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PaccmaTpuBaetcs uCTOopus pa3spaboTKu, MPUHLMMBI, NPEMMYLLECTBA W OrpaHUYeHUs TeXHOIornm
aToMHo-c/10eBoro ocaxaeHusa (ACO), a Takxke o6opyaoBaHMe KoMmnaHuu Picosun gns uccneposartesb-

CKUX U NPpOMbILLJIEHHDbIX 3a4a\4.

The history of development, principles, advantages and limitations of atomic layer deposition
(ALD), as well as Picosun equipment for R&D and industry are considered.

a3paboTKu B 06/1aCTU TEXHOJIOTHUHU ATOMHO-

cnoeBoro ocaxkgeHus (ACO) UMeIOT JIUTeNb-

HYIO UCTOPHIO, HauKHas ¢ 1950-X rogoB, Korga
BIIepBble KOHIIEIIIIHS JAHHOTO MeToza bblaa npen-
nokeHa B paboTax mpod. B.B.AnmeckoBckoro (CCCP).
B 1974 rony TexHonorus ACO 6plja 3aIaTeHTO-
BaHa B PUHIAHAUU AOKTOpoM Tyomo CYyHTOJIOH,
KOTOPBHIK AJIHUTeIbHOE BpeMs 00 3TOL0 3aHHU-
majcsa pasnuyHeiMu HHOKP B ;aHHOM HamIpaB-
JleHUH. B HacTosAlee BpeMs Ha PbIHKe IIpelCTaB-
JIeHO MHOKeCTBO MapOoK 060pyAOBaHU S, peanlnu3yo-
mero npuHUUIE ACO, Ho ocoboe monoxkeHue, 6e3-
yCJI0BHO, 3aHKUMaeT Picosun (PuHASHAUS) - KOMIIa-
HHUS, UAeNHbIM BJAOXHOBHUTe/IeM U YJeHOM COBeTa
OUPEeKTOpPOB KoTopol sBasieTrcss T.CyHToia.
JnuTenpHOe BpeMs TeXHHUYeCKHUM JHPEKTOPOM
Picosun 6bi1 CBeH JIMHAGOPC, HAa HNPOTSAKEHUHU
40 ymeT 3aHUMaBIIHICS pa3paboTKoi obopymoBa-
HUus ACO s pasHBIX NPUMeHeHHUH. OTPOMHBIN
OIIBIT HAyYHOTr'O KOJJIeKTHUBA B 00IaCTHU CO3MAHUS
pasnuuHoro obopymoBaHusi ACO U IIOCTOSHHBEIE
yCOBEpUIEHCTBOBAHM I TEXHOJIOTKH TaK>Ke CII0COb-
CTBYIOT JTHEePCTBY KOMIIAHKUHU. Picosun - mpumep
TOTO, YTO Hay4Hble U3bICKAHUSA MOTYT U JOJI>KHBI
IIPUBOAMTD K yCIIeXy, KOT[a B IPAaKTHYECKOM IIPH-
MeHeHHH HX pe3y/lbTaToB 3aHHTEePeCOBAHO MHOXe-
CTBO OTPac/ell IPOMBIIIIeHHOCTH,

TEXHOJIOTUA

B ocHoBe ACO J/1eKUT IIPUHIIMII CAMOHACHIIIeHU S,
COIJIACHO KOTOPOMY aTOMBI HMJIM MOJIEKYJIbl THUIIA A
pearupyoT Ha OBePXHOCTH H3/IeJIUH TOJIBKO CO CBO-
OOMHBIMH XUMHYECKHUMHU CBS35IMHU aTOMOB (MOJIEKYT)
npeablAyInero c1os (TUI B), paBHOMePHO IIOKPHIBas
BCIO [TIOBEPXHOCTb U3MeIHUN OJHOPOJHBIM MOHOCIOEM.
Ecnu cBOGOOHON XMMHUECKOU CBSI3U HET, PeakLIuU
Ha [I0OBEPXHOCTH H3/e/IN I He IIPOUCXOAUT. [I0CKONIBbKY
peakliMoHHas KaMepa, B KOTOPOM HaXOA4UTCS H3/e-
Jve, IIOCTOSTHHO IIPOAYBAaeTCs a30TOM MJIM aprOHOM,
M36BITOK YaCTHI] TUIIA A ¥ IIPOAYKTH peaKLUHU yaa-
JISIIOTCSL, YTO II03BOJISIET IIPeSOTBPATHUTh BO3SMOKHEIE
"mapa3suTHBIE" XUMHUYECKHe PeaKIIUH Ha II0OBEPXHO-
CTH HU3[eNUH. MoleKynsl cleAyoomero cios (TUl B)
pearupymooT TOJIbKO C MOJIeKYJIaMH THUIIA A U TaKKe
afcopbUpyIOTCSL HA MOBEPXHOCTH OLHHUM CJI0EM,
IIocjIe Yero kKamepa CHOBA IIPoflyBaeTcs a30ToM (apro-
HOM). [lajyee IIMKJI IIOBTOPSIETCS 0 JOCTHKEHUS Tpe-
OyeMOM TOIIIUHBI IVIEHKHU. FIMeHHO I10C/IeJoBaTelb-
HOCTb UMITYJIbCHOTO HaIlyCcka U yAadeHUs pabouux
rasoB gB/seTC I[MIaBHHM oTiv4uueM ACO oT Tpagu-
LIMOHHOI0 MeTO/d XHMHYECKOro OCa>kKIeHH S H3 ra3o-
BoH ¢asel (XOI'®), npu KOTOPOM PeaKkliMOHHBIE Ia3bl
Haxo[sTCs B pabouer KaMepe OLHOBPEMEHHO B TeYe-
HUe 3HauYHTe/JbHOIro Iepuoaa (o AecsiTKOB MUHYT).
bnaromaps 3¢ pekTy caMOHACHIIEHU S XUMHUYeCKUX

KomnaHus Picosun (GuHnaHamsa, FI-02150, 3cnoo, Tuetotue 3) / Picosun Oy (Tietotie 3, FI-02150 Espoo, Finland).
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Tabauua 1. CpasHeHue ACO ¢ Opy2umu mexHOA02USMU CUHMEe3a MOHKUX NAEHOK

