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MNpuBepeHbl pe3ynbTaTbl 3KCMEPUMEHTOB MO OTpPaboTKe TeXHOMIOMMU U3roTOBJIEHUS TOHKOMJ/IEHOYHbIX
OTPULATENbHbIX 3/IEKTPOAOB A/ IMTUN-UOHHBIX aKKYMYJIITOPOB HA OCHOBe KomnosuTta Si-O-Al-Zn.
OnucaHbl peXXUMbl HAaMbIJIEHUSI U BO3MOXKHOCTU YNpPaB/eHUsI CTPYKTYPon 1 $pa3oBbiM COCTAaBOM MJIEHOK,
MeToAbl AUArHOCTUKM CTPYKTYpbl U ($a30BOro COCTaBa, a TaKXe pe3y/bTaTbl 3/IEKTPOXUMMUYECKUX
MCMNbITAHUIA OTPULLATENIbHbIX 3/IEKTPO/OB.

The results of experiments on development of technology for manufacturing of the thin film
negative electrodes for lithium-ion batteries based on composite Si—O-Al-Zn are presented.
The deposition modes, controlling of the structure and phase composition of the film,
methods of diagnostics of the structure and phase composition as well as the results of

electrochemical testing of negative electrodes are described.

CHOBHBIMH JOCTOMHCTBAMHU IIPUMEHEHHS
KpPeMHHUICOAepKal X KOMIIO3UTOB JI/ISI K3T0-
TOBJI€HHS OTPHUILIATeNbHBIX TOHKOIJIEHOY-

HBIX 371eKTPOJ0B TUTHH-MOHHBIX aKKYMYJISITOPOB

SIBJISIIOTCS BBICOKAS y/le/IbHAsl e MKOCTh TAKUX JJIeK-

TPOAHBIX MaTepHasoB (0Kosio 50% OT TeopeTHYeCKOM

€MKOCTH YHCTOr0 KPeMHHUSI) U UX CTabUJIBHOCTH

(Ha DAHHBIM MOMEHT - HeCKOJIbKO COTeH IJUKJIOB),

uyTOo obecrmeynBaeT JIMUTENbHBIH CPOK CIYXKOBI

3/1eKTpofa.

CTabUIBHOCTh KPEMHHUICOJEPKAIUX TOHKUX
IIJIEHOK CYIeCTBEHHO BBIIIe, 4YeM y aMOP)HOro
KpPeMHHs, He TOBOPS y>Ke 0 KPUCTA/JIMYeCKOM. B
aMOpPHOM U KPUCTAIMYeCKOM KPeMHHU MHOTO-
KpaTHoe (o Tpex pas) yBeJIWYeHHe YAeIbHOro 06b-
eMa ITpY BHeAPeHUH JIUTHS IIPUBOJUT K 6BICTPOMY
paspylIeHHUI0 MaTepHaaa U MOTepe eMKOCTHBIX
XapaKTePUCTUK IIJIEHOK. [IpH 3TOM OCTHYb y/e/b-
HOM eMKOCTH 6osee 1000 MA4/r ygaeTcs, Kak IIpa-
BUJIO, [JISl IIJIEHOK, TOJNIMHA KOTOPBIX He IIpPeBbl-

maeT 300 HM [1-6]. [/1s1 JOCTUXXeHUS yAelbHOHU
€MKOCTH OTPHLIATEIBHOrO 3/1eKTpoxa 0,8 MA-4/cM?
U BBbIIIe TOJNIIMHA KPeMHUICOAepXXaluX MIJeHOK
IOJIKHA NOCTHUTaTh HeCKOJBKHX MHKPOMETPOB.
Kak 1mokasbIBaeT OMBIT M, B YaCTHOCTH, pe3yJIbTaThl
HacTosimeNr paboThl, ¢ yBeJHMYeHHUEM TOJIIKHEI
IJIEHKH ee CTabHIBHOCTD Pe3K0 CHHKAeTCS.
OoHUM K3 IepCIIeKTUBHEIX CI10C0O0B yBenuye-
HHUS LUKIUPYEMOCTH KPeMHHUMCOepKaIIKX I1/1e-
HOK TOJIIIHMHOMN B HECKOJIBKO MHUKPOMETPOB SIBJIS-
€TCS UCIIONIb30BaHHe KOMIIO3UTHBIX MaTepHaJIoB Ha
OCHOBe KpeMHHUSI. B coCTaB KpeMHUHCOepsKaIlero
KOMIIO3MTA JOJI)KHBI BXOLUTH 3JIeMeHTHI, Heobxo-
OHMBble A1 [eMIQHUPOBaHU S HANPSXKeHUH pacTs-
SKeHHUS-C>KaTHUS [IPU TUTUPOBAHUU U AeTUTUPOBa-
HHUH 371eKTpoAa. KpoMe Toro, AOMOIHUTENbHEIE 3J1e-
MEHTBHI NPeNsITCTBYIOT Ilepexofy KPeMHHU N TUTH-
eBOro coefrHeHHU Si-Li U3 aMOPPHOTO COCTOSHUS
B KPUCTAJIHYeCcKoe, KOTOpPOe MeHee CTAaBUIbHO
U ONPUBOAUT K JerpajallMyd aHOJAHOTO MaTepHuasna
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B TeYeHHe HeCKOJIbKUX JeCSTKOB LIMKJIOB 3apsj-
paspan [7]. TakUMHU 3/7eMeHTaMHU MOTYT CIy-
skuthb C, O, Al, Zn u np.

M3 mepevyHCIeHHBIX BAPHAHTOB Haubosee BICO-
Kas yhenbHas eMKOCTb IIPH XOPOIIeM LIHMKJIH-
pyemocTH OblTa oOHapykeHa y KOMIIO3HTA
Si-Al-Zn [7]. Heob6X0qHMO yTOUHHUTD, YTO BEICOKHE
3HaYeHM S eMKOCTH U LIUKIHUPYyeMOCTH 3TOr0 MaTe-
puasa 6BIIK MOTyYeHBl AJIS1 [JIEHOK TONIIHUHOM,
6auskon K 100 HM. B paboTte [7] mccnemoBanucey
KOMIIO3HTHBIE IIJIEHKH COCTaBa SiXZnyAlZ U H3yya-
JI0Ch BJIMSIHHME MaCCOBOTO IIPOLIEHTHOTO CoJepsKa-
HHS 37IeMeHTOB Ha yAe/JbHYI eMKOCTh U IMK/IHU-
PyeMOCTh 3JIeKTPOAHOIO MaTepHuaja. B yacTHo-
CTH, OBIJIO YCTAHOBJIEHO, YTO B HHTepBaJie 26 <x<47
BBICOKAsl eMKOCTbh MaTepHaa (1072 MA'4/T U BbILIE)
CoYeTaeTCs C BBICOKOHM LIUK/IHUPYeMOCThIO —~ Ha 50-M
LUKJIe coxpaHseTcsa 95% Haya/IbHON eMKOCTH.
ConepkaHUe Zn A5 obecrieueHU s BBICOKOK eMKO-
CTH U CTabUJIBHOCTH [OJIKHO HAXOAUTBCS B LUHTEp-
Bajie 16 <y <69, Tak KaK IPHU 3TOM 3pPeKTHUBHO
nopmasiisieTcs Ga3oBbIM Iepexof coefuHeHUs Si-Li
M3 aMOPQHOTO COCTOSAHMSA B KPUCTaIMYeCcKoe, a
pa3psAnHas eMKOCTh Ha 50-M LIMKJIe COCTAB/ISAeT [0
90% oT Haua/IbHOU eMKOCTH. 1o TeM ke IPUYKHAM
3HaYeHHe Z IO/I’KHO II0I1aJlaTh B MHTepBal 22<z<46.

