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Abstract. The sheet resistance stability and optical transparence of three-layer structures ITO/Ag/ITO,
GZO/Al/CZO, as well as thin-film periodic structure IZO with thickness-modulated oxygen content was studied
during 1000-hour tests under conditions of 85% humidity and 85 °C temperature. The analysis of the degradation
mechanisms of the structures depending on composition and properties of individual layers was performed.
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BBEAEHUE

[Ipo3pauHble NPOBOASIIKMeE C/I0OM Ha OCHOBE HIKPO-
KO30HHBIX OKCHUHBIX MaTepHajIoB, XapaKTepHu3y-
I0IIHecsl BBICOKOM 3/IeKTPOIIPOBOLHOCTBIO U BBICO-
KHM OIITHUYeCKHUM IIPOIlyCKaHHeM B BUJHUMOM JHa-
Ma3oHe CIIeKTpa MOAYUYH/IH MIHPOKOe PaCIpocTpa-
HeHHe NPU GOPMUPOBAHUU IPO3PaYHEIX 3/eK-
TPOJOB B Pa3/JIMUYHBIX ONTO3/JeKTPOHHBIX IIPUJIO-
>KeHU X [1-3]. OmHaKo HOBbIe DoJlee KeCTKHe Tpe-
6oBaHUS, NpeAbsBIsgeMble K QyHKIIMOHAIbHBIM
XapaKTepUCTHKaM CJI0eB, CTOMMOCTH U 9KOJIOTHY-
HOCTH MaTepHaJIOB U TeXHOJIOTUH, UCII0/Ib3yeMBIX
B UHTEHCHBHO Pa3BHUBAIONIENCS UHIYCTPUU Tub-
KOU MPO3PavyHOH 3JIeKTPOHHUKH, aKTUBU3UPOBAIH
HCC/Ie/JOBaHU S, HallpaBJIeHHbIe Ha ITIOMCK HOBBIX
MepCHeKTHBHBIX MaTepHaloB U TeXHOJOTHUe-
CKHX pellleHHHU I10 Pa3IHYHBIM HaIlpaBlIeHUsM [4,
5]. B mpouecce pa3paboTKU MPO3PaYHBIX 3JIeKTPO-
JOB IJ1sI THOKHUX YCTPOHCTB OBII MPOLeH 601bII0N
IIYyTh OT MCII0Jb30BAHUS OGHOPOJHBIX OKCHUIHBIX
cnoeB [6] 10 TPeXCIOMHBIX CTPYKTYP THIIA "OKCHUA/
MeTayi/okcun” [7] v, HaKkoHeI], K IIOUCKY HOBBIX
ApPXHUTeKTYp Ha OCHOBE CBepXpeleTOK U CTPYKTYP
C MOJYyJIMPOBAaHHBIM JIeTHPOBaHHeEM [8].

TpexcnonHble cTpYKTYypbl ITO/AE/ITO, ocaskaeH-
Hble Ha IIOJIUMePHBIX HOCHUTeNsdx 6e3 NpUHYAU-
TeJIbHOTO HarpeBa, MOJYYHU/IH HIMPOKOEe PacIpo-
cTpaHeHHe 61arogapsi BBICOKOM IIPOBOLHMOCTH
IIPH OTHOCHUTEJIFHO MaJjIou TONIHHe, Ol pefesiio-
IeX MUHHMMAaJbHBIN pafuyc u3ruba, 4To Becbma
KPUTHUYHO AJISI yCTPOMCTB TUOKOM 3/eKTPOHHUKH
[9, 10]. B TO >ke BpeM$ MMepCIeKTUBHOCTb UCII0Ib30-
BaHUS B Ka4eCTBe IIPO3PAaYHEIX 3JIEKTPOJOB MHO-
TOCTOMHBIX IIEPUOLUIECKUX CTPYKTYP U CTPYK-
TYyP C MOAY/JIHPOBAHHBIM JIeTHPOBAHHUEM BHUAUTCS
B BO3MOXXHOCTH CHH>KeHH S pPacCesiHHS Ha MOHaX
npumecH [11].