Table1. Comparison of ALD with other thin film deposition technologies

MonekynsipHo-

XuMmunyeckoe

MarHeTpoHHoe TepMmuuyeckoe
MapameTp 323:22‘?:’ Mscr’;:";”o%"$:3bl pacnblﬂeuue Mgnapeuue
Characteristic Molecular-beam Chemical va Magnetron Thermal
. vapoy sputterin evaporation
epitaxy deposition P 9 P
OAHOpPOAHOCTL MpeBocxoaHas Xopoluas Xopoluas Mpuemnemas Mpuemnemas
TONLUMHbI Excellent Good Good Satisfactory Satisfactory
Thickness uniformity
[10THOCTb NAEHKN XopoLuas XopoLuas Xopowas [Mpuemnemas Xopoluas
Film density Good Good Good Satisfactory Good
MokpbITHe penbed- MonHoe 3aBucUT HenonHoe HenonHoe HenonHoe
HbIX CTYMeHeK Full OT npouecca Incomplete Incomplete Incomplete
Steps coverage Depends on
process
ALre3ns mexay Xopoluas 3aBucuT Mnoxas Mnoxas 3aBueut
naeHkon n obpasuom | Good OT npouecca Poor Poor OT npouecca
Film adhesion Depends on Depends on
process process
OcaxpeHve npu 3aBuCKUT 3aBucKUT 3aBucuT 3aBucKUT 3aBucuUT
HW3KOW TemnepaType | OT npouecca OT npouecca OT npouecca OT npouecca OT npouecca
Deposition at low Depends on Depends on Depends on Depends on process | Depends on
temperature process process process process
CKOpOCTb OCaXAeHUsT | 3aBUCUT Xopoluas XopolLuas Xopoluas Xopoluas
Deposition rate OT npouecca Good Good Good Good
Depends on
process
[TpumeHeHne Mcnonb3yeTtca Mcnonb3yetca Mcnonb3yetcs Mcnonb3yetca Penko
B MPOMbILLIEHHOM Useable Useable Useable Useable ncrnosib3yercs
Npon3BOACTBE Rarely used
Industrial
applicability

PeaKkL UM Ha II0OBEPXHOCTH U3MeNHs BblpalllUBaHHUe
TOHKHKX IJIEHOK MeTomoM ACO MOXKeT yIIpaBisaThCs
Ha ypOBHEe aTOMHBIX C/IO€B C BEICOYAH MMM BOCIIPOK3-
BOAMMOCTBIO M OHOPOAHOCTEIO. Ellle OMHUM IIPeuMY-
mecTBoM ACO Haz IPYTUMU TeXHOJIOTUAMHU OCaske-
HHUS TOHKHUX IIJIEHOK SBJISI€TCS YHUKA/IbHAS BO3MOXK-
HOCTBH CMHTEe3a OJHOPOAHBIX IIJIEHOK Ha CTyIleHbKaX
K B MUKPOKaHaBKaX CO CBePXBBICOKMMH aCIIeKTHBIMH

evelopments in the field of

atomic layer deposition (ALD)

have a long history since the
1950s, when for the first time the
concept of this method was pro-
posed in the works of prof. V.B.
Aleskovsky (USSR). In 1974, the
ALD technology was patented in
Finland by Dr. Tuomo Suntola,
who had been engaged in various
R&Ds in this area for a long time.
Currently, there are many brands
of equipment on the market that

implement the principles of ALD,
but Picosun (Finland) - the com-
pany inspired by T. Suntola, - of
course, holds a special position. For
a long time, Picosun’s technical
director was Sven Lindfors, who for
40 years was engaged in the devel-
opment of ALD equipment for var-
ious applications. The vast expe-
rience of the research team in the
field of creating various ALD equip-
ment and constant improvements
in technology also contribute to the

OTHOWIEHUSIMHU. ITU 06CTOSATe/NbCTBA KpalHe
aKTyaJIbHBI B CBSI3H C TeHIeHLIel MUHHUATIOpHU3all i1
H37e/ M MHUKPO3JIeKTPOHUKHU U YCTPOUCTB Ha OCHOBE
MHKPO3JIeKTPOMeXaHHUUeCcKHUX cucteM (MOMO).
TeMmmepaTypa IIpd ImpoBeJeHHH mpoueccoB ACO
3aBHCHUT OT MaTepHaJIOB OCa’KAaeMOU IVIEHKH U H37e-
MK, Ha KOTOPOM OHa CHHTe3upyercsa. Kak mpa-
BHWJIO, OHA HAXOOUTCS B aurara3oHe otT 100 mo 400°C.

company'’s leadership. Picosun is
an example of the fact that scien-
tific research can and should lead to
success when many industries are
interested in the practical applica-
tion of their results.

TECHNOLOGY

ALD is based on the principle of
self-saturation, according to which
atoms or molecules of type A react
on the surfaces of products only
with the free chemical bonds of

Vor.11 No. 6 (85) 2018 NANO INDUSTRY
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Puc.1. COM 00HOopodHol naeHku ACO, cuHme3uposaHHol
Ha 8CEX NOBEPXHOCMSIX MUKPOKAHAAG CAOXKHOU 2e0Mempu4ecKoll
dopmubl (pomo — cobcmseHHocmb Fraunhofer IMS, lepmaxus)
Fig.1. SEM-image of homogeneous ALD film synthesized on
surface of micro-pillar of complex geometric shapes (photo:
Fraunhofer IMS, Germany)

C MCIONBb30BaHHUEM IIA3MEHHOM CTUMYISIIUH BO
MHOTHUX CJIy4asiX yIaeTCs JOCTHUYb CHHUKeHHs pabo-
YUX TeMIIepaTyp [0 3HAUeHHUH, 6IHU3KUX K KOMHAT-
HBIM, 4TO 0COO@HHO BaskHO AJISI U3/I€TTHUH, KOTOPbIe
KPUTHYECKH 4yBCTBUTE/IbHBI K HAIPeBy.
TakuM obpasom, TexHosmorust ACO obecrieunBaeT
CIefyIolIe OCHOBHBIE JOCTOMHCTBA!
¢ NPEeLHU3HOHHBIN KOHTPOIb TOALIMHBI U POCTA
I/IEHOK;
* IIPeBOCXOAHAst KOHPOPMHOCTb U OLHOPOILHOCTE;
* OTCYTCTBHe MUKPOIIOP U fiedeKTOB;

¢ BBICOKAsl BOCIIPOM3BOAKMOCTD POCTA IIJIEHOK KakK

OT IUTACTHHBI K IUIACTUHE, TaK U MeXXAY KacCeTaMH

C IUVIAaCTHHAMU;

* OTHOCHUTe/IBHO HU3KHe TeMIIepaTypbl IIPOLIeCCOB.

O6paTHOM CTOPOHON HEOCIIOPUMBIX LOCTOMHCTB
SIBJISIeTCSI HU3Kasl CKOPOCTh OCasKIeHHUs. Kak cienct-
BHe, B IPUK/IAJHBIX 33/1a4ax TONIINHA CHHTe3Upye-
MBIX IIJIEHOK peJKo IIpeBbimaeT 50-100 HM.