B KadecTBe OJHOTrO K3 CIIOCOOOB IOTy4YeHH I TOH-
KHX IUIeHOK Si0,Zn Al, B pabote [7] paccmaTpuBsa-
eTCs TPeXKOMIIOHEHTHOe MarHeTPOHHOe pacIibljie-
HHe Ha IIOCTOSSHHOM TOKe C He3aBUCHMBIM yIIPaB-
neHueM. IIpuBefleH NpUMep HAIlblJIeHU S IIJIEHKH
C Tpex MHUIIeHeH, KOT4a Ha [IepBblH MarHeTpoH (Si)

Puc.1. YcemaHoeka 8aKyyMH020 MA2ZHEMPOHHO20 HANbIAEHUS]
MBY TM "MATHA-10" (HWNTM, 3eneHozpad)

Fig.1. Installation for vacuum magnetron sputtering MVU TM
MAGNA 10 (NIITM, Zelenograd)

nofaBajach MOLIHOCTD 185 BT, a Ha BTOPOH U Tpe-
THH MarHeTpoHHI (Zn u Al) - mo 50 Br.

Llenp HacTOsIIel PaboThl: 3KCIIepUMeHTabHAS
IIpoBepKa pe3y/JbTaTOB IIaTeHTa [7]; UcClefoBaHUe
BO3MOKHOCTH IOJNYYEHU ST KOMIIOSUTHBIX IIJIEHOK
Si-O-Al-Zn, B TOM 4YHCJle C HU3KUM COLepKaHHEM
KHUCJIOpOJa; IIoy4eHHe BICOKUX 3HaUeHHUH I10BePX-
HOCTHOH yJe/lbHOH eMKOCTH U LIUKIHUPYeMOCTH
IIpU TONIIHHE IIJIEHKH 2-4 MKM.

he main advantages of the

use of silicon-containing

composites for the manufac-
ture of thin-film negative elec-
trodes for lithium-ion batteries
are high specific capacity of such
electrode materials (about 50% of
the theoretical capacity of pure
silicon) and their stability (at the
moment - a few hundred cycles),
which ensures long service life of
the electrode.

The stability of the silicon-con-
taining thin films is significantly
higher than that of amorphous sili-
con, not to mention crystalline sili-
con. In amorphous and crystalline
silicon the considerable (up to three

times) increase in the specific vol-
ume by the introduction of lithium
leads to rapid destruction of mate-
rial and loss of capacitive charac-
teristics of the films. To achieve the
specific capacity over 1000 mA-h/g
is possible, as a rule, for films
whose thickness does not exceed
300 nm [1-6]. To achieve the nega-
tive electrode specific capacity at a
rate of 0.8 mA-h/cm?and above, the
thickness of the silicon-containing
film needs to reach several microm-
eters. As experience shows and, in
particular, the results of the pres-
ent project, with increase in the
thickness of the film, its stability is
drastically reduced.

One of the promising ways to
increase the circulation of silicon-
containing films with a thick-
ness of several micrometers is the
use of composite materials based
on silicon. The composition of sil-
icon-containing composite should
include the elements that are nec-
essary for damping the stresses of
tension-compression during lithia-
tion and delithiation of electrode.
Furthermore, additional elements
hinder the conversion of the sil-
icon-lithium compounds, Si-Li,
from the amorphous to crystalline
state, which is less stable and leads
to the degradation of the anode
material within a few tens of cycles
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a)

b)

Puc.2. Mopgonozus nosepxHocmu u ckoaa: a — obpasel, 3; b - obpasey 4, c - obpaseu, 5

Fig.2. Morphology of surface and spall: a - sample 3; b - sample 4; c - sample 5

U3roTOBAEHUE SKCMEPUMEHTAJIbHbIX OBPA3L0B

I[I1eHKU KPeMHHEBOIO KOMIIO3MTa TOJIIHMHOH
2-4 MKM OBIIM H3TOTOBJIEHBl METOLOM MarHe-
TPOHHOIO HAaNbIJIEHUSI HAa TUTAHOBYIO QOJBIY

of charge-discharge [7]. C, O, Al, Zn
and others can be such elements.
Of these options, the high-
est specific capacity with good
cyclability was found in Si-Al-Zn
composite [7]. It should be noted
that high values of capacity and
of cyclability of this material were
obtained for films with a thickness
close to 100 nm. In [7] a composite
Si,ZnyAl, films and the effect of
mass percentage of elements on
specific capacity and cyclability of
electrode material were studied.
In particular, it was found that
in the interval of 26 <x<47 high
material capacity (1072 mA-h/g or
higher) is combined with high
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cyclability (95% of initial capac-
ity was retained at the 50th cycle).
The content of Zn for ensuring
high capacity and stability must
be in the interval of 16 <y <69, as
the phase transition of Si-Li com-
pound from the amorphous state
to the crystalline is effectively sup-
pressed, and the discharge capac-
ity at the 50th cycle is up to 90% of
initial capacity. For the same rea-
sons, the z value must be in the
interval of 22<z<46.

In [7] the three-component mag-
netron sputtering at a constant cur-
rent with independent control is con-
sidered as one of methods of obtain-
ing Si,Zn Al, thin films. An example

IIpU IOCTOSSHHOM TOKe B IIJla3Me aproHa M KHC-
nopoAa c AByX MuIIeHew SiyoAly; u Zn Ha ycTa-
HOBKe MBY TM "MATHA-10" (HUHUTM, 3eneHorpan),
nsobpaskeHHOM Ha puc.l. Ilepes HamblJIeHHEM

of film deposition using three tar-
gets is presented, when the power of
the first magnetron (Si) was 185 W,
and of the second and third magne-
trons (Zn and Al) - 50 W each.

The object of the present work
is experimental verification of the
results of [7]; study of the possibility
of obtaining of Si-O-Al-Zn compos-
ite films, including with low oxygen
content; obtaining high values of
surface specific capacity and cyclabil-
ity at the film thickness of 2-4 pm.

MANUFACTURE

OF EXPERIMENTAL SAMPLES

Films of silicon composite with a
thickness of 2-4 pm were fabricated
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MOAJIOKKH M3 THUTAaHOBOH (POABIH TOJUIHMHOMN
12-18 MKM IIPOXOAH/IN HOHHYIO OYHCTKY B IJIa3Me
aproHa u mogseprajuck Harpesy mgo 200 °C B Teye-
HHe 60-120 c. laBeHHe pabouMX Ta30B aproHa MIH
aproHa ¥ KMCJIOpoAa BO BpeMs HaIlblJIEHHS COXpa-
HSJIOCh IIOCTOSIHHBIM - 1,5 I1a. Ins o6pa3uoB 1 u 2
B COCTaB pabouer ra3oBOM CMeCH BXOAHUIU aproH
u Kucnopog (pacxon 0,05 n/4). Ous obpasnos 3-9
KCII0JIb30BaJICSA TOJABKO aproH. MOIIHOCTh MarHe-
TpoHa Si-Al mogaepskuBanace paBHOM 600 BT, Mom-
HOCTh MarHeTpoHa Zn M3MeHsnaach oT 50 BT mis
obpasnos 1, 2, 3, 8, 9 mo 75 BT nyist 06pa3nos 4, 6, 7
1 100 Bt a5t obpaswa 5. BpeMs HallblJIeHHU S COCTaB-
nsim0 39-40 MUH 115 Bcex 0b6pa3nos. s U3Mepe-
HHS TOJLIMHEI [IJIEHOK K UCCIeN0BaAHHUSA UX CTPYK-
TYPBl B Ty >Xe YCTAaHOBKY IIOMeINajach IIOJTHPO-
BaHHAasg KpeMHHeBas IJIAaCTHHA I/ HaIlblje-
HUs obpasua-cBumeTens. 171 U3MepeHUs yAelb-
HOTO COIIPOTHUB/IEHU S IIJIEHOK MCII0/JIb30BaJICSI BTO-
poil obpasel-CBHAeTe/Nb U3 CHUTaJIa Pa3MepoM
60°48 MM?.