KoMMepLipanu3anus HOBBIX Pa3paboTok B 0b1a-
CTH QYHKIIMOHAJIBHBIX C/I0€B IIPO3PAauHOM 3/IeK-
TPOHUKHU TpebyeT MpoBefeHUS BCECTOPOHHEIO
TeCTHUPOBAHUS CTAOMIPHOCTH UX XapPaKTePUCTHUK
10 YCTAHOBJIEHHBIM CTaHAapTaM. OAHUM K3 BaX-
HeMIINX TeCTOB B MHAYCTPUH PYHKIHOHATBHBIX
C/I0eB IIPO3PavYHOM 3JIeKTPOHUKHU SIBISIeTCS TaK
Ha3blBaeMBbIH TecT "BiaskHoe Temno" (damp heat
test), mpexmonarammuil 1000-4acoBble UCIIBITA-
HHUS OpU TeMnepaType 85 °C MU OTHOCHUTeJbHOU

INTRODUCTION

Transparent conducting layers based on wide-gap
oxide materials characterised by high electrical con-
ductivity and high optical transmittance in the visible
range of the spectrum have been widely used in pro-
duction of transparent electrodes in various optoelec-
tronic applications [1-3]. However, the novel and more
stringent requirements for layer functional perfor-
mance, cost and environmental friendliness of mate-
rials and technologies used in the intensively devel-
oping flexible transparent electronics industry have
intensified research aimed at finding new promising
materials and technological solutions in various fields
(4, 5]. The transparent electrodes design for flexible
devices has travelled a long way from the use of homo-
geneous oxide layers [6] to three-layer oxide/metal/
oxide type structures [7] and finally to the search for
new architectures based on superlattices and modu-
lated doped structures [8].

Three-layer ITO/Ag/ITO structures deposited on
polymer carriers without forced heating have become
widespread due to their high conductivity and rela-
tively small thickness determining the minimum
bending radius, which is very critical for flexible elec-
tronics devices [9, 10]. At the same time, the prospect
of using multilayer periodic structures and structures
with modulated doping as transparent electrodes is
in possibility of reducing the scattering on impurity
ions [11].

The commercialisation of new developments in
the field of transparent electronics functional layers
requires extensive testing of their performance sta-
bility against established standards. One of the most
important tests in the transparent electronics func-
tional layer industry is the so-called damp heat test,
which involves 1000 hours of testing at temperature of
85 °C and a relative humidity of 85%. Such tests make
it possible to establish the factors affecting layer char-
acteristics stability, mechanisms of their degrada-
tion, and, based on the obtained data, to develop rec-
ommendations for their protection.

In the present work, comparative studies of surface
resistance stability and optical transmittance of three-
layer ITO/Ag/ITO, GZO/A1/GZO, and thin-film periodic
IZ0 (In,0; + ZnO (10 weight %)) structures with thick-
ness-modulated oxygen content have been carried
out during 1000-hour tests at 85 °C and 85% relative
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BIAXHOCTH 85%. Takue MCHOBITAHUS I103BO-
AT YCTAHOBUTH PAaKTOPHI, BIUAIOIHME Ha CTa~
OUIBPHOCTD XapaKTEePHUCTUK CI0€B, MeXaHHU3MBI
MX Jerpajaluu, a TakXe, Ha OCHOBE IIOJYYeH-
HBIX JTAHHBIX, BBIPAab0TaTh peKOMeHAAI U 10 UX
3aIIMTe.