Jlpyrue MeTOABl IIOJNyUeHHUSI TOHKHUX IIJIEHOK He
06/1a1aI0T TOYHOCTBIO KOHTPOJISL POCTA, CBOMCTBEH-
Hou ACO (tabn.l). KpoMe Toro, obmum HemoCTaT-
KOM MeToJ0B GpH3HUeCKOro ocaskaeHus, byap To Mar-
HeTPOHHOe HaIlblJIeHHe, 3JIeKTPOHHO-Iy4eBoe HUIHU
TepMHUYeCKOro HMCIIapeHHe, SBISIeTCS TPYLHOCTH,
a B psfie CJIydaeB - NPaKTHUYeCKas HEBO3MOKHOCTb
MOJy4YeHUsI OAHOPOAHOIO IIOKPBITUS HA CTPYKTY-
Pax CJIOKHOU GOpPMBL. [leJ1o B TOM, YTO IIOTOK YaCTHILL
OT UCTOYHUKA K II0/IJIOKKE B ITUX TEXHOJIOIHSIX HMeeT
JTHHEeNHYI0 HallpaB/leHHOCTb, YIo/l MaJeHUs OTHO-
CHUTeJbHO IIOBePXHOCTH MEHSeTCS O4YeHb 3HA4uHU-
TeJIbHO, IIPU 5TOM HeKOTOpble YYaCTKH OKa3bIBAIOTCS
3aTeHeHHBIMHU. [I[pUMepaMHU CIOKHBIX IIOBEPXHO-
CTel sBAsiI0TCI MOMC 1 CTPYyKTyphl THIIA TSV (mepe-
XOJHBbIe OTBEPCTHS B KpeMHHUH). IMeHHO B UX IPO-
HM3BOACTBe TeXHOIorusi ACO cTasia OLHOM U3 KIII0Ue-
BBIX, IIOCKOJIBKY II03BOJISIeT HAHOCHUTH OLHOPOLHOE
IIOKPBITHE Ha CTEHKHU MHKPOKAHABOK CO CBEPXBBICO-
KHM aCIIeKTHBIM OTHOIIeHHeM (BK/II04as CTYIIeHbKH),
B CKBO3HBIX OTBEPCTHUSIX U T.A. (pUc.1).

[lepedyeHb MaTepHa/IOB IIJIEHOK, KOTOPble MOTYT
OBITH CHHTE3UPOBAHBI C UCIIONb30BAHHUEM TEXHO-
noruu ACO, IOCTATOYHO HIMPOK: AU3IeKTPUKHU

atoms (molecules) of the previous
layer (type B) covering the entire
surface of products with a uni-
form monolayer. If there is no free
chemical bond, the reaction on the
surface of the products does not
occur. Since the reaction chamber
in which the product is located is
constantly flushed with nitrogen
or argon, the excess of type A par-
ticles and the reaction products are
removed, thus preventing possi-
ble "parasitic" chemical reactions
on the surface of the products. The
molecules of the next layer (type B)
react only with molecules of type A
and are also adsorbed on the sur-
face with one layer, after which

the chamber is again purged with
nitrogen (argon). Then the cycle
is repeated to achieve the desired
film thickness. The sequence of
pulsed puffing and removal of pro-
cess gases is the main difference
between ALD and the traditional
method of chemical vapor deposi-
tion (CVD), in which the reaction
gases remain in the working cham-
ber at the same time for a consider-
able period (up to tens of minutes).
Due to the self-saturation effect of
chemical reactions on the surface
of the product, thin film growth by
the ALD method can be controlled
at the level of atomic layers with
the highest reproducibility and
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uniformity. Another advantage of
ALD over other thin film deposition
technologies is the unique possibil-
ity of synthesizing homogeneous
films on steps and micro-grooves
with ultra-high aspect ratios. These
circumstances are extremely rele-
vant in connection with the trend
of miniaturization of microelec-
tronic products and devices based
on microelectromechanical sys-
tems (MEMS).

The temperature of the ALD pro-
cesses depends on the materials of
the deposited film and the prod-
uct at which it is synthesized. As
arule, it is in the range from 100°C
to 400°C. With the use of plasma
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)

Puc.2. Hexomopsie npumepsi ucnoab3osarust 06opyoosarust ACO Picosun. Caesa-Hanpaso: Kaccema ¢ AUCMAmMU cmekAa 045 oca-
JKOeHUS onmuYecKux NoOKpbimull; Npou3godcmeo c8emodu00os; 2ubKas neyamHuas 3NeKmpoHuUKa
Fig.2. Examples of ALD applications: cassette with glass sheets for deposition of optical coatings (a), production of LEDs (b), flexible printed

electronics (c)

(OKCHBI, OKCOHUTPUABL U T.Z.), IONYIIPOBOAHUKH
Tunos A2B6 u A3B5, TporHble coefuHeHUs (SITiO;,
BaTiO; u mp.), MeTalIU3UpPOBaHHbIe COeIMHEeHUS
(HUTpHU/ THUTAaHA), MeTAJ/IBl, BKJIIOUAsl aTIOMHUHUH,
TUTaH, pyTeHUH, Melb, cepebpo, 30710TO, AJITASHH,
HUPUJHH U IUIATHHY.
Huske prBeieH KPaTKUM IlepedeHb 06/1acTel IIpU-
MeHeHHs obopymoBaHuUs Picosun ans ACO:
* BbIpaljMBaHMe PA3JIMUYHBIX CJI0€B IIPH IIPOU3BOJCTBE
M3MC-CTpyKTYyp;
* CHUHTE3 IIJIEHOYHBIX CTPYKTYP, UCIIOJb3yeMbIX IIPH
IIPOM3BOJCTBE IMO1yIIPOBOAHUKOBBIX npu6op03 u UC;
* IpoBopsigye U 6apbepHble c10K B TSV-CTPyKTypax;
* IIacCHMBaLMS Pa3/JIMYHBIX MaTepHaJIOB (COMHEUHbIe
37IeMeHTBI, 3aIll1Ta OT IOTYCKHeHHUS U IIpoyee);

CJIOU [I/151 OIITUYeCKHUX YCTPOUCTB U IeKOPaTHUBHBEIE
CJI0H;

CJIOU, IIPEeNsITCTBYIOLIe MeXaHHUUYeCKOMY H3HOCY
YU XMMHYeCKOMY BO3/IeMCTBHIO, a TaKXke THJPO-
dobHBIe, TUAPOPUIBHBIE U CYIIePOMHUPOOHBIE
IIOKPBITHS;

CHUHTe3 KaTa/lHu3aTOPOB U OCa’kKJAeHUe IIJIeHOK
Ha HaHOYACTHULBI U HAHOTPY6KU;

HamblJeHHe 60COBMeCTHMBIX U 6uomerpagupye-
MBIX IOKPBITHH;

HaIblIeHHe IOKPBITUH AJI51 a,peCHOU NO0CTaBKHU
JeKapCTBeHHBIX IIPeapaTosB;

HamnslIeHue JUPPy3HOHHEIX 6apbepoB 1S BlIaru
U KHcaopoja (IPU H3rOTOBAEHUHU IeYaTHBIX
ILJIAT, [/ KOJJIEKIIMOHHBIX MOHET U AP.).

stimulation, in many cases it is

possible to achieve a reduction in

operating temperatures to values
close to room temperature, which
is especially important for products
that are critically sensitive to heat.

