%.

Ha puc.1l npencraBieHa cxeMa YCTaAHOBKHU $op-
MHPOBAHUS Me/KOLIeIeBON U30IS1LHUHU Ha IJIaCTH-
Hax fHaMeTpoMm 10 200 MM.

LWnto3 3aTBOp ® —®
Load lock Shutter Y @ BY-uHayKTOp
\ Y @_HFinductor
I~
Moanoxka | Substrate
renun
= Helium
— | Hl =]
OTkayka OTkau4ka OTka4ka
Pumping Pumping Pumping
Kacceta MaHunynstop OxnaxpaeHwve
Cassette Manipulator Cooling

Puc.8. Cxema ycmaHosKu 2Ayb0K020 AHU30MPONHO20 MpasAeHUs
C KaccemHblM 3a2py34uKom 0As naacmuH duamempom 0o 200 mm
Fig.8. Scheme of equipment for deep anisotropic etching with
cassette loader for up to 200 mm wafers

HAHO MHAVCTPHA 4,75/ 2017

Cmech rasos
Mixture of gases

(Ar+SF+C,Fy)

LLeHTpbl naccmBaumm
Passivation centers

Macka
Mask

Puc.9. Cxemamuyeckoe npedcmasneHue n08epxXHOCMHbIX peak-
yul 8 npouecce mpasAeHus CMpykmyp ¢ 2Aa0Kumu CmeHKamu
Fig.9. Schematic representation of surface reactions during etch-
ing of structures with smooth walls




NANOTECHNOLOGY

1,34 MKM | pm

322 HM | nm

~
Ul
&
£
z
<
=
3

5 MKM | pm
|

Puc.10. TpasneHue wenell WupuHoU 1,5 MKM Ha 2AY6UHY 7,5 MKM
Fig.10. Etching of 1.5 ym wide trenches to depth of 7.5 ym

OYUCTKA NOBEPXHOCTU C UCNMOJIb3OBAHUEM
CBY-UCTOYHUKA NJIA3MbI
ITpomeccel yganeHusd GOTOPE3UCTHBHOM MAaCKH
OCTAIOTCS OJHOM M3 CAMBIX PACIIPOCTPAHEHHBIX OIle-
palluH B MUKpO3/1eKTpoHHKe. C pa3sBUTHEM TeXHO-
JIOTMH BO3HHKAIOT BCe HOBBIE 3a/la4H II0 yIaleHHIo
doTopesucTa U OUMCTKHU IIJIACTHH, HallpUMep yAalie-
HIMe 0CTAaTKOB IIOJIMMepa I10CJIe ITPOLIeccoB I1yboKkoro
aHH30TPOITHOIO TpaBieHUs B TSV-CTpyKTypax.
Ynanenuve pOTOPE3UCTUBHOM MACKH MU IIOJIAMe-
poB HMPOBOAUTCSA B peakTope C ymajleHHBIM CBY-
MCTOYHHKOM IIJIa3MBbl. YOajleHHas IIJa3sMa H30-
JUPYeT MIACTUHY OT MOHOB U 3JIeKTPOMarHHUTHBIX

BY-nHaykTop

HF inductor
: [ X X J

3atBop
Shutter  ras

LLinto3
Load lock

las
Gas

;ﬂ
Moanoxka

Su bstrate;

Fenun
Helium

OTka4ka
Pumping

OTKavka
Pumping

OTka4ka
Pumping

MaHunynstop

OxnaxxgeHune
Manipulator

Cooling

Kacceta
Cassette

Puc.11. Cxema ycmaHosKu GopmuposaHus meakouw,enesoll
U30ASIUUU C KACCEMHbIM 3a2pY34UKOM 0AS NAACMUH duame-
mpom 0o 200 mm

Fig.11. Scheme of equipment for formation of shallow trench iso-
lation with cassette loader for up to 200 mm wafers

Iojier, YTO YMeHblIaeT HeXejaTe/lbHble 3QpdeKThl
BCTPOEHHOTO 3apsifia, KOTOpble MOI'YT IIOBPeIHUTh
aKTHUBHBIle 00/1aCTH MUKPOCXeMBI Ha IIJIACTHHE.
H3oTpornHas ob6paboTka IIPOUCXOLUT C IIOMOIIBIO
XMMHUYeCKH AaKTUBHBIX YaCTHUI] B OTCYyTCTBUU JIeK-
TPOMaTrHHUTHBIX II0JIeH.