B HacTosmen paboTe mpoBemeHbl CPABHUTEIb"
HBle HCCIeJ0BAHUS CTabUIBHOCTH IIOBEPXHOCT-
HOT'O COIIPOTHUBJIEHUS M OINITUYECKOTO IIPOIIyCKa-
HUS TPeXCIOMHBIX CTPYKTYp ITO/Ag/ITO, GZO/Al/
GZO, a Takke TOHKOIJIEHOUHOMN IepUOSHUYECKOU
cTpYKTypHl IZO (In,05 + ZnO (10 Bec. %)) c Momy-
JTUPOBAHHBIM IIO TOJNIIHHE COOAep>XKaHHUEeM KHC-
nmoponga npu 1000-4acoBBIX KMCIIBITAHHAX IPHU
TeMnepatype 85 °C U OTHOCUTEJbHOM BJIAa>XXHO-
ctu 85%. IlpoBeleH aHAa/IKM3 MeXaHH3MOB Jerpa-
Jauuu CTPYKTYp B 3aBUCHMOCTH OT COCTaBa
Y CBOMCTB e[TUHHUYHBIX CJIOEB.

METO/bl UCCNEAOBAHUA

Bce TecTUpyeMble TOHKOIIJIEHOYHBIE CTPYKTYPhI
OBIZIM OCa>KAEeHbl Ha CTEeKJSHHBIX U KPeMHHEeBbIX
IIOZJIOKKaX METOJOM BBICOKOYACTOTHOIO MarHe-
TPOHHOIO PacIbl/IeHHUs MHIIeHeH COOTBeTCTBYIO-
[ero cocTaBa Ha yCTaHOBKe 6apabaHHOro THIa,
OCHAaIleHHOM ABYyMS AHaMeTpPaJbHO PacIojo-
SKEHHBIMHU PaCIbIIMTEJIbHBIMH MarHeTpOHAMH.
TpexcnoriHble CTPYKTYpHl ITO/Ag/ITO u GZO/Al/
GZO OBLIM IMOJNY4YeHBl IIYTeM IIOCJIe0BaTelNlb-
HOTO HHU3KoTeMIepaTypHoro (T< 50 °C) ocakze-
HUS cyloeB B aTMochepe yucToro (99.999%) aprosa.
ToHKOI/JIEHOYHBIEe IIepUOLgHUYEeCKHUEe CTPYKTYPhI
BBICOKOH IPOBOJAHMMOCTH C MOAYJIHPOBAHHEIM
comepsKaHHeM Kucaopona IZO 6plauM MMONydYeHB
10 MeTOAMKe, IpUBeleHHOU B [12].

biiok-cxema cTeHa a4 nmposefeHus 1000-4aco-
BOTO TecTa 'BIAa’XKHOe TeIIo' NPHU TeMIlepa-
Type 85 °C U OTHOCHUTEIbHOM BJIAXXHOCTH 85% MpHU-
BeJeHa B [13].

Hns u3MepeHHs IMOBEPXHOCTHOTO COIPOTHB-
JTeHHUS MNPOBOASIIUX CTPYKTYP OB MCIIOIB30-
BaH UYC-3 (Poccus). JaHHEBIE HPOCBe‘-II/IBaIOIHefl
3JIeKTPOHHOM MUKpockonuu (II9M) mo TonIiuHe,
MUKPOCTPYKTYpe M COCTABY CHHTE3HMPOBAHHBIX
CTPYKTYP OBIIM MONTy4YeHBbl C IOMOIIbIO 3/IeKTPOH-
Horo Mukpockomna TEM Tecnai Osiris FEI (CIIA).
JlaHHBIE I10 OIITHYeCKOMY ITPOIyCKAaHUIO 06pa3IioB
OBIIM MOJNYYeHBI C IIOMOIBIO0 CIIEKTPodpoTOMETpa
UV-3600 Shimadzu (Simoru ).