Thus, the ALD provides the fol-
lowing main advantages:

« precise control of film thickness
and growth;

« excellent conformality and
uniformity;

« absence of micropores and
defects;

« high reproducibility of film
growth both from wafer to wafer
and between cassettes with
wafers;

« relatively
temperatures.
The downside of the indisputable

advantages is the low deposition

rate. As aresult, in applied use, the
thickness of the synthesized films
rarely exceeds 50-100 nm.

Other methods for producing
thin films do not have the accuracy
of ALD growth control (Table 1). In
addition, a common drawback of
physical deposition methods (mag-
netron sputtering, electron beam,
thermal evaporation) is the diffi-
culty and, in some cases, the prac-
tical impossibility of obtaining a
uniform coating on structures of
complex shape. The fact is that the

low process

flow of particles from the source to
the substrate in these technologies
has a linear direction, the angle
of incidence relative to the surface
varies very much, with some areas
being shaded. Examples of com-
plex surfaces are MEMS and struc-
tures like TSV. Therefore, in their
production, ALD has become one of
the key technologies, since it allows
applying a uniform coating on the
walls of micro-grooves with ultra-
high aspect ratio (including steps),
in through-holes, etc. (Fig.1).

The list of materials of films that
can be synthesized using ALD is
rather wide: dielectrics (oxides,
oxonitrides, etc.), A2B6 and A3B5

Vor.11 No. 6 (85) 2018 NANO INDUSTRY
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Puc.3. ObopydosaHue Picosun R-cepuu ¢ UHMezpupoB8aHHbIM
asmomamu3suposaHHbim modynem Brooks Automation MX400.
[MpedHa3HaueHo das asmomamuueckol besammocdepHol 3a-
2py3KU OOUHOYHbIX NAACMUH 8 peakyuoHHyr Kamepy ACO
Picosun

Fig.3. Picosun R-Series system with integrated automated Brooks
Automation MX400 module. Designed for automatic atmosphere-
less loading of single wafers into reaction chamber

Puc.4. ObopydosaHue Picosun R-cepuu, UHMezpupo8aHHoe ¢ peH-
maeHoscKum cnekmpomempom Thermo Fisher Scientific 0ns npoge-
0eHus in vacuo uamepeHuli CUHMe3UpyembiX NAEHOK

Fig.4. Picosun R-series system integrated with Thermo Fisher
Scientific X-ray spectrometer for in-vacuo measurements of synthe-
sized films

OBOPY/10BAHUE

KommaHwus Picosun BrlnlycKaeT obopymoBaHue ACO
KaK [Js NpOoBefeHHUS HAay4YHBIX HCCIeLO0BAHUU
Y He6OJIBIIMX ITMJIOTHBIX IIPOM3BOACTB (R-cepus), TaK
U JJIS1 IPOMBIIIJIEHHBIX KPYITHOCEPUMHBIX IIPOK3-
BozCTB (P-cepust). Heo6xoqrMo OTMETHUTB, YTO 060Py-
JOBaHME MMeeT MOJAY/AbHYI0 KOHCTPYKIIMIO K II03BO-
JISIeT C JIETKOCThIO repexoauTh oT HMOKP K ITpoMblIIII-
JIEHHOMY IIPOM3BOJCTBY.

semiconductors, ternary com-

pounds (StTiO,, BaTiO;, etc.), met-

allized compounds (titanium
nitride), metals, including alumi-
num, titanium, ruthenium, cop-
per, silver, gold, palladium, irid-
ium and platinum.

The following is a brief list of

Picosun equipment applications:

« growing different layers in the
production of MEMS;

« synthesis of film structures for
manufacture of semiconductor
devices and ICs;

« conductive and barrier layers in
TSV;

 passivation of various materials
(solar cells, anti-tarnishing, etc.);

layers in optical devices and dec-
orative layers;

layers that prevent mechanical
wear and chemical attack, as
well as hydrophobic, hydrophilic
and super omniphobic coatings;
synthesis of catalysts and depo-
sition of films on nanoparticles
and nanotubes;

deposition of biocompatible and
biodegradable coatings;
deposition of films for targeted
drug delivery;

deposition of diffusion barri-
ers for moisture and oxygen (in
the manufacture of printed cir-
cuit boards, for collectible coins,
etc.).
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EQUIPMENT

Picosun manufactures ALD
equipment for both scientific
research and small pilot produc-
tion (R-series), and for industrial
large-scale production (P-series).
It should be noted that the equip-
ment has a modular design and
makes it easy to move from R&D to
industrial production.

The R-series (Fig.3) allows depo-
sition of ALD films of the highest
quality with excellent uniformity
even on the surface of the most
complex structures with deaf and
through pores, ultra-high aspect
ratio, as well as on nanoparticles
and on flexible materials with roll
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Puc.5. ObopydosaHue Picosun R-cepuu ¢ d8ymst peakyuoHHbIMU
Kamepamu 0151 ACO naeHoK oKcudos u HUmMpuoo08 U ¢ 8akyymu-
poB8aHHoOU 3azpy304Holl Kamepol

Fig.5. Picosun R-series system with two reaction chambers for ALD
of oxide and nitride films and vacuum loading chamber

R-cepus (puc.3) mo3BosisieT HAOBLISATh [IJIEHKHU
ACO BhICOYaMIIero KayecTBa C IPeBOCXOJHOH
OJHOPOJHOCTBIO Ja’ke Ha IIOBEPXHOCTH CIOXKHEH-
IMIHUX CTPYKTYP C IIyXHUMH U CKBO3HBIMHU IIOPaMH,
CBEPXBBICOKMM aCIIEKTHBIM OTHOIIEHHEM, & TaKKe
Ha HAHOYACTHUIB U Ha TUOKMe MaTepUasbl IPHU
PY/IOHHOM ofave. BeICOKOPYHKIIMOHATBHBIE U JIer-
KO3aMeHsieMble UCTOUYHUKH IO KUIKOCTHBIX,
ra3o006pa3HbIX U TBePABIX IIPeKypCcopoB (peareH-
TOB) 06eCIIeYrBaIOT HAIlblJIEHHE IIIEHOK Pa3Iny-
HOro cocTaBa 6e3 MOCTHPOLeCCHBIX YACTUL HA Pa3-
JIMYHBIe MAaTepPUAJIbl, TPeXMEepPHBIe 0O BEKTH U II/1a-
CTHHBI, UMEWIIHe HaHOMacITabHble 0cObeHHO-
CTH IIOBEPXHOCTHOU reomerpuu. ObopynoBaHHe
[103BOJIsIeT MOAKIII0YATh 40 12 HICTOYHUKOB peareH-
TOB, OCHAIlAeTCsl TeHepaTOpaMHM 030HA U IJa3MBl,
JlaeT BO3MOKHOCTb 06pabaThiBaTh KaK OJMHOUHEIE
IIJIACTUHBL JTUaMeTpPoM 0T 76 7o 200 MM, TaK U Kac-
CeThl C BePTHUKAJIbHO PACIIONIOKEHHBIMU IJIACTHU-
HaMu AuaMeTpoM 10 150 MM. YCTaHOBKH MOTYT
OBITH OCHAIEHBl AHAJIUTUYECKUM 000pylOBaHUEM,
BKJIIOYasl KBAaJPYHNOABHBIHM MacCC-CIEKTPOMETP
Y [1be30KBapLIeBBIM MUKPOB3BeIlINBaTe/lb, JIIHII-
coMeTp [Jis in situ U3MepeHHUU TOJIIIUH IJIeHOK,
a Takke npubopamu AJis in vacuo M3MepeHUH,
HaIlpuMep, [JIsl IPOBeleHU S peHTTeHo-CIIeKTpoMe-
TpUUYecKoro aHanausa (puc.4). BoaMoskHa HHTerpa-
LIMS C BAKYYMHUPOBAHHBIMHU 3arPy30UHBIMHU IO~
30BBIMHU KaMepaMH C Py4HOH (pHC.5) UIH aBTOMa-
TH3UPOBAHHOM I0favell IIJIACTUH B PeaKIIHOHHYIO