CBY-minasma (2,45 I'Tu) mo cpaBHeHUIO ¢ BY-mias-
mou (13,56 MTIL) umMeeT psij HPeHMMYIIecTB.
MuxpoBonHOBas IJa3Ma XapakTepu3syeTcs bosee
BBICOKOM KOHIIeHTpallMel HeHTpaabHBIX YaCTHII,

process becomes difficult to con-
trol, which makes it undesirable
in TSV technology.

Fig.10 shows the result of etch-
ing the structure with smooth
trenches 1.5 m wide under the
conditions given in Table 3. The
uniformity of etching across the
wafer was +3.5%.

Fig.11 shows a scheme of
equipment for the formation of
shallow trench isolation on up to
200 mm wafers.

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 polymers is carried out
in a reactor 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 par-
ticles in the absence of electro-
magnetic fields.

Microwave plasma (2.45 GHz)
in comparison with HF plasma
(13.56 MHz) has a number of
advantages. The microwave
plasma is characterized by a
higher concentration of neutral
particles, higher photoresist and
other impurities removal rates,
a lower concentration of ionized
particles, which in turn leads to
less damage to the other layers
caused by the charge, as well as
by a higher etch selectivity with

#7/78/2017 NANO INDUSTRY
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Tabauua 3. Pexxumbl mpasneHus weaeli WupuHol 1,5 mkm
Table 3. Modes of etching of 1.5 ym trenches

Pacxogp, /4
Consumption, I/h

AasneHme, Na
Pressure, Pa

WUCTOYHMK N/1a3mbl
Source of plasma

3,6 4 6 9 600

MouwHocTb, BT
Capacity, W

CmMelleHue, B Bpewms, c

Time, s

Offset, V

Ctonuk
Stage

20 85 450

OOJBPIIMMU CKOPOCTSIMHU yAajseHUus GoTopesu-
CTa U OPYTUX 3arpsi3HeHHUM, MeHbIIeN KOHIIeH-
TpalMel MOHHU3HUPOBAHHBIX YAaCTHI, YTO, B CBOIO
oyepenb, BeJeT K MeHbIIEeMY IIOBPEXXIAHUIO APY-
THUX C/I0eB, BBI3BAHHOMY 3apsiloM, a TaKXe boyee
BBICOKOM Ce/IeKTHUBHOCTBIO TPaB/IeHU s [10 OTHOIIIe-
HUIO K HHUKeJIeKaluM M IPO3KCIIOHHPOBAHHEIM
IJIeHKaM.

Hns npenoTBpameHus IUGPY3UM HOHOB B JH3-
JeKTpUYeCKHe MJIM OKCHOHBIe CJIOH, IJIACTHUHY
HarpeBaloT [0 TeMIlepaTypsl He 6onee 270 °C. B mpo-
Llecce OYMCTKH PaJHuKa/lbl MOTYT BK/IIOYATh CJIeIYI0-
mue sanemedTs: F, Cl, O, Hu CF,, rme x=1, 2 unu 3.

IIpu yoaneHuu poTopesucTta pagukans O mepe-
MEIATCS K MOBePXHOCTHU IIJIACTHHBI, I/le IIPOKC-
XOIUT UX afcopbuus (prc.12). 3aTeM 5TH paJHKaJIbI
BCTYIAKT B XMMHYeCKYI0 peaKl U0 ¢ aToMoM C
c obpaszoBaHueM Mosekynel CO, K MOC/IeNyIOlIeH ee
necopbruen.

doTopesnct

(aTombl Cu H) Paaykanbl O
Photoresist OO Radicals O

(CandH atoms‘)/

—>
[locTaBKa K MOBEPXHOCTH Ancopbuus
Delivery to surface Adsorption
Monekyna CO
o« co, molecule *
00o®® coooo 00000000000
—>
Xumuyeckas peakuns [Oecopbuvs
Chemical reaction Desorption

Puc.12. Cxemamu4eckoe npedcmasneHue NocAedo8amenbHo-
CMu No8epxHOCMHBIX peakyull 8 npouecce o4UCmKu