TonmuHa naeHku Si-O-Al-Zn, Mopdoorus
CKOJIa Y MOBEPXHOCTH IIJIEHKH HAa KPeMHHEBOM
obpasle-cBUeTe/le UCCIe0BATNCh HA CKAHUPYIO-
ImeM 3JIeKTPOHHOM MHKpocKore Quanta 3D 200i.
J/leMeHTHBIH COCTAaB IJIEHOK KCC/Ie[0BaJICA C IIOMO-
b0 SHEPTOAHUCIIepCUOHHON NpUcTaBKU EDAX
K 3JIeKTPOHHOMY MHKpocKkomny Quanta 3D 200i.
HccnenoBaHue 06pa3LioB MEeTOAOM PeHTreHoda3o-
BOTO aHa/JIM3a IPOBOJMJIOCH Ha IIOPOIIKOBOM PEHT-
reHoBCKoM audpakromerpe ARL Xotra (Thermo
Scientific, llIBefinapus) ¢ UcHonb3oBaHueM K,

M3JIy4eHHU S MeAH C IIWNHOM BOMHBEL A=1,5418 A,
IIPY 3TOM HaIlpsikeHHe B Tpy6Ke cocTaBisiio 30 KB,
a TOoK - 30 MA. CbeMKa IIPOBOOMIACE IIPH POKY-
CupoBKe bparra-bpeHTaHo. [[Ji1 HHTepHIpeTaluu
Obla KMCII0Ab30BaHA 6a3a peHTTeHOOUPPAKI[HOH-
HBIX DaHHBIX PDF-2/Release 2009. HMcciemoBaHU A
CIeKTPOB KOMOMHAILIMOHHOTO pacCcesiHUs MIPOBO-
JUJIMCH C IIOMOIIbI0 PAMaHOBCKOTO CIIEKTPOMETPa
EnSpectr R532, KOTOpPBIHM OCHAIlleH MOy POBOAHHU-
KOBBIM JIa3epOM C AJTHHOM BOJIHBI 532 HM MOIIHO-
cThi0 20 MBT 1 MMeeT CIIeKTpa/JibHOe pas3pelleHHe
6 cm! ¥ cmeKTpaabHBIN AHamna3oH 140-6 030 cm™.
I[IapaMeTpsl CheMKH: 3KCIIo3unusg 2 ¢, 100 mpoxo-
IOB. YaenpHOE CONPOTHUBIEHUE IIJIEHOK M3Meps-
JIOCh YeTBIPEX30H/TOBBIM METOLOM Ha CHUTa/IJIOBOM
cnyTHHKe-cBugeTene. Ha Becax BJIP 200 oneHuBa-
Jachk Macca IieHKHU Si-O-Al-Zn Kak pasHOCTh Macc
CMTAJIJIOBOIO CBH/ETE/IS [0 U I10C/Ie HaIblJIeHU S
[IJIeHKH.

NCCNEAOBAHUE MOP®OJIOrMU NOBEPXHOCTH

N CKOJIA

OCHOBHOM TeHIEHIIMEH B U3MEHeHUHU Mop(bonorun
CKOJIa Y IIOBEPXHOCTH IIJIEHOK SBJISETCS pa3sBUTHE
[IOBEePXHOCTH IIPH YBeJIUYeHHUU MOIIHOCTH PACIIbl-
JeHus UMHKOBOU MUIIEeHHU. [IpMep 3aBUCHMOCTH
MOPQOJIOTHH MOBEPXHOCTHU U CKOJIA OT MOILHOCTH
MarHeTpOHa II0Ka3aH Ha pPHUC.2.

NEMEHTHbIA AHANU3
Y1o6bl OLIEHHUTH H3MeHeHHe coCTaBa HaHO-
KOMIo3uTa Si-O-Al-Zn mo TonUmMHe HIeHKH,

by magnetron sputtering on the
titanium foil at a constant current
in an argon and oxygen plasma
from two targets Si, 4Aly; and Zn
with use of the installation MVU
TM MAGCNA 10 (NIITM, Zelenograd),
shown in Fig.1. Before spraying
the titanium foil substrate with a
thickness of 12-18 pm were cleaned
in argon plasma and heated to
200°C for 60-120 s. The pressure of
argon or argon and oxygen during
deposition was maintained equal
to 1.5 Pa. For samples 1 and 2 the
actuation gas mixture consisted
of argon and oxygen (flow rate of
0.05 liters/hour). For samples 3-9
only argon was used. The power

of the Si-Al magnetron was main-
tained equal to 600 W, the power
of the Zn magnetron was varied
from 50 W for samples 1, 2, 3, 8, 9
to 75 W for samples 4, 6, 7, and to
100 W for sample 5. The deposi-
tion time was 39-40 minutes for
all samples. To measure thickness
of films and study their structure
a polished silicon wafer for deposi-
tion of a witness sample was placed
in the same installation. The sec-
ond witness sample of the glassce-
ramics with size of 60 x48 mm?was
used to measure the resistivity of
the films.

The thickness of Si-O-Al-Zn film,
the morphology of the chip and of

the film surface on the silicon wit-
ness sample was investigated using
Quanta 3D 200i scanning electron
microscope. The elemental com-
position of the films was investi-
gated using EDAX energy dispersive
spectroscopy detector for Quanta
3D 200i electronic microscope. The
study of samples by the method of
x-Tay phase analysis was performed
using ARL X'tra (Thermo Scientific,
Switzerland) powder diffractome-
ter with K, radiation of copper with
a wave length of A=1.5418 A, while
tube voltage was 30 kV with current
of 30 mA. The registration was con-
ducted with Bragg-Brentano focus-
ing. The x-ray diffraction database
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Tabauya 1. Pesyabmambl 3AeMeHMH020 dHanu3a 06pasuos Si-O-Al-Zn npu yckopsitousem HanpsikeHuu 10 kB
Table1. The results of elemental analysis of the samples of Si-O-Al-Zn at an accelerating voltage of 10 kV

O6pasewn

HAHOMATEPUADbI

Sample - = =

DNeMeHT KoHLueHTpauus s3nemMeHTa, Bec. %

Element Concentration of the element, wt %
C 0,80 1,05 0,33 0,47 0,42 0,31 0,49 0,41 0,63
(@) 9,19 9,83 9,42 15,11 7,99 5,87 3,99 7,69 6,14
Zn 22,43 12,48 17,77 25,8 56,72 61,27 58,28 24,8 48,21
Al 6,33 7,70 6,75 6,44 4,25 3,04 3,32 5,86 4,30
Si 60,75 68,94 65,73 52,18 30,62 29,51 33,92 61,24 40,72

Tabauua 2. Pe3yAbmambl 3AeMeHMH020 aHanu3a 06pasL,os Si-O-Al-Zn npu yckopsirouem HanpsikeHuu 25 kB

Table 2. The results of elemental analysis of the samples of Si-O-Al-Zn at an accelerating voltage of 25 kV

O6pasewn

Sample 4 5 6

DNeMeHT KoHueHTpauus 3ieMeHTa, Bec. %

Element Concentration of the element, wt %
C 0,26 0,29 0,18 0,51 0,2 0,5 0,5 0,69 0,76
(@] 3,82 3,98 7,19 5,85 3,39 6,25 3,69 7,67 6,01
Zn 24,51 10,78 22,32 32,49 61,25 56,27 57,94 21,7 43,13
Al 6,17 7,48 5,24 5,38 3,6 3,57 3,55 4,95 4,24
Si 65,24 77,47 65,07 55,77 31,56 33,41 34,32 64,99 45,86

Al/Si 0,095 0,097 0,081 0,096 0,114 0,107 0,103 0,076 0,092

3HeProJAMCIEepPCHUOHHbBIM aHa/NU3 3JeMeHTHOIO
COCTaBa MPOBOMHIJICA IIPH YCKOPAIOMIMX HAIIPAXKe-
HuAX 10 ¥ 25 KB. Pe3ynbTaThl aHaAK3a IPeACTaB-

JIeHEI B Tabn.1u 2.