Tabauua 2. [laHHble noAb308ameneli 060pydosaHus Picosun
R-200 Advanced o HeodHopodHocmu moAluHb (10) pazAuyHbIX
nAeHok 051 150 u 200 Mm naacmuH

Table 2. Data of users of Picosun R-200 Advanced on heterogeneity
(10) of various films for 150 mm and 200 mm wafers

HeopgHopoaHoOCTb
To/WMHBI (10), %
Thickness hetero-
geneity (10),%

MaTtepuan nzieHKu

Film material

Al,O, 0,13
(kacceTa 13 25 N1acTuH 150 MM)
(cassette for 25150 mm wafers)
Si0, 0,77
(kacceTa 1312 nnactuH 150 Mm)
(cassette for 12150 mm wafers)
Tio, 0,28
Zn0O 0,94
Ta,Ox 1.0
HfO, 0,47
Pt 3,41
TiN 1,10
MnasmeHHo- Al,O4 0,50
CTUMYIMPOBaHHOE
ACO
Plasma-enhanced
ALD AIN 0,62
SiO, 110
nNpwv HU3KOM
TemnepaType
at low
temperature
SiN 1,58
npwv HU3KOM
TemnepaType
at low
temperature
TiN 2,16
TiAIN 2,87

Vor.11 No. 6 (85) 2018 NANO INDUSTRY



OBOPYAOBAHMUE AJ191 HAHOUHAYCTPUM

Tabauua 3. [laHHble nonpb3osamenell 060pydosaHus Picosun P-300S, noayyeHHble dns 300 MM naacmuH

Table 3. Data of users of Picosun P-300S obtained for 300 mm wafers

MaTepuan nieHku

Film material

HeopHopogHocTb (10), %
Heterogeneity (10), %

nekTpuyeckue
XapaKTepUCTUKU NJIEHOK |
Electrical characteristics of films

ALO, 0,90 MpobrBHOE HanpsixeHne > 8 MB/cM
(TONLWMHDBI NIEHKM) Breakdown voltage > 8 MV/cm
(film thickness)

HfO, 0,35 MpobuBHOE HanpsixeHwue > 3,5 MB/cm
(TONWMHBI NIEHKM) (3aBMCUT OT NpoLiecca)
(film thickness) Breakdown voltage > 3.5 MV/cm (depends

on process)

ZrO, 0,50 3aBUCUT OT npoLecca
(TONLUMHBI NIGHKM) Depends on process
(film thickness)

TiN 2,39 loBEepXHOCTHOE CONPOTUB/EHNE
(NOBEPXHOCTHOMO COMPOTUBIIEHUS) 77,4 Om/KBagpat
(surface resistivity) Surface resistivity of 77.4 Q/sq

KaMepy, a TakKe ¢ po6OTH3HPOBAHHBIMH BaKyyM-
HBIMH MoAyasiMu Brooks Automation MX400 (puc.3)
1 MX700 c 3arpyskou 4depe3 SMIF-mopTsl. TakHe
pellleHU s IPUMeHSIOTCSA A1 6e3aTMochepHOH
3arpys3skKHy IIJIACTHMH B peaKIUMOHHYIO KaMmepy,
HalpuMep, OIS BhIPAIlUBaAHMUSA IIJIEHOK HUTPH-
IOB MKW MeTaslJioB. KpoMe TOro, BO3MO>XHO 06%-
enuHeHue moayns ACO c mep4yaTouyHBIM 60K-
COM, ONUH H3 BaPHAaHTOB KOTOPOroO IIOKa3aH
Ha puc.6. ObopynoBaHHe HHTEIPUPYETCS TakKe
U B JpyTrye BaKyyMHbIe TeXHOJOIHYeCKHe TUHHUHU

M IIPOLIeCCH, HAIIPHMEpP, C MOAYASIMH IIJIa3MeH-
HOTO TpaBJeHHs, 06opyLoBaHHEM MOJIEKY/ISPHO-
Jy4eBOM SIUTAKCUU U IIP.

B Tabi.2 mpeacTaBiieH KPAaTKUI [lepedyeHb CTaH-
JapTHBIX MaTepPHaJIOB IIJIEHOK U UX XapaKTepH-
CTHK, IOJIy4eHHBIX C MCII0Nb30BaHHUeM Picosun
R-200 Advanced.

Onga OPpOMBIIIJIEHHOIO0 IPOM3BOLCTBA
npexgaraeTcs obopynoBanue Picosun P-cepuu
IJ1s1 OMMHOYHOM 1 KacCeTHOM 06paboTKU IJIaCTUH
pa3smepom mo 450 MM, BhIpalllMBaHUS IIJIEHOK

feed. Highly functional and eas-
ily replaceable sources for lig-
uid, gaseous and solid precur-
sors (reagents) provide deposition
of films of different composition
without post-process particles on
various materials, three-dimen-
sional objects and wafers hav-
ing nanoscale features of surface
geometry. The equipment allows
you to connect up to 12 sources of
reagents, is equipped with gen-
erators of ozone and plasma,
allows you to handle both single
wafers with a size from 76 mm
to 200 mm, and cassettes with
vertically arranged wafers up
to 150 mm in size. ALD systems

can be equipped with analytical
instruments, including a quad-
rupole mass spectrometer and
piezo quartz microbalance, an
ellipsometer for in situ measure-
ments of film thickness, as well
as instruments for in-vacuo mea-
surements, for example, for X-ray
spectrometry analysis (Fig.4).
Integration with vacuum load-
ing lock-chambers with manual
(Fig.5) or automated loading of
wafers into the reaction chamber,
as well as with Brooks Automation
MX400 (Fig.3) and MX700 robotic
vacuum modules with loading via
SMIF ports is possible. Such solu-
tions are used for atmosphereless
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loading of wafers into the reaction
chamber, for example, for grow-
ing films of nitrides or metals. In
addition, it is possible to combine
the ALD module with the glove
box, one of the variants of which
is shown in Fig.6. The equipment
is also integrated into other vac-
uum technological lines and pro-
cesses, for example, with plasma
etching modules, molecular beam
epitaxy equipment, etc.