PE3Y/IbTATDI

Ha puc.l npuBeseHa pororpadus BHEIIHEro BUIa
TeCTUPYEeMBIX CTPYKTYp IO M IIOCJe TeCTHpOBa-
HHA. BUOHO, YTO IMepuoguYecKas CTpykrypa IZ0
He NeMOHCTPHUpYeT BUJAUMBIX H3MeHeHHUH, B TO
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humidity. The degradation mechanisms of the struc-
tures depending on composition and properties of sin-
gle layers have been analysed.

RESEARCH METHODS

All tested thin-film structures were deposited on glass
and silicon substrates by high-frequency magnetron
sputtering of targets of appropriate composition on a
drum-type machine equipped with two diametrically
arranged sputtering magnetrons. Three-layer ITO/
Ag/ITO and GZO/Al/GZO structures were obtained by
sequential low-temperature (T<50 °C) deposition of the
layers in pure (99.999%) argon atmosphere. Thin-film
periodic structures of high conductivity with modu-
lated oxygen content of IZO were prepared by the tech-
nique given in [12].

The block diagram of the test bench for 1000-hour
wet heat test at 85 °C and 85% relative humidity is
given in [13].

SII-3 (Standards Information Index, Russia) was
used to measure surface resistivity of the conductive
structures. Transmission electron microscopy (TEM)
data on the thickness, microstructure and compo-
sition of the synthesised structures were obtained
using a TEM Tecnai Osiris FEI electron microscope
(USA). Optical transmittance data of the samples were
obtained using a UV-3600 Shimadzu spectrophotom-
eter (Japan).

RESULTS

Fig.1 shows a photograph of the tested structures
appearance before and after testing. It can be seen that
the periodic I1ZO structure shows no visible changes,
while the other structures clearly show signs of degra-
dation, mainly at the edges of the samples.

Table 1 shows data on surface resistivity changes
and optical transmittance of the studied thin-film
structures during 1000-hour testing. The minimum
increase in surface resistivity (4.26%) is observed in
the periodic I1ZO structure with modulated oxygen
content along the thickness, while the optical trans-
mittance in it remains practically unchanged. At the
same time, the resistivity increase in the ITO/Ag/ITO
and GZO/Al/GZO three-layer structures is significantly
higher at 33 and 22%, respectively.

Fig.2 shows comparative TEM-micrographs of the
initial structures and maps of oxygen distribution in
them before testing. It can be seen that the oxide lay-
ers in the three-layer structures have a similar block
morphology, while the metal layers have significant
differences. The Ag layer (Fig.2, a) shows clearer inter-
face boundaries with oxide layers and more complete
nucleation coalescence with the formation of a contin-
uous layer with respect to the Al layer (Fig.2, b). At the
same time, the metallic aluminium layer (Fig.2, bl),
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Tabauua 1. Vi3meHeHue nosepxXHOCMHO20 ConpomueAeHus R U cpedHe20 onmuu4ecko20 nponyckaus 8 udumom duanasoHe T mpexcaoli-
HbIx cmpykmyp ITO/Ag/ITO, GZO/AI/GZO u nepuodudeckoli cmpykmypbl IZO ¢ MoOyAUPOBAHHbIM COOEPXKaHUem KUCAOPoOad NO MOAULUHE
8 npouecce 1000-4aco8020 mecmuposaHusl. B ckobkax npugedeHbl daHHble No OMHOCUMeAbHOMY U3MEHEHU0 N0BEPXHOCMHO20 CONpo-

mueneHust (AR¢/Rso) x 100%

Table1. Variation of surface resistivity Rs and average optical transmittance in the visible range T of three-layer ITO/Ag/ITO, GZO/Al/GZO
and periodic 1ZO structures with modulated oxygen content in thickness during 1000-hour testing. The data on the relative change in surface