HcxXooHOe COOTHOIIeHHe 3JIeMeHTOB B MUIIEeHH
Si-Al Al(Bec.%)/Si(Bec.%)=0,107. CoriacHo Tabmi.2,

PDF-2/Release 2009 was used for
interpretation of data. Studies of
Raman spectra were carried out
using EnSpectr R532 Raman spec-
trometer, which is equipped with
semiconductor laser with a wave-
length of 532 nm, power of 20 mW,
and has a spectral resolution of 6
cm™ and spectral range of 140-6030
cm'’l. Registration settings: expo-
sure of 2 s, 100 passes. The resistiv-
ity of films was measured by four-
probe method on glassceramic sec-
ond witness sample. Using VLR 200
scales the weight of the Si-O-Al-Zn
film was estimated as the differ-
ence of the masses of glassceramic

HAHO MHOVCTPHA #s/67/2016

OTHOIIEHHe KOHIeHTPalUi 31eMeHTOB Al u Si
[I0CJIe HAIbIJIEHHS B IIJIEHKAaX HEeCKOJBbKO HIKe.
Ero cpepgHee 3HaUeHHe, BRIYHUCIEHHOE I10 JAHHBIM

Tabn.2, coctaBaser: Al(Bec.%)/Si(Bec.%)=0,096.

witness sample before and after film
deposition.

STUDY OF SURFACE

AND CHEAP MORPHOLOGY

The main trend in the morphol-
ogy changes of the chip and sur-
face of the films is the develop-
ment of surfaces at increase of
power of sputtering of a zinc tar-
get. Example of the dependence of
surface and cheap morphology on
the magnetron power is shown in
Fig.2.

ELEMENTAL ANALYSIS
To assess the change in the compo-
sition of Si-O-Al-Zn nanocomposite

OpHaKo pa3bpoc OTHOIIEHHUH 3KCIIEPUMEHTAIbHBIX
3HaueHU N KOHIeHTpal UMM oT obpasua K obpasiy

on the film thickness, energy disper-
sive analysis of elemental composi-
tion was carried out at accelerating
voltages of 10 and 25 kV. The results of
the analysis are presented in tables 1
and 2.

The initial ratio of the ele-
ments in the Si-Al target is:
Al (wt.%) / Si(wt.%) =0.107.
According to table.2, after depo-
sition the ratio of the concentra-
tions of Al and Si in films is some-
what lower. Its average value cal-
culated using the data of table.2
is: Al(wt.%)/Si(wt.%)=0.096.
However, the dispersion of ratios
of the experimental concentration
values from sample to sample is
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0 0,25 0,50 0,75 1
Si (Macc%/100)

0 0,25 0,50 0,75 1
Si (Macc%/100)

Puc.3. Obnacmp KOHUEHMPALUOHHO020 Mpey20AbHUKA, 8 KO-
mopyto nonadatom 06pasuybl 1-9 no daHHbIM maba.1, 0mHocsI-
LUUMCS K NOBEPXHOCMHBIM CAOSIM NAEHOK

Fig.3. Area of the concentration triangle for samples 1-9 according
to data for surface layers of films from table 1

HeBeJ/IUK, YTO KOCBeHHO MOATBepsKAaeT LOCTOBep-
HOCTb JAHHBIX SHepProgHCIIepCHOHHOIO aHa/IKM3a.
KoHIIeHTpaluu KOMIIOHEHTOB BCex 06pa3iioB
SiXZnyAlZ JTexXaT B MHTepBanaax 29,51<x<68,94,
12,48<y<61,27, 4,30 <z<7,70 B6/IM3HU IOBEPXHOCTHU
U B HHTepBanax 31,56<x<77,47, 10,78 < y<57,94,
3,55<2<7,48 B obbeMe IIeHKHU. XOTSI pacCMaTpH-
BaeMas CHCTeMa He SIBJISeTCsl TPeXKOMIIOHeHTHOH

Puc.4. Obpasubl 1-9 HA KOHUEHMPAUUOHHOM Mpey20AbHUKe
no 0aHHBIM MAbA.2, OMHOCAULUMCS K 06BeMy NAeHKU

Fig.4. Samples 1-9 in the concentration triangle according to the
the film volume from table.2

(BmpoueM, Kak U B paborte [7], ecnu Ans ee momny-
YeHU s UCIIO0Tb30BAJIOCh MAaTHETPOHHOE HaIlblie-
HUe), 07151 yoo6cTBAa CpaBHeHUS AAaHHBIX Tabin.l ¢
OAaHHBIMH PaboThl [1] UX MOXHO IPeACTaBUTh C
IIOMOIIbI0 KOHILIEHTPAIHOHHBIX TPEYyroJbHUKOB
Pozeboma (puc.3, 4).

XapaKkTepHON 0CO6EHHOCTHIO IIIEHOK SIBISETCS
oboramieHue ITOBEPXHOCTH KHUCJIOPOLOM I10 CpaBHe-

small, which indirectly confirms
the validity of the data of energy
dispersive analysis.

The concentrations of the com-
ponents of all Si,Zn Al, samples are
in the intervals of 29.51<x<68.94,
12.48<y<61.27, 4.30<2<7.70 near
the surface, and in the intervals
of 31.56<x<77.47, 10.78 <y <57.94,
3.55<z<7.48 in volume of the film.
Although it is not three-component
system (as in [7], if magnetron sput-
tering was used), for easy comparison
of table.1 data with data of [1] they
can be represented using Roseboom
concentration triangles (Fig.3, 4).

A feature of the films is the
enrichment of surface with oxygen
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compared to the more deeply lying
layer of the film for samples 1-5 and
almost the same film composition
by oxygen for samples 6-9. The low
rate of oxygen supply of 0.05 l/h for
samples 1-2 and no oxygen supply
for samples 3-9 have practically no
effect on the oxygen content in the
film. The Al content in each sam-
ple varies slightly, at the same time
his change from sample to sample
is more noticeable in a near-surface
layer of a film. A change in the Zn
content in the film does not always
corresponds to the change in power
of Zn-magnetron and hence to the
rate of growth of the film. This fact
requires additional checks for the

next series of samples. The presence
of carbon in small quantities is
caused, most likely, by his adsorp-
tion during contact of the film with
the atmosphere.

X-RAY PHASE ANALYSIS OF FILMS
The results of x-ray phase analysis
are based on the following ICDD
PDF2 database cards: Ti - 00-044-
1294; Si - 00-027-1402; Zn - 01-073-
6858. It should be noted that when
using the titanium substrate the
signal from the small quantity
of aluminum is essentially not
noticeable. X-ray diffraction pat-
terns of the samples 1-9 of the tita-
nium foil are shown in Fig.5.
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HUIO ¢ 60/1ee r1yboKo 3aeraouuM cj0eM IJIeHKHU
nist 06pasioB 1-5 U NpaKTHYeCKH OLHMHAKOBBIM
COCTaBOM IIJIEHKH I10 KMCJIOPOAY A5 06pasios 6-9.
Manasg cKopocTb Imogavyu Kucjaopoga 0,05 n/4 gas
06pa31oB 1-2 1 OTCYTCTBHE MIOJAYH KHUCIOPOAA A
o6pa3uoB 3-9 mMpakTHUUYeCKH He CKa3blBaeTCs Ha
colep>kaHUHU KHUCJIOpoza B IieHKe. ComepskaHue Al
B KaXXJoM obpaslie o TOJNIIMHE H3MeHSeTCs
He3Ha4yHUTe/lbHO, B TO )XKe BpeMs ero u3MeHeHHUe
oT obpasna Kk obpasuy 6osee 3aMeTHO B IIPHUIIO-
BePXHOCTHOM CJIOe IIJIeHKH. M3MeHeHHe cofepska-
HUS ZN B [IJIEHKe He BCer/la COOTBeTCTBYeT U3MeHe-
HUIO MOIIHOCTH ZN-MarHeTPOHA U, CJIefloBaTeJIbHO,
CKOPOCTH poOCTa IJIeHKU. JlaHHBIM QaKT TpebyeT
JOTIOTHUTE/IbHOM IIPOBEPKHU Ha C/Ie[lyIOIHX CePUSIX
o6pasuoB. IIpUCyTCTBHeE yIaepoja B HeOONBIIUX
KOJIN4YeCTBaX CBSI3aHO, BeposiTHee BCero, C ero
azcopbLuer Ipyu KOHTAKTe IIJIEHKHU € aTMocdepoH.