Table 2 presents a brief list of
standard film materials and their
characteristics obtained using
Picosun R-200 Advanced.

For industrial production,
Picosun P-series systems are
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Puc.6. ObopydosaHue Picosun R-cepuu, 06seduHeHHoe ¢ nep-
4yamouHbim 6okcom Mbraun
Fig.6. Picosun R-series system combined with Mbraun glove box

Ha GONBIIMX TPeXMEePHBIX HU3JAeNHUAX, PaboTh
c 6bonpmUMHU oO6beMaMH MeJIKOLUCIEPCHBIX
IIOPOILIKOB, a TaKke 06pabOoTKH MUPOKUX THOKUX
PYZIOHHBIX MaTepHaJsIoB.

HeKkoTopble XxapaKTepUCTUKH I1IeHOK, [TOy4YeH-
HBIX Ha obopymoBaHuu Picosun P-300S, nmpexacTas-
JeHBI B Tabm1.3.

[TpomeiniieHHOe obopymosanue ACO Picosun
P-300S (puc.7) u Picosun P-300B (puc.8) npenHas-
HauyeHO /sl OMMHOYHOM 1 KacCeTHOH 06paboTKu
OJaCTUH AuaMeTpoM o 300 MM, a TaKkXKe O/

Puc.7. O6opydosaHue Picosun P-300S 045 00uHo4HOU 06pa-
6omku 300 mm naacmuH. KoHduzypauus ¢ 8akyymHbiM po6o-
mu3uposaHHbim modynem Brooks Automation Marathon 2
Fig.7. Picosun P-300S system for single processing of 300 mm
wafers. Configuration with vacuum robotic module Brooks
Automation Marathon 2

06paboTku 60IBIIOTO YKCJIA TPEXMEPHBIX 06~
eKTOB U MeJIKOLHUCIIePCHBIX MIOPOLIKOB. MMeeTcs
BO3MOXKHOCTD IIOAKJIIOUEeHUS oT BocbMHU (P-300B)
no aBeHaguartu (P-300S) MCTOYHHUKOB peareH-
TOB. P-300B MoOkeT KOMIIJIEKTOBAThCSI MEeXaHU-
YeCKHM HJIH aBTOMAaTU3HPOBAHHBIM YCTPOHCT-
BOM [JIs1 3aTrPY3KH U BBITPY3KHU TAKeJIbIX U3/ IHHU
B peakIMOoHHYI0 Kamepy. lnsg P-300S Bo3aMokHa
HHTerpalus c 3aTpy304YHON KaMepoH C PYYHBEIM

offered for single and cassette pro-
cessing of wafers of up to 450 mm
in size, growing films on large
three-dimensional products,
working with large volumes of
fine powders, as well as process-
ing wide flexible roll materials.
Some characteristics of the
films obtained on Picosun P-300S,
are presented in Table 3.
Industrial ALD systems Picosun
P-300S (Fig.7) and Picosun P-300B
(Fig.8) are designed for single and
cassette processing of wafers with
a size of up to 300 mm, as well
as for processing a large num-
ber of three-dimensional objects
and fine powders. It is possible

to connect from eight (P-300B) to
twelve (P-300S) reagent sources.
P-300B can be equipped with a
mechanical or automated device
for loading and unloading heavy
products into the reaction cham-
ber. It is possible to integrate
P-300S with a loading chamber
with a manual manipulator for
airless feeding of single wafers,
as well as equipping with a Brooks
Automation Marathon 2 vacuum
robotic module (Fig.7) allowing
airless loading of single 300 mm
wafers into the reaction chamber
via FOUP ports.

Industrial ALD system Picosun
R-300BV (Fig.9), designed for

large-scale industrial production,
allows you to connect up to eight
sources of reagents and can be
equipped with two automated vac-
uum loading chambers for atmo-
sphereless loading of the cassette
with wafers up to 200 mm in size
into the ALD reaction chamber.
Loading chambers with the heat-
ing option allow loading/unload-
ing of sensitive wafers and high-
performance deposition of materi-
als such as metal nitrides.

The results obtained by Picosun
P-300B users for Al,O; films when
loading two cassettes with 27
200 mm wafers each are shown in
Table 4.
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Tabauua 4. PekopOHble pe3yabmamel, NOAY4EHHbIE N0Ab308dMe-
A9MuU Picosun P-cepuu 04s naeHok ACO Al,O; 0ns1 08yx kaccem

no 27 naacmut duamempom 200 Mmm

Table 4. Record results obtained by users of Picosun R-series for
ALD Al O, films for two cassettes with 27 200 mm wafers

HeoaHOpOLHOCTL (10) TONLLMHBI MEHKN
Ha nnactuHe, %

Heterogeneity (10) of film thickness
on wafer, %

0,51

HeoaHOPOAHOCTL (10) TOILLMH NIEHOK
Ha BCex MiacTuMHax B kaccere, %
Heterogeneity (10) of thickness of films
on all wafers in cassette, %

0,80

Pa3bpoc ckopocTu pocTa (10) mexay
Kaccetamu c naactmHamu, %

Variation in rate of growth (1o) between
cassettes with wafers, %

0,18

MocTnpoLeccHble YacTuLbl HA OAHOM
nnactuHe (6onee 70 HM)
Postprocess particles on single wafer (70 nm)

Puc.8. ObopydosaHue Picosun P-300B 045 06pabomku mpex-
MepHbIX u3deauli u naacmuH duamempon 9o 300 mm 6 kacceme
Fig.8. Picosun R-300V system for processing three-dimensional
products and 300 mm wadfers in cassette

KoapdunumeHT npenomneHms (190 HM)
Refractive index (190 nm)

> 1,864

OTcnoeHve NieHKM 1 0bpasoBaHune
MMKPOOTBEPCTUI Noc/1e TpaBaeHns HF
Delamination of film and formation of pin-
holes after etching HF

OTCyTCTBYIOT
No

3arpa3HeHue Wenoybo, aToMm./cm?
Contamination with alkali, atoms/cm?