Fig.12. Schematic representation of sequence of surface reac-
tions in stripping process

HAHO MHOVCTPHA #7/78/2017

OCHOBHBIe PeaKIIMH B3aHUMOJEHCTBUS paJHKa-
70B C $OTOPE3UCTOM U II0JIMMePHOU IJIEHKOH IIPO-
TeKaloT C/IeJyI0mUM 06pa3om:

* C pOTOPE3UCTOM:

C+20 - CO,;

2H+0 - H,0;

N+20 - NO,;

S+20 - SO5;

* CIIOIHMEpPOM:

(CH), +20 -CO,;

C,Si,0,+F > CO,+SiF,.

IIpoAyKTH peakl MU BIOCIeACTBUU yAaJISIOTCS
OTKAauYHOH CUCTeMOK yCTAaHOBKH.

TakuM obpa3om, ymaneHHBIHM UCTOYHUK CBY-
IIJIa3MBbl U30JIMPYyeT IJIACTHHY OT MOHOB U 3JIeK-
TPOMarHUTHBIX IT0JIeH, KOTOPble MOI'YT IIOBPeUTh
aKTHUBHBIe 00/1aCTH MHUKPOCXEMBI, a pafHuKalbl
obecreunBalOT OYHUCTKY U3MeNHUs U yoaleHHe GOTO-
Pe3HCTHUBHBIX HU/IH IIOJITUMEPHBIX CJI0€B.

ras
W03 Gas
Load lock
3aTBOp - CBY
Shutter Microwave
roanoxka
Substrate
3
— | ==
OTkayka OTkayka Otkauka
Pumping Pumping Pumping
Kacceta Mawnunynatop Harpes
Cassette Manipulator Heating

Puc.13. Cxema ycmaHoeKu o4ucmKu ¢ KaccemHblM 3a2py34u-
KoM 05 naacmux duamempom 00 200 mm

Fig.13. Scheme of stripping system with cassette loader for up to
200 mm wafers
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Puc.14. Yembipe 8uda ycmaHo8oK ¢ 3azpy3Koli nnacmuH duamempom 0o 200 MM € NOMOLLbIO KACCEMHO020 3az2py34UKa
Fig.14. Four types of systems with cassette loader for up to 200 mm wafers

CxeMa yCTaHOBKM C UCTOUHHKOM CBY-maasmel
ois ynaneHuss GOTOpe3sHCTa MM IOIHMMEePHOH
IIJIeHKY IIPUBeIeHa Ha puc.13.

O6mui BUJ, yCTAHOBOK /IJ1sl IIPOBefleHH sl IIpoliec-
COB aTOMHO-CJIOEBOI0 OCa>kJeHHU, IIIa3MOXUMHUYe-
CKOIo TpaBjleHHsd, QOPMHUPOBAHHUS MHUKPOILe/IeBON
HM30/ISUH U OYKMCTKH II0BePXHOCTH IIJIACTHH IIPef-
CTaBJIeH Ha puc.l14.
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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 fol-
lowing elements: F, Cl, O, H and
CF,, wherex =1, 2 or 3.

When the photoresist is
removed, the O radicals move to
the surface of the wafer, where
they are adsorbed (Fig.12). Then
these radicals react chemically
with the C atom to form a CO,
molecule and with its subse-
quent desorption.

The main reactions of inter-
action of radicals with photore-
sist and polymer film proceed as
follows:

« with photoresist:

C+20 > CO,;

2H+0 - H,0;

N+20 » NO,;

S+20 > SO,;

+ with polymer:

(CH), +20 >CO,;

C,Si,0,+F » CO, +SiF,.

The reaction products are sub-
sequently removed by a pumping
system.

Thus, the remote source
of microwave plasma iso-
lates the wafer from ions and

electromagnetic fields that can
damage the active regions of the
chip, and the radicals ensure
the purification of the product
and the removal of photoresist or
polymer layers.

The scheme of the equip-
ment with a source of microwave
plasma for the removal of a pho-
toresist or polymer film is shown
in Fig.13.

A general view of the systems
for performing atomic-layer
deposition, plasma-chemical
etching, formation of shallow
trench isolation, and stripping
of the wafer surface is shown in
Fig.14. [ |
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