PEHTFEHO®A30BbIi AHAIU3 NIEHOK
Pe3ynbpTaThl peHTreHodaszoBoro aHanusa (PPA)
OCHOBAaHBI Ha MaTepHajax CIeAYIOIIHUX KapTo-
yek 6a3bl gagHbiXx ICDD PDF2: Ti - 00-044-1294;
Si-00-027-1402; Zn - 01-073-6858. Heob6x0aH1 M0 OTMe-
THUTb, YTO IPHU HUCIOJb30BAaHUU TUTAHOBOM IIOJ-
JIOKKH CMTHaJI OT MaJIOTO KOJIMYeCTBa a/llOMHUHU A
NPUHLIMIIMABHO He 3aMeTeH. JJudpakTorpaMMBel
06pa3LoB IIeHOK 1-9 Ha TUTAHOBOM QOJIbTe IIpes-
CTaBJIeHBI Ha pUC.5.

O6pasusl 1 U 2 He colepsKaT OKPUCTAIIU30BaAH-
HOro KpeMHM S, HO B HUX IPUCYTCTBYeT Majas
I0Jis KPHUCTA/JIN4YeCKoro nuHKa. B 06pa3uax 3-5

[
~

MHTEHCMBHOCTb, UMM./C
Intensity, counts/sec.

(=)
~

VIHTEHCVMBHOCTb, UMM./C
Intensity, counts/sec.

n
~

Intensity, counts/sec.

MHTEHCMBHOCTb, UMM./C

Puc.5. PenmzeHosckue ouppakmozpammel: a — 0bpasuos 1, 2
(cHu3y ssepx); b — 06pasuoe 3-5 (cHU3y 88epx); ¢ — 06pa3L08
6-9 (cHu3y 8sepx)

Fig.5. X-ray diffraction patterns: a - sample 1, 2 (bottom-up);
b - samples 3-5 (bottom-up); ¢ - samples 6-9 (bottom-up)

Samples 1 and 2 do not contain
the crystallized silicon, but con-
tain a small fraction of crystalline
zinc. In samples 3-5 the crystalline
phase of Zn increases with increas-
ing power of Zn-magnetron: at
50 W sizes of blocks of coherent
scattering for Zn are 12.1 nm, at
75 W they reach 27.8 nm, and at
100 watts - 52.0 nm. In turn, the
sizes of blocks of coherent scatter-
ing for Si fall with increasing of
the power of the Zn-magnetron:
12.7 nm, 7.9 nm and 2.4 nm at
powers of 50 W, 75 W and 100 W,
respectively. X-ray diffraction anal-
ysis of samples 6, 7 and 8, 9 con-
firmed that the crystalline phase

of Zn increased with increasing of
power of the Zn-magnetron. As for
the crystallized phase of silicon, it
is observed only in samples 7and 9.

RAMAN SPECTROSCOPY
Fig.6 presents the Raman spec-
tra of the samples 3-9 in the range
of 150-1150 cm™. Table 2 contains
data of relative content of phases
of amorphous and crystalline
silicon in the samples that are
obtained by qualitative assess-
ment of the processed spectra.
Sharp peaks in the area of
505-511 cm™! correspond to crys-
talline phase of silicon. Peaks are
shifted from the well-known line

of 519 cm* for monocrystalline sil-
icon, which may indicate a viola-
tion of the periodicity of the lat-
tice due to embedding of alumin-
ium atoms [8]. As shown in [9], the
shift of the peak of monocrystal-
line silicon on such a value may be
caused by the crystallization of Si
in the form of grains with a size of
2-3 nm that for a sample 5 will be
consistent with the results of x-ray
diffractometry.

Peaks of more flat form in the
area of 450-490 cm™ indicate the
presence of silicon in the amor-
phous state. Feature around
930 cm™ is typical for crystal-
line silicon. In [10] the spectra of

#5/67 /2016 NANO INDUSTRY
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Puc.6. PamaHosckue cnekmpbl 06pasu,oe ceputi 3-9
Fig.6. Raman spectra of samples of 3-9 series

KpHUCTalauvyecKasa dasa Zn yBelHMUYHUBAETCS IIO
Mepe BO3pacTaHHS MOIIHOCTHU ZNn-MarHeTpoOHA:
npu 50 BT pasmepsl 670KOB KOrepeHTHOIO pac-
CestHUSA Zn COCTaBAAIOT 12,1 HM, nipu 75 BT oHH
JgocturamwT 27,8 HM, a nnpu 100 Bt - 52,0 HMm. B
CBOIO odepenb, pa3Mepsl 6IIOKOB KOrepeHTHOTO
paccesiHuS Si mafaoT 10 Mepe YBeJIHUYeHHU s MOII-
HOCTHU Zn-MarHeTpoHa: 12,7, 7,9 u 2,4 HM IpH
MoImHOCTSIX 50, 75 u 100 BT COOTBEeTCTBEHHO.
PeHTreHOCTPYKTYPHBIM aHaNM3 06pasnos 6,71 8, 9
[IOATBEPAMJI, UTO KPUCTA/IJIMYecKas ¢pasa Zn yBelu-
YMBAeTCH I10 Mepe BO3PaCTaHHU S MOLUIHOCTH Zn Mar-
HeTpoHa. YTo KacaeTcs OKPUCTAIIN30BaHHON da3sbl

KpeMHHS, TO OHa Hab/IloaeTcs TONbKO y 06pa31ioB 7
uo.

PAMAHOBCKAA CNEKTPOCKOMNUA

Ha puc.6 mpexncTaBiensl crieKTpsl KPC 06pa3sos 3-9
B guarasoHe 150-1150 cm™L. B Tabi.2 peacTaBIeHbI
JaHHBIe 10 OTHOCHUTEJIbHOMY COLepKaHUI0 Pas3
aMOpOHOTro M KPUCTAI/IMYeCKOT0 KpeMHU S B 06pas-
Lax, MOMYy4eHHBIX yTeM KauyeCTBeHHOM OLleHKH
06paboTaHHBIX CIIEKTPOB.

OcTpele IUKU B paroHe 505-511 cm™! cooTBeT-
CTBYIOT KPUCTA/IMYeCKON pa3e KpeMHUS. [IUKHU
CMelIlleHbl OT U3BeCTHOM JIUMHUMU 519 cM™! 119 MOHO-
KPHUCTAJIMYECKOT0 KPeMHHM A, YTO MOKET yKa3bl-
BaTh HAa HapyLIeHHEe MePUOAMYHOCTH PeIIeTKH
BC/Ie/ICTBHe BHeJPeHHU S aTOMOB alloMHUHUS [8]. Kak
IoxasaHo B [9], cMeleHMe THKAa MOHOKPHUCTAJIH-
YeCKOTo KpeMHHUS Ha TaKyI0 BeTUUYUHY MOXKeT ObITh
obyc0B/IeHO KPUCTAAAU3alLlMel Si B BUle 3epeH
BEeJIMUMHOM 2-3 HM, 4UTO /14 06pa3ua 5 cormacyercs
C pe3yJbTaTaMH PeHTIeHOBCKOM JUPPAKTOMETPHH.

[Tuku 60s1ee 1010ror GOpMEL B parioHe 450-490 cm™!
yKa3plBAKT HAa Ha/IM4YHe KpeMHHS B aMOPOHOM
cocTosiHUH. OcobeHHOCTb B parioHe 930 cm™! xapak-
TepHa 151 KPUCTA/UTMYeCKOro KpeMHHUS. B pabore [10]
IIpUBeNEHBl CIIEKTPBl KPUCTAJIJIMYECKOTO, aMOpd-
HOTO, IIOJTUKPUCTAJIIMYECKOr0 U MUKPOKPHUCTAJIIN-
YecKoro KpeMHHUsi. OBIIHE BUJL CIIEKTPOB, MIPe/ICTaB-
JIeHHBIX Ha PHC.6, 6/IK>Ke BCero K MUKPOKPHCTAJIIH-
yecKoMY KpeMHHI0. TakuM obpa3oM, Bo Bcex o6pas-
LlaX IPHUCYTCTByeT aMOPPHBIM H KPUCTAIMYeCKUHN
KpPeMHHI B Pa3/IMYHEIX COOTHOIIEHHUIX.

crystalline, amorphous, polycrys-
talline and microcrystalline sili-
con are presented. General view
of the spectra presented in Fig.6 is
close to microcrystalline silicon.
Thus, all samples contain amor-
phous and crystalline silicon in
various proportions.