<0,02-101

Apnresus
Adhesion

[peBocxopHas
Excellent

YMeHbLUeHWe CKOPOCTW NPOMYCKAHUS
napoB BOAb! U KMcnopoaa (414
noanMepHoro obpasua)

Decrease in transmittance of water vapor
and oxygen (for polymeric sample)

> 3000

TBepaocCTb, Ma
Hardness, GPa

8-14

MexaHunyeckoe Hanps)keHne (ocTaTo4yHoe
HanpsaXKeHNe 0THOCUTEbHO Si) Mpu
TOJILLMHE 100 HM, MTa

Mechanical stress (residual stress relative
to Si) at thickness of 100 nm, MPa

180

XectkocTb (Moaynb ynpyroctu), Fna
Stiffness (elastic modulus), GPa

140-180

CpenHee BpemMs Mexay onepaumnsmm
TEXHMYECKOro 06Ccny>KmMBaHms, mec.
Mean time between maintenance
operations, months

>0

KoapdunLmeHT HenpepbiBHOW paboTbl
Ratio of continuous work

>0,9
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Puc.9. O6opydosanue Picosun P-300BV ¢ 8aKyymupo8aHHbl-
MU WAK308bIMU KaMepamu 0As noAyasmomamu4eckol 6esam-
MocdepHoU 3a2py3Ku Kaccemel ¢ NAGCMUHAMU 8 PeaKUUOHHYH
Kkamepy ACO

Fig.9. Picosun P-300BV system with vacuum lock-chambers for
semi-automatic, atmosphere-free loading of cassette with wafers
into ALD reaction chamber
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MaHUIYISITOPOM A 6e3aTMochepHON MogavuH
ONMHOYHBIX IIJIACTHUH, a TaK>Ke OCHAIlleHHe BaKy-
YMHBIM POOOTH3HPOBAHHBIM MoAyneM Brooks
Automation Marathon 2 (puc.7), H03BOISIOIUM
OCyIecTBISTh 6e3aTMocdepHYO 3aTPy3Ky OAHU-
HOYHBIX 300 MM IIJIACTHH B peaKIIMOHHY0 KaMepy
nocpencrsoM FOUP-IopTOB.

[IpomelmaeHHoe obopymoBanue ACO Picosun
P-300BV (puc.9), npefHa3HauYeHHOe /I KPYIIHO-
CepUMHBIX IIPOMBIIIJIEHHBIX IPOU3BOJCTB, II03BO-
JsieT MOAKJIIOYATh 0 BOCBMH MCTOYHUKOB peareH-
TOB K MOXKeT ObITh OCHAIIEHO ABYMS aBTOMATH3H-
POBaHHBIMHU BaKyyMHPOBAHHBIMHU 3arPy30UYHBIMH
KaMepaMH A14 6e3aTMocPepHOM 3arpy3KHU KacCeThl
C IVIACTUHAMHU JHaMeTPOM 10 200 MM B peaKIIMOH-
HYI0 KaMmepy ACO. 3arpy3o4dHble KaMephl C O HeHn
HarpeBa MO3BOJISAIT NPOBOLUTH 3aTPy3KYy/BBIT-
PY3Ky YYBCTBHTE/JbHBIX MHJACTHH M OCaXie-
HHe TaKMX MaTepHasioB KaK HUTPUBL MeTaJlJIOB
C BBICOKOM ITPOU3BOJUTE/NIBHOCTBIO.

PesynpTaThl, IONy4YeHHBIE IOAb30BATENAMHU
Picosun P-300B miist mteHoKk ACO Al,O; mpu 3arpyske
IBYX KacceT o 27 IjaacTHUH pasmepom 200 MM ITpU-
BeZeHbl B Tabi.4.

drarmMaHOM IPOMBIIIJIEHHOMN Cepuu 0bopyno-
BaHUS Picosun siBasiercst Picosun P-300F (puc.10).
OcHOBHas1 0cobeHHOCTh 060PYZOBaHUS — ABTO-
MaTH3MPOBaHHAas 3arpys3ka C IOMOIIBIO BAKyyM-
HOM KJIACTEPHOM cucTeMbl Brooks Automation
MX400 unu MX700 c pyHKIIMeH IepeBOpOTa Kac-
CeThl C IJAaCTHHAMH AHaMeTpoM g0 200 MM
B peaKIMOHHON Kamepe. K obopymoBaHHUIO

Puc.10. O6opyodosaHue Picosun P-300F ¢ mpems mo-
oyasmu ACO 049 pocma okcudos, HUMpuUdo8 u memaan-
no8. Obopydo8aHo pobomusupo8aHHbIM Mmodyaem Brooks
Automation MX700 u mexaHusmMamu 8pauieHus Kaccem co
150 mm naacmuHamu. Cosmecmumo ¢ SEMI S2

Fig.10. Picosun P-300F system with three ALD modules for
growth of oxides, nitrides and metals. Equipped with robotic
module Brooks Automation MX700 and cassette rotation mech-
anisms for 150 mm wafers. SEMI S2 compatible

BO3MO>KHO IIOAKJIIOYeHHE [0 ABeHa[LaTH UCTOY-
HUKOB peareHToB. P-300F cepTuduumrpoBaHo
o ctaHmapraM SEMI S2/S8 u moxkeT O6BITh UHTEr-
PHPOBaHO B aBTOMAaTU3HPOBAHHOE IIPOMBIIIJIEH-
HOe IIPOKU3BOACTBO b1aromaps onnuu SECS/GEM.
I[Ipou3BOAMTENBHOCTD AOCTHUIAET 1 THIC. IJja-
CTHH B CyTKHU IIPH TOJLIHMHE 0Ca’KAaeMOU MJIeHKH

The flagship of the Picosun
industrial series of equipment is
the Picosun P-300F (Fig.10). The
main feature of the system is
automated loading using a Brooks
Automation MX400 or MX700
vacuum cluster system with
the function of flipping a cas-
sette with wafers up to 200 mm
in size in the reaction chamber.
Up to twelve reagent sources can
be connected to the equipment.
P-300F is certified according to
SEMI S2/S8 standards and can be
integrated into automated indus-
trial production thanks to the
SECS/GEM option. Productivity
reaches 1 thousand wafers per day

at a thickness of the deposited
film of 15 nm (AL,0,). The P-300F
is characterized by the lowest
operating cost compared with
competing equipment of similar
performance.

For processing large three-
dimensional objects, glass sheets
of up to 400x600 mm in size or
cassettes with silicon wafers up to
450 mm in diameter, the Picosun
P-1000 ALD module is available
in the Picosun equipment range
(Fig.11). Up to ten reagent sources
can be connected via six separate
vacuum inputs. The main purpose
of this system is the application of
passivating and barrier layers to

increase productivity and increase
the service life of products.