resistivity (ARs/Rs,) x100% are given in brackets

CTpyKTYpa ITO/Ag/ITO GZO/Al/GzO
Structure
Rs, Rs, % Rs,
Owm/kBapgpar Owm/KBapgpar Om/kBappar
Ohm/square Ohm/square Ohm/square
UcxopHble 3HaYeHUs 4.41 8,21
Initial values
ANUTENbHOCTb 4,38 (-0,68%) 81,54 93 (2,20%) 51,96 8,22 (0,12%) 83,10
TecTUpoBaHus t, 4
Test durationt, h 4,55 (3,17%) 74,22 98 (7,69%) 53,01 8,22 (0,12%) 84,13
5,07 (14,97%) 73,10 101(10,99%) 54,13 8,41 (2,44%) 83,23
5,34 (21,09%) 73,14 102 (12,09%) 55,25 8,42 (2,56%) 83,51
5,79 (31,29%) 73,30 104 (14,29%) 55,79 8,42 (2,56%) 83,22
5,78 (31,07%) 72,34 105 (15,38%) 55,62 8,46 (3,05%) 83,06
5,75 (30,39%) 71,63 106 (16,48%) 55,74 8,50 (3,53%) 82,81
5,77 (30,84%) 69,36 107 (17,58%) 55,71 8,48 (3,29%) 82,25
5,84 (32,43%) 69,19 109 (19,78%) 55,90 8,53 (3,89%) 82,40
5,87 (33,11%) 68,97 M (21,98%) 56,60 8,56 (4,26%) 84,22

BpeMs KaK Ha OCTa/IbHBIX CTPYKTypax SIBHO BUHBI
Clenbl Aerpajaluu, IpeuMyIeCTBEeHHO 10 KpasM
06pasmos.

B Tabn.l mpuBeseHHl JaHHBIE 10 U3MeHEHHUIO
[IOBEPXHOCTHOTO COIIPOTHUBIEHUS U OIITHYECKOTO
IPOMYCKAaHMSA HUCCAeAYeMbIX TOHKOIIJIEHOYHBIX
CTPYKTYp B Ipoltecce 1000-4acoBOro TeCTHpOBa-
HHA. MUHMMaJbHOE YBeJIHYeHHe [IOBePXHOCTHOTO
conpoTuBaeHUS (4.26%) HabntofaeTcsl B IePUOAU-
4ecKoM CTPYKType IZO ¢ MOLYIHUPOBAaHHBIM COLEep-
JKaHHMeM KHMCI0OpOoZa I10 TOJNIHUHE, IIPH 3TOM OITH-
YecKoe IIPOIyCKaHHe B HeH 0CTaeTCs IPaKTHYeCKH
HeH3MeHHBIM. B TO >ke BpeMs POCT COIIPOTHBIIEHU S
B TPeXCIOMHBIX CTPyKTypax ITO/Ag/ITO u GZO/Al/
GZO cymecTBeHHO BbIIIe U COCTaBgeT 33 U 22%
COOTBETCTBEHHO.

Ha puc.2 npuBeAeHbl CpaBHHUTeNbHbIE [IDM-
MHKPOOOTOTpaPUM MCXOOHBIX CTPYKTYP U KapPThI

unlike the silver layer (Fig.2, al) contains a significant
amount of oxygen not only in the interface region, but
also in the layer volume.

The cross section of the initial IZO sample with
thickness-modulated oxygen content has a dense
homogeneous structure (Fig.2, c). The integral distri-
bution of oxygen in this structure is also quite homo-
geneous (Fig.2, c1). The amplitude of oxygen modula-
tion in the original structure was about 0.4% and its
pitch was about 6 nm. Both of these parameters are
beyond the threshold resolution of the energy dis-
persive microanalysis method used, so we can only
observe integral distribution in the corresponding
map (Fig.2, cl).