DISCUSSION RESULTS OF STUDY

OF MORPHOLOGY, ELEMENTAL

AND PHASE COMPOSITION OF
FILMS

Technological parameters of
the manufacture of experimen-
tal samples and their physical
characteristics are presented
in table.3. The table shows that
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the results of x-ray phase and
Raman analyses have some dif-
ferences. This can be explained
by the fact that the laser in
Raman spectrometer allows to
analyze the surface layer of the
film not thicker than 100 nm.
Approximate calculations of the
extinction ratio for the wave-
length of 532 nm for amorphous
silicon give the value of the radia-
tion penetration depth of 85 nm.
For metals this value is an order
of magnitude smaller, whereas
in the single-crystal silicon it is
about 2 pm [11]. These estimates
help to explain the differences in
the data obtained by x-ray phase

and Raman analyses, considering
that they belong to different vol-
umes of the material. Thus, x-ray
phase and Raman analyses com-
plement each other in determin-
ing the phase composition.

ELECTROCHEMICAL TESTS

OF NEGATIVE ELECTRODES

Samples 1-9 were tested in the
models of half-elements to deter-
mine the specific characteristics
for the introduction of lithium.
Previously the samples were dried
under vacuum at 120°C for 4 hours
to remove adsorbed water. Next,
in the box with atmosphere of dry
argon models of batteries with
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Tabnuya 3. TexHoAO2U4ECKUE Napamempbl U Xapakmepucmuku 06pasLo8 NeHoK
Table 3. Process variables and features of the film samples

Howmep obpasua

Sample nhumber 1 2 3 4 5 6 7 8 9
MoLuHocTb M1(Si—Al), BT 600
Power M1(Si-Al), W
MoLuHocTb M2(Zn), BT
Power M2(zZn), W 50 50 75 100 75 50
Bpems HanblieHns, MUH
Time of deposition, min = +A
TONLMHA NIEHKW, MKM
Film thickness, um 2,10 2,25 2,70 3,76 2,70 3,50 2,30 2,70
YaensHoe conpoTueaeHne, OM-cMm _
Specific resistance, Ohm-cm 10 0,001 0,068 0,58 0,019 290 22
MNOTHOCTb, r/cm3 _ _
Density, g/cm? 2,9 3,5 3,6 3,4 2,9 3,0
AMOP®HbBIN KPEMHUIN U3 AAHHbIX POA = & = = =i = = = &
Amorphous silicon (X-ray phase analysis) =l e =l e el B B e Al
Kprctannnyeckmin KpeMHU 13 JaHHbIX POA _ _ _ Sj Si _ Si _ _
Crystalline silicon (X-ray phase analysis)
Pa3mepbl KpUCTANANTOB Si, HM _ _ _ _ _
Size of Si crystallites, nm 12 . 2 A
KpucTannnyecknm UmMHK n3 AaHHbIx POA* X 2X X 4x 16X 4x 8X X 2X
Crystalline zinc (X-ray phase analysis)* Zn Zn Zn Zn Zn Zn Zn Zn Zn
Pasmepbl KpUCTaIIMTOB ZN, HM
Size of Zn crystallites, nm 1 E L 25 = 10 A ¢ 1
AMOP®HbBIN KPEMHUI 13 faHHbIX KPC . . o o - - T
Amorphous silicon (Raman spectroscopy) = e e 2= 2= e 2=
KpucTananyecknn KpemHui n3 gaHHbix KPC* X % 3x 4x 3% X 3x
Crystalline silicon (Raman spectroscopy) Si Si Si Si Si Si Si

3anuck Buaa "[LUndpalx” npuseseHa B kauectse NpUGIMKEHHON OLLEHKM COAepXKaHWa dasbl B 06pasLie No CPaBHEHUIO C APYTMM B CEPUM, OCHOBAHHOW

Ha UHTEHCMBHOCTU IMHUNA.

Entry of the form "[Number]x" is given as the approximate estimate of the content of phases in a sample compared with others in the series, based on the

intensity of the lines.

the additional reference electrode
were assembled. A main electrode
was made of Si-O-Al-Zn, and a
counter and reference electrodes -
of lithium metal. The last one was
rolled with a layer with thickness
of about 100 microns on a sub-
strate of nickel mesh with welded
current output of nickel foil. The
electrodes were separated by a
nonwoven polypropylene. Models
of batteries were filled with elec-
trolyte LP 71. The area of the main
electrode was 2.25 cm?. The mod-
els were tested using the auto-
mated charge-discharge mea-
suring and computing complex
AZRIVK - 0.05 A-5V of the NTC

Booster company. For the sample
5 charging and discharge current
was 700 mA, for the other sam-
ples - 250-310 mA. The potential
difference in charge-discharge
mode was in the range from 0.01
to 2.00 V.

The dependence of the dis-
charge capacity on the number
of charge/discharge cycles for
Si-O-Al-Zn film samples is shown
in Fig.7. The growth of the specific
capacity of samples 1 and 2 in the
first cycles, obviously, is caused by
the partial recovery of the silicon
oxide.

Specific capacity in the first
cycle of the electrochemical tests

for all the samples is in the range
of 0.25-0.50 mA-h/cm?, which is
below the values of specific capac-
ity for the Si-O-Al films of similar
thicknesses [12, 13]. By the nature
of the change of discharge capac-
ity during cycling all of the sam-
ples can be divided into three
groups. The first group includes
samples 2, 3, 6 and 8, whose spe-
cific capacity decreases dramati-
cally during the first 10-15 cycles.
The second group includes sam-
ples 1, 4, 5and 9, which have the
speed of decrease of capacity dur-
ing cycling lower than the first
group. The third group includes
sample 7, which has no noticeable

#5/67 /2016 NANO INDUSTRY
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Puc.7. 3agucumocmb pazpsioHol emKocmu om KoAU4ecmed LUukAos
3apsd-paspsd: a - o6pasuos 1 u 2 (maba.2); b - obpazuos 3-9
Fig.7. Dependence of the discharge capacity on the num-
ber of charge/discharge cycles: a - samples 1 and 2 (table.2);
b-samples 3-9

OBCY)XAEHUE PE3Y/IbTATOB UCC/IEAOBAHUA
MOP®OJIOTUN, SIEMEHTHOIO U ®A30BOI0
COCTABA MJIEHOK

TexHOMOrHYeCcKHUe MapaMeTPhl M3TOTOBJIEHU S
3KCIIepUMEHTANbHBIX 00pa3noB U Ux dulnuye-
CKHe XapaKTepPUCTHUKHU IIPeLCcTaBIeHbl B Tabi.3.
M3 Tabau1ibl BULHO, YTO pesynbrathl POA- 1 KPC-
aHaJIM30B UMEIOT HeKOTOPbIe pa3IuuHnsa. DTO MOKeT
O0O6BSICHSATBHCS TeM, UTO HUCIIONb3YeMBIH B PAMaHOB-
CKOM CIIeKTpOMeTpe jia3ep I03BOJIseT aHaIH3UPO-
BaTh [TOBEPXHOCTHBIN CJIOH IJIEHKH TOJIIHMHON He
6onee 100 HM. IIpub6IH3UTeIbPHBIE PACUETHl KO3d-
PUIIMeHTA S3KCTUHKIHUH /151 JJIUHBI BOJIHBI 532 HM
I1sI aMOPGHOT0 KpeMHH I JAI0T 3HAUYeHHe ITTyOHHbL
IIPOHUKHOBEHU S U3/IyUeHUs 85 HM. [l MeTaJlIoB
3Ta BeJIMYKMHA OKa3bIBaeTCS Ha MOPSAAOK MeHbIIIe,
TOIJa KaK B MOHOKPUCTA//IMYeCKOM KPeMHHHU OHa
COCTaBJIgeT OKOJIO 2 MKM [11]. DTH OLIeHKH I103BO-
NSIIOT OOBSICHUTH PAa3IH4YKs B JAHHBIX, IIO/ydae-
MBIX MeTogaMu PPA u KPC, yduThIBas, 4TO OHHU
OTHOCSTCSI K PA3HBIM 06'beMaM HCCIIeyeMOro MaTe-
puana. Takum obpasom, metonel PPA u KPC gormon-
HAIOT APYT ApYyTa B ollpefe/ieHUH $a30BOro COCTaBA.