In addition to manufacturing
equipment, Picosun also offers
development services based on
customer specifications, foundry
services and test depositions,
assists in the selection of neces-
sary reagents, and also supplies
them to users. Picosun and its
customers have created an exten-
sive database of ALD processes
that are available to all of the
company’s customers. In addi-
tion, Picosun offers various levels
of technical support for users and
various ALD equipment training
programs. u
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Puc.11. MpompbiwneHHoe obopydosaHue ACO Picosun P-1000
04151 06pabomku 60AbLWUX NAPMUL pa3AuYHbIX U3deaul

Fig.11. Picosun P-1000 industrial ALD system for processing
large batches of various products

15 um (Al,0;). P-300F xapaKkTepHu3yeTcs HaH-
MeHbIIer CTOMMOCTBIO 3KCI/IyaTalluu B CpaBHe-
HHUH C KOHKYPHUPYIOIHUM 060pyIoBaHHEM CXOXKeH
IIPOM3BOAUTEIbLHOCTH.

s 06paboTku 60JBIINX TPEXMePHBIX 06BeK-
TOB, JIMCTOB CTeKJ/ia pasMmepoM 10 400 x 600 MM HUIH
KacceThl C KPeMHHEBBIMHU MJIACTUHAMHU JHAME-
TpoM Zio 450 MM B IHHeNKe obopynoBaHH s Picosun
nmMmeeTcss Moayap ACO Picosun P-1000 (puc.1l).
BO3MOXHO IMMOAKJIIOYEHMS 00 OeCATH HCTOYHHU-
KOB peareHTOB IIOCPeACTBOM IIeCTH OTAEeJIbHBIX
BaKYyYMHBIX BBOAOB. OCHOBHOE Ha3Ha4YeHHUe JaH-
Horo o60pyZIoBaHHUS -~ HaHeCeHHe MacCUBUPYIO-
IKUX U 6apbepHBIX C/I0€B /151 OBbIIIEHUS IIPO-
HM3BOJHUTEIBHOCTH U YBeTHYEHHUS CPOKA CIYKOBI
HU3LeHH.

IToMH MO HemoCpeCTBEHHO IIPOM3BOACTBA 060-
PyAOBaHHUS, KOMIIAaHUS Picosun Takske mpepnia-
raeT ycJayrd pa3paboTKU MpOLLECCOB 10 TEXHHU-
YeCKUM 3aJaHUAM 3aKa34YMUKOB, YCAYrU PayH-
IPH U TeCTOBBIX HAIbIJIeHHH, OKa3blBaeT IIOMOIIb
B BeI6Ope HeoOXOZMMBIX peareHTOB, a TAKKe 0Cy-
IIeCTB/ISeT UX IOCTaBKY I107b30BaTeNaM. Picosun
1 ee 3aKa34MKH CO3/lalu obmupHYy 6a3y mporiec-
coB ACO, KoTOophle JOCTYIIHBI OJis BCeX KIHeHTOB
KoMIaHHU. Kpome Toro, Picosun mpeaiaraer pas-
THUYHBbIe yPOBHU TeXHHUYECKOU MOALeP>KKH I10JIb-
30BaTesiell U pa3JIMYHbIe IPOrPaMMBbI 06yUeHH S
pabote Ha obopymoBanuu ACO. [ |

HOBbIE MATEPUA/IbI COBEPLIAIOT PEBOJIIOLLAIO B MPOU3BOACTBE BATAPEEK

B Mupe 6onbLue MOBMLHLIX TENEQOHOB, YeM tOLeN. TTouTH BCe OHU
MUTAIOTCS OT Nepe3apsXaeMblx IUTUEBO-UOHHDLIX GaTapel, KOTopble ABs-
I0TCA OLHMM M3 BXHEALMX KOMMOHEHTOB, 06ECNEYMBLUMX PEBOIOLINIO
B MOPTATUBHON NEKTPOHIKE 33 NOCNEAHNE HECKONLKO AECSTUNETR. Hin
OZHO U3 3TUX YCTPOICTB He BbIN0 Obl MpUBNEKATENLHLIM ANS NONb30BATE-
e, ecnu Bbl y HUX He XBaTano 3Heprun pabotarb HeMpepbIBHO XOTS Obl
HEeCKONbKO YacoB, Mpv BECe, HE HAMOMUHAIOLLEM NO/Ib30BATENIO O HE06X0-
AMMOCTY PEryNSIPHOTO NoceleHns PUTHeC-KNY6a. JIMTUEBO-MOHHBIE aKKy-
MyASTOpbI TAkOKe MONe3Hbl 1 B Gonee KPyMHbIX YCTPOWCTBAX, TakUX Kak
3N1eKTPUYECKUe TPAHCMOPTHbIE CPEACTBA W MHTENNEKTYaNbHbIe CUCTEMbI
3HeprocbepexeHns. VIHHOBaWWM, Mpepnaraemble  WCCNe0BaTENAMM
B 06n1aCTH MatepuanoBeaeHunsa, CTpeMALLUMUACA YNYHLINTD JUTUA-NOHHbIE
barapeu, NpokAaALIBAIOT NYTb AN MPOU3BOACTBA ellle 6ONbLUIEro KoanYe-
CTBa barapei C ewe bonee BbICOKOW Npou3BOANTENLHOCTLIO U KA. Yxe
(opmupyetcs cnpoc Ha batapeu 60MbLWON eMKOCTH, KOTOpbIe He byayT
3aroparbCs WK B3pbIBaTLCS B MPOLECCe IKCnyaTaLmuu. MHorue nonb3osa-
TEV MeYTaIoT 0 MEeHbLUNX, 60/Iee Nerkux barapesx, KOTOpble 3apsXaloTcst
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B CYMTAHbIE MUHYTbI MM JaXe CeKYHAbI, HO MPX 3TOM COXPAHSIOT AOCTA-
TOYHO 3HEPriM NS MUTAHWS YCTPOWNCTBA B TEYEHME HECKONLKUX AHEN.
AKKyMyNSTOpHas WHAYCTPUS yxe PaboTaeT Haj YMeHblueHnem CTou-
MOCTU JIMTMIA-MOHHBIX 6aTapeid, B TOM YUCNe NyTeM yAaneHus 4Opororo
kobanbra u3 kaTofoB. VccnenoBaTen HaxoAaT CNOCObLI 3aMeHNTL MaTe-
puanbl, CoAepKallue KobanbT, KaTOAAMM, M3TOTOBAEHHLIMU U3 HUKeNs
WX MAPraHua, a BMECTO MOHOB IUTMS, NepeMeLLAIOLLIMXCS MeXY ABYMS
INeKTPOAAMM C MOHAMWU W 3NeKTPONUTAMK, NMAAHUPYIOT WCMONb30BaTb
HATpUiA, MarHWi, LUHK WAK Q1KOMUHWIA. Ho Tenepb 1ccaesoBateny MoryT
HabnAATb U aHANWM3MPOBaTb AAXe aTOMHYIO CTPYKTYpy 6arapen u ux
COCTaB B peanbHOM pexvme BpeMeHU. Mcnonb3yst MeToAbl peHTIEHOBCKOM
MMKPOCKOMWM, CUHXPOTPOHDI, @ TAKXKE INEKTPOHHbIE MUKPOCKOMbI U CKa-
HUpYIOLME 30HAbI, MOXHO BXMBYKO HabnoAaTh 33 ABMXEHWEM MOHOB
N U3MEHeHUeM (Gu3nyeckux CTPYKTYp BO BpeMSs 3amacaHusi, XpaHeHus
1 BbICBOBOXKeHIS 3HEpruM B baTapee.

[o mamepuanam: https://www.nanowerk.com