DISCUSSION
Joint analysis of the obtained results suggests the fol-
lowing mechanisms of structure degradation.
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MogaynmpoBaHHas TpexcnomnHas TpexcnomnHas
CTPYKTYpa CTPYKTYpa CTpYKTYypa
(ncxopgHas) ITO/Ag/ITO GZO/Ag/GZO

Modulated structure (ncxogHas) (ncxomoHas)
(initial) Three-layer Three-layer
ITO/AG/ITO GZO/Ag/GZO
structure (initial) structure (initial)
==

MogaynnpoBaHHas TpexcnonHas TpexcnonHas
CTpYKTYpa CTpYKTYpa CTpYKTYpa
(1000 vyacos) ITO/Ag/ITO GZO/Ag/GZO
Modularised (1000 Yyacos) (1000 4acos)
structure Three-layer Three-layer
(1000 hours) ITO/AQ/ITO GZO/Ag/GZO

structure structure
(1000 hours) (1000 hours)

Puc.1. BHewHul 8ud mecmupyembix cmpykmyp 00 (8epxHull
ps0) u nocae 1000-4aco8020 MeCMUPOBAHUS HA "8AdXKHOE
menao” (HuxHuli psd)

Fig.1. Photos of tested structures before (top line) and after 1000
hours of damp-heat testing (bottom

pacmpeleneHHs KHCJIOpPOoAa B HHUX A0 Haudala
TeCTUPOBAaHHUSA. BUOHO, UTO OKCHIOHBIE CJIOU
B TPeXCIIOMHBIX CTPYKTypaxX HMeIOT CXOHYI0 6/109-
HY0 MOpPQOJOTHI0, IPU 3TOM MeTaJl/IM4YeCKHe
C7I0HU MMeIOT CylleCTBeHHBble pa3niuuus. Cioi Ag
(puc.2a) meMoHCTpUPYeT 6osiee UeTKHe IPAHHUIIBI
WHTepPerCcoB C OKCUAHBIMHU CI0SIMHU U boJiee 110I-
HYI0 KOaJeClLeHILIHIO 3apoJbllier ¢ opMUPOBa-
HHeM CIIJIOIIHOTO CJIOS I10 OTHOIIEeHHIO K cj10io Al
(puc.2b). IIpu 3TOM C/I0M MeTaIJIM4eCKOro ajako-
MuHHus (puc.2bl), B oTnuuue oT ciuos cepebpa
(puc.2al), comepKUT 3HAYHUTEIbHOE KOTHYIECTBO
KHC/IOpPOZia He TOJIBKO B 0071acTH NHTepdercoB, HO
U B obbeme ciio4.

[TomepedyHBIH cpe3 ucxogHoOro obpasma IZO
C MOAYJIMPOBAHHBIM I10 TOJIIHMHEe CONepKaHUeM
KHCI0POAa UMeeT IIJIOTHYIO OLHOPOAHYIO CTPYK-
Typy (puc.2c). I[Ipu 3TOM HHTerpajbHOe pacIipe-
JleJleHHe KHCI0POLa B CTPYKType TaKyKe [LOCTa-
TOYHO OLHOPOSHO (pHc.ch). AMIIIUTYyAa MOAYIS-
LMK KHUCI0POJa B UCXOLHOMU CTPYKType COCTaB-
ns1a okono 0.4%, a ee mar - okosio 6 HM. Oba 3TUX
IapaMeTpa HaXOAATCS 3a IIOPOrOM pa3pelleHHUs
KCII0JIb30BAHHOTO MeTO/a 3HEProfuCIIepCUOHHOTO

HAHO MHAVCTPUA Tom 17 Ne6 2024

al bl cl

Puc.2. M3M-mukpopomozpaguu nonepedHbix cpe3os (a, b, c)
U Kapmel pacnpedeneHus Kucaopoda (al, b1, c1) 9ag mHo20-
cAoliHbix cmpykmyp ITO/Ag/ITO (a u al), GZO/AI/GZO (b u bl)
u nepuoduyeckoli cmpykmypsl 1IZO (c u c1) coomsemcmaeHHO
Fig.2. TEM micrographs of cross sections (a, b, c) and oxygen
distribution maps (al, b1, c1) for multilayer structures ITO/Ag/
ITO (a u al), GZO/AI/GZO (b u bl) and periodic structure 1IZO (c
u c1) correspondently

In three-layer ITO/Ag/ITO structures, diffusion of oxy-
gen and water vapour occurs mainly along the metal-
oxide interfaces, with partial delamination of the struc-
ture, which reduces its optical transmission and acceler-
ates its further degradation and destruction. Darkening
of the edge regions of the structure can also be associated
with the intake of sulphur compound vapours from the
atmosphere into the interlayer region with subsequent
formation of silver sulphide film in the interfaces area.