INEKTPOXUMWYECKUE UCNBITAHNA
OTPULATE/IbHBIX DJIEKTPO/10B

O6pasnsl 1-9 MCOBITHIBAINCE B MaKeTax IIONY-
3JIeMEHTOB [Jis OIlpee/IeHUs YAe/JIbHBIX XapaKTe-
PHCTHK I10 BHeAPEHHUIO TUTUSA. [IpeaBapuTe/NIbHO
06pasLbl ObLIM ITPOCYIIEeHBI I10[ BAKYYMOM IIPH TeM-
nepatype 120°C B TeueHHe 4 4 [J15 yAATeHUS afCcop-
6rpoBaHHOM BOAHI. Jlanee B 6oKce c aTMochepor

change of the discharge capacity
from the tenth to the twentieth
cycle of charge-discharge.

It is interesting to note the con-
siderable difference in the cyclabil-
ity for samples 6 and 7. These
samples manufactured under
the same technological param-
eters, have different thickness.
Better cyclability have the sample
7, which has a greater thickness,
although thick films are typically
worse for cyclability. On the con-
centration triangle, which is built
on the basis of elemental analysis
(table.1), the points of these sam-
ples are virtually identical. At the
same time the sample 7 differs

HAHO MHOVCTPHA #s/67/2016

from 6 and other samples (except a
sample 5) by high content of crystal
zinc. Significant differences were
also observed in resistivity, which
for sample 7is 0.019 Ohm-cm, and
for the sample 6 is 0.58 Ohm-cm. It
is possible that a good cyclability of
sample 7 and the relative stability
of the sample 4 are caused by the
low resistivity, which ensures the
reversibility of lithiation and deli-
thiation. With some reservations
this can be attributed to the sam-
ple 5, which has sufficiently low
resistivity (0.068 Ohm cm) and the
highest content of crystalline zinc.

Overall, the comparison of the
data of elemental analysis of the

samples and their electrochemi-
cal testing does not give a defi-
nite answer to the question about
the optimal ratio of elements that
provides high capacity and good
cyclability of Si-O-Al-Zn films. It
is obvious that the electrochemi-
cal properties correlate well with
the ratio of crystalline and amor-
phous phases of Si-O-Al-Zn com-
posite film. In sample 7 this ratio
of phases was the most successful.

It should be noted that the data
of [7] are relevant to the films with
a thickness of 70 nm, whereas
the tables 1 and 2 show the results
of averaging with a thickness
of 2-3 microns. Thereafter, the
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CyXOT0 aproHa 6slIk cO6paHBl MaKeThl aKKYMYIIS-
TOPOB C JOIIOJIHUTEJIbHBIM 3/IeKTPOAOM CPaBHEHHUS.
Pabo4ynM 371eKTpoAoM CIy>kui Si-O-Al-Zn, mpoTuBo-
3JIeKTPOJOM M 3/1eKTPOAOM CPaBHEHU S —~ MeTaJIn4e-
CKUH TUTHUH. [TocaeqHUH OB HAKAaTaH CJI0€M TOJI-
IIMHOM 0oKoyio 100 MKM Ha IIOAJIOKKY M3 HUKeJIeBOM
CeTKH C IIPUBapeHHBIM K Hel TOKOBBIBOJIOM M3 HHUKe-
neBoM GONIBIH. DIeKTPOBI OB pa3siesieHBbl cella-
PaTOpOM K3 HEeTKAaHOTIO IIOJIHUIIPONHIeHa. MaKeThl
AKKYMYJISTOPOB 3a/IMBA/IH 3JIeKTPOoJIHTOM LP-71.
[Inomans paboyero 3meKTPosa COCTaBsIa 2,25 cm?,
MakeThl UCOBITBIBA/IUCh HAa ABTOMATU3UPOBAH-
HOM 3apsiTHO-Pa3PSIIHOM HU3MepPUTeIbHO-BBIYHCIIH-
TeabHOM KoMIlnekce A3PHBK - 0,05A-5B koMIIaHUHU
"HTL] Byctep'". [ly1s1 5-To 06pasiia TOK 3apsifia-paspsiga
coctaBsaa 700 MKA, Oas ocTaabHBIX — 250-310 MKA.
Pa3HOCTD IIOTEHILIMAJIOB B pe>KHUMe 3apsa-paspsn
H3MeHs1ach B AuarnasoHe 0,01-2,00 B.

3aBUCHUMOCTD Pa3psIAHON eMKOCTH OT KOIH-
YecTBa IIHMKJIOB 3apsif-pa3psl ob6paslioB IJIEHOK
Si-O-Al-Zn nmpexncTaBneHa Ha puc.7. POCT yeIbHOM
eMKOCTH 06pa3noB 1 U 2 Ha IepBBIX LIUK/IAX, O4e-
BUIHO, CBSI3aH C YaCTUYHBIM BOCCTAHOBJIEHHEM
OKCHJA KpeMHHS.

VYhenbHas eMKOCTb Ha [IePBOM LIUKJIe 3JIeKTPO-
XUMHWYeCKHUX UCIIBITAHUH 15 Bcex 00pasLioB Haxo-
ouTcsa B npepenax 0,25-0,50 MA-4/cMZ, UTO HHUKe
3Ha4YeHHUH yAeJIbBHON eMKOCTH JJISI IIJIeHOK Si-O-Al,
HMeIOIUX O/IM3KKe UM 3HaueHU s TOJMIIKMHEI 12, 13].
ITo xapaKTepy H3MeHeHMSs Pa3pSaJHON eMKOCTH
B IIpollecce KUKJIKNPOBAHUS BCe 00pa3bpl MOKHO
YCJIOBHO pa3le/lUTh Ha TpHU rpynmnel. IlepBas

rpymnmna - obpasusl 2, 3, 6 U 8, y KOTOPBIX ylle/IbHas
eMKOCTb pe3Ko IafaeT Ha MmepBhX 10-15 nuKIIax.
Bropas rpymnmna - obpasuer 1, 4, 5 1 9, y KOTOPBIX
CKOPOCTh CHM KEHHU S €MKOCTH B IIPoLecce LUKJIH-
POBaHHA HHUKe, YeM B IIepBOH rpymme. K TpeTren
I'pyIllle MOKHO OTHeCTH obpasel] 7, y KOTOPOro HeT
3aMeTHOIO M3MeHeHHUs Pa3pagHON eMKOCTH OT
JlecsiTOro 0 ABaALIaTOrO LIMKJIA 3apsa-Paspsi,.
HNHTepecHO OTMETHUTh pe3KOe pas3jIHhuuHue
B LIUKJIHPYeMOCTH 06pa3noB 6 1 7. OTH o6pasusl,
M3TOTOBJIEHHBIEe IIPH OOHHX M TeX >XKe 3Haye-
HUAX TEXHOJOTHMYEeCKHX MapaMeTpPOB, UMEIOT
pPasHyio ToNMMHY. Jlyulle UKJIHUPyeTcss obpa-
3ell 7, KOTOPBIKM HMeeT 60JIbIIyI0 TOJIIHHY,
XOTS TOJICTBIE IIJIEHKU OOBIYHO LIUKJIHUPYIOTCS
Xy>xe. Ha KOHLE@HTPAallMOHHOM TPeyroJibHHKE,
IIOCTPOEHHOM Ha OCHOBAHMH JAHHBIX 3JIEMEHT-
Horo aHanwusa (tabn.l), Touku 3TUX 06pa3LoB
paKkTHYeCKH COBHaAaloT. IIpu 3Tom obpaser 7
OT/IMYaeTcsl 0T 6 M OCTaJbHBIX 00pa3LoB (KpoMme
obpasma 5) BBICOKHMM COAep>KaHHEeM KPHCTal-
nIuYeckoro uuHkKa. CymecTBeHHbIe PA3TIHYHUA
Hab10al0TCsl U B y/Ie/IbHOM CONPOTHUBJIEHUH,
KoTopoe y obpasma 7 coctaBusieT 0,019 Om-cMm,
ay obpasua 6 - 0,58 Om:cM. BO3MOXKHO, YTO XOPO-
masi HUKJIMPYyeMOCTh 06pasna 7 ¥ OTHOCHUTeIbHAs
CTabuabHOCTH 06pasia 4 06BICHSAIOTCS KMEHHO
HHU3KHUM yIelbHBIM COIIPOTHBIeHHEM, obecre-
YMBAKOMIUM 00PAaTUMOCTD IPOILECCOB THUTHPO-
BaHUSA/AenUTHPOBaHHA. C HEKOTOPHIMH OrO-
BOPKaMHU CIOfIa ke MOXKHO OTHeCTH U obpasel 5,
y KOTOPOT'O JOCTAaTOYHO HH3KO0e yJelbHOe COIIPO-

concentration ratio shown in Fig.3
and 4, in a layer with thickness of
70 nm can significantly deviate
from average values. Thus, when
comparing the results of the pres-
ent project with data of [7], it is
necessary to keep in mind that it
is legitimate only under the condi-
tion of high homogeneity of film
thickness.

CONCLUSION

The composite Si-O-Al-Zn films are
obtained by magnetron sputtering
ata constant current and the studies
of their elemental and phase com-
position are executed. It is shown
that the combination of scanning

electron microscopy, x-ray diffrac-
tometry and Raman spectrometry
allows better study the morphology
and estimate the phase composition
of composite films.

The electrochemical tests
showed significant differences
in the discharge capacity and
cyclability of films obtained at dif-
ferent modes of sputtering, which
is caused by, in the first place,
their elemental and phase compo-
sition. At the thickness of 3.5 pm
and a specific ratio of amorphous
and fine-crystalline phases of Si
and Zn in the Si-O-Al-Zn compos-
ite film it is possible to achieve the
specific capacity of the thin film

negative electrode of 0.75 mA'h/
cm? with good cyclability charge-
discharge. This result is compara-
ble with capacity of Si-O-Al multi-
layer films, whose manufacturing
technology is much simpler. Thus,
significant advantages in capacity
and stability of Si-O-Al-Zn films
compared to the Si-O-Al [12] at a
thickness of more than 2-4 pm are
not revealed. u
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HAHOMATEPUADI

TusieHue (0,068 OM'CM) U caMoe BBICOKOE comep-
SKaHHe KPUCTAJI/IMYeCKOro IIMHKa.

B 1mes1oM, COIloCTaB/IeHMe JAaHHBIX 3JIeMEHTHOIO
aHaau3a 06pa3loB U Pe3y/JbTAaTOB HX 3JIeKTPOXH-
MHYeCKHUX HCIBITAHHUHN He JaeT OLHO3HA4YHOIO
OTBeTa Ha BOIPoC 06 ONITHMaIbHOM COOTHOLIEHUH
3JleMeHTOB, obecreurBaONeM BbICOKYI0 eMKOCTh
U XOPOIIYI0 [IUKJIHUPYeMOCTb IIJIeHOK Si-O-Al-Zn.
O4YeBHHO, YTO 3JIEKTPOXMMHYECKHE XapaKTepH-
CTHKH XOPOIIO KOPPeIHUPYIOT C COOTHOIIEHHEM
KPHUCTAJINYECKOHN U aMOpPHOU pa3 KOMIIO3UTHOU
mieHKH Si-O-Al-Zn. Haubosee ygauHbBIM 3TO COOT-
HomleHMe $a3 oKa3anocky obpasma 7.

CrnenyeT OTMeTHTb, UTO JaHHBIe paboTsl [7] oTHO-
CSITCS K IVIEHKAaM TOJIMHOM 70 HM, TOrAa KaK JaH-
Hble Tabs.1 ¥ 2 OTPaskaIOT pe3ybTaThl YCpPeLHEeHHUS
IpH ToNIKHe 2-3 MKM. COOTBeTCTBEHHO, KOHIIeH-
TpallMOHHBIE COOTHOLIEHMS, MHpencTaBJIeHHbIe
Ha pHuc.3 1 4, B cJloe TOMIHHON 70 HM MOTYT CyIlle-
CTBEHHO OTKJIOHSIThCS OT CpeJHHX 3HadeHHUH. TaKUM
0bpa3oM, IIpH COIIOCTABIEHUH Pe3y/I1bTaTOB HACTOS-
mert paboThl ¢ JAHHBIMU IIaTeHTa [7], HeobxoguMo
HMMeTb B BU/lY, YTO OHO IIPAaBOMEPHO JIMLIb IIPH YCJI0-
BHH BBICOKOH OJHOPOAHOCTH I1JIeHOK I10 TOJIIIHHE.

3AKJIIOYEHUE
MeTogoM MAarHeTPOHHOTO pacCHOBIJIEHHS Ha
IIOCTOSHHOM TOKEe IIOJIYy4eHBl KOMIIO3HUTHEIE
miaeHKH Si-O-Al-Zn u BBIIIOIHEHBI KCC/IeLOBAHUSI
HX 3JIeMeHTHOro u $a30Boro cocrtaa. [Iokas3aHo,
4YTO KOMOMHAILIMSI METOJIOB 3/1IeKTPOHHOM CKaHHU-
pyMolles MUKPOCKOIIMH, PeHTTeHOBCKOM AHUPPaK-
TOMeTPHH U PaMaHOBCKOM CIIEKTPOMETPHH I103BO-
nseT Hauboee MOJIHO U3YYUTh MOPOJIOTHIO U OLle-
HUTH Ga30BBIH COCTAB KOMIIO3HUTHBIX ITJIEHOK.
Pe3y/nbTaThl 31eKTPOXUMHUYECKUX UCIBITAHUU
BBISIBU/IM CYILlleCTBEHHBbIe Pa3/IMYUs B pa3psiiHOU
e€MKOCTH U LIMKJIHPYEeMOCTH IIJIEHOK, IOJIyYeH-
HBIX IIPH Pa3IHYHBIX PeKMMaX HAIBIJIEHUS, UYTO
06yc/IOBII€HO, B IIEPBYIO O4Yepeb, UX 3TeMEeHTHBIM
U pa3oBEIM cocTaBOM. IIpu TonmuHax 3,5 MKM H
oIpesie/leHHOM COOTHONIEHUU aMOPPHOM U MeJl-
KOKPHUCTAJIMUEeCKOHN ¢a3 Si U Zn B KOMIIO3UTHOH
nieHke Si-O-Al-Zn yAaeTcs OJOCTUYb yAeJbHOH
@MKOCTH TOHKOIIJIEHOYHOI'0 OTPHULIATeIBHOTO 3JIeK-
Tpoaa 0,75 MA-4/cM? IIPH XOPOILIeH [IUKIHUPYeMOCTH
3apsa-pas’psan. ITOT pe3y/IbTaT COIIOCTABUM CO 3Ha-
YeHHUSIMU e MKOCTH MHOTOCJIOMHBIX IIJIEHOK COCTaBa
Si-O-Al, TeXHOIOT S U3rOTOBJIEHUSI KOTOPBIX 3HA-
YHTeNIbHO Ipoile. TakKUM 06pa3oM, CyIIecTBeHHBIX
IIPEUMYIIECTB B eMKOCTH U CTAOHJIBHOCTH Y IIJIEHOK
coctaBa Si-O-Al-Zn o cpaBHeHUIO ¢ Si-O-Al [12] mpu
TonirHe 601ee 2-4 MKM He BHISIBJIEHO.
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