In GZO/Al/GZO structures, the initial aluminium
layer is already partially oxidized at grain boundaries
and in the area of interlayer interfaces, so resistance of
the initial GZO/Al/GZO structure is significantly higher
than that of the ITO/Ag/ITO structure. We believe that
due to high chemical activity of aluminium, its oxida-
tion during three-layer structure formation occurs in
several processes: oxidation in the gas phase by resid-
ual oxygen in the chamber, oxidation from the surface
by oxygen of the sputtered GZO target during deposition
of the upper oxide layer, and oxidation at the interfaces
due to interaction with adjacent oxide layers. The oxide
layer on the boundaries of aluminium grains reduces
their electrical percolation, preventing excitation of
planar surface plasmons at the metal-oxide boundaries



NANOTECHNOLOGIES

MHUKpOAHAIM3a, I03TOMY Ha COOTBETCTBYIOIIEH
KapTe (puc.2cl) MBI MOXKeM HabIIOIATH TOIBKO
WHTerpajabHOe paclpesie/ieHHe.

OBCY)XXAEHUE

CoBMeCTHBIN aHA/IM3 IIOJYy4YeHHBIX pe3yabTaToOB
[103BOJISIeT IPefI0I0KUTD CIeA Yol e MeXaHU3MBbl
Jerpafaluu CTPYKTYP.

B TpexcionHBIX CTPYKTypax ITO/Ag/ITO nuddy-
311 KMCJI0POJla M IIapOB BOJABL IPOMCXOMUT IIPeHr-
MYIeCTBEHHO I10 HHTepdercaM MeTal-0KCH], IPH
3TOM IPOUCXOLHUT YaCTU4YHOE pPacC/loeHHe CTPYK-
TYPBl, CHH KaloIllee ee ONTHUYeCKOe IIPOIyCKaHHe
U yCKOpsiIolllee ee NaJIbHEeHINYIO ferpafalluio H pas-
pyueHue. [lIoTeMHeHHe KpaeBbIX 06acTel CTPyK-
Typbl MOXKeT TaKke ObITh CBSI3aHO U C IIOCTYIIJIe-
HHUeM 13 aTMocdephl B Me3KCJI0OeBYI0 06/1acTh IapoB
CepHUCTEIX COeJUHEHUHU C IocaeAyomumM GopMHU-
poBaHHeM B 06/1aCTU UHTePDEHCOB IJIEHKH CY/Ib-
dupma cepebpa.

B cTpykTypax GZO/Al/GZO MCXOMHBIH CJIOH ajio-
MHHHS yXe YaCTHYHO OKHCJIeH IO FPaHHIAM
3epeH U B 06J1aCTH MeXXC/I0eBBIX UHTepdercoB,
II03TOMY CONPOTHBJIEHHE HUCXOAHOH CTPYKTYPHI
GZO/Al/GZO cyuiecTBeHHO BBIIIE COIPOTHUBIEHUS
cTpyKTypel ITO/Ag/ITO. MBI Iloj1araem, 4TO B BUZY
BBICOKOHM XMMHYeCKOM aKTHUBHOCTH aJIOMUHUS €ro
OKMCJIeHHe B IIpolecce pOPMHPOBAHH S TPEXCIOH-
HOMU CTPYKTYPHl IPOUCXOJUT B HECKOABKUX IIPO-
Ileccax: OKMCJeHHe B Ta30BOM dpa3e 0CTATOUHBIM
KHCJIOPOJIOM B KaMepe, OKHCJ/IeHHe C IIOBepPXHO-
CTH KHCJIOPOJIOM pacIblasieMol MUIIeHH GZO npu
OCa’X[eHHUH BEePXHero OKCHAHOTO CJIOS U OKHCJIe-
HHe Ha HHTepdercax BCaeCTBHEe B3aUMOJeHCTBU S
C IpUJIETaIIUMHU OKCUAHBIMHU CJIOIMHU. Hann4ue
OKCHJHOTO CJI051 Ha TPaHHUIlAX 3epeH aJIOMUHHS

and, consequently, reducing optical transmittance of
the structure [14]. At the same time, the dense oxide
layer on the boundaries of aluminium grains during
the tests prevents further diffusion of oxygen and water
vapour, slowing down the structure degradation.

The 1ZO thin-film periodic structure with thickness-
modulated oxygen content showed better stability of sur-
face resistance and optical transmittance. The oxygen
modulation effect in this structure is about 13% [12]. The
relative resistance growth after 1000-hour testing was
about 4%, which indicates high stability of the modulated
oxygen state. We believe that high density and homoge-
neity of the periodic structure of IZO prevent rapid diffu-
sion of atmospheric oxygen and water vapour through the
pores and grain boundaries, and the main mechanism
of oxygen diffusion in the structure under the test condi-
tions remains a much slower vacancy mechanism.

CONCLUSIONS

The studies have shown that the degradation mecha-
nism of the multilayer structure depends on a number
of factors: microstructure, density and chemical resis-
tance of single layers, mutual adhesion of adjacent lay-
ers and differences in their temperature coefficients of
expansion, and the interlayer interfaces.
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HAHOTEXHO/OrUU

CHHKAeT UX 3JIeKTPUUYECKYIO IMePKOISALIHIO, IIpe-
OSTCTBYS BO3OyXKAeHHIO Ha IPaHULIAX MeTaJll-
OKCHJ, IIJIOCKUX IIOBEPXHOCTHBIX IIJIAa3MOHOB M, KaK
CIeACTBHE, YMeHbIIaeT ONTUYeCKOoe IIPOIIyCKaHUe
CTPYKTYPHI [14]. B To 5ke BpeM sl IIJIOTHBIH OKCHAHBIN
CJI0M Ha TPaHHIlAX 3epeH a/IIOMHHHUS B IIpoLecce
TeCTOBBIX UCIIBITAHUH IIPEATCTBYeT Na/ibHeH e
IUPOy3sHuM KUCIOpoAa U IapOB BOILI, 3aMefids
IIpoLecc Aerpajganuu CTPyKTYPhL.

ToHKOI/IEHOYHAS [IepHogHYecKas CTPyKTypa 1Z0
C MOJY/IMPOBAHHBIM I10 TOJILIHHE COAEeP>KaHHUEeM KHUC-
JI0pofia IoKa3asa JIy4llyio CTabKIbHOCTb IOBEPXHOCT-
HOI'0 COIIPOTHUBJIEHHM S U OIITUYECKOrO IIPOIIYCKAHU .
9¢PeKT MOAYISALHUK KHUCI0POAa B JAHHOU CTPyK-
Type cocTaB/sieT okoJio 13% [12]. OTHOCHUTeNbHBIN
pocT compoTuBIeHUs mocyse 1000-4acoBOro TeCTH-
POBaHMSA COCTABMUJI OKOJIO 4%, YTO CBUJETE/ILCTBYET
0 BBICOKO CTabM/IBHOCTH MOAYIHPOBAHHOIO COCTOSI-
HM S KMCI0poJa. MBI I1oj1araeM, YTO BbICOKas IJIOT-
HOCTb U OJHOPOJHOCTb IIePUOAHUYECKOK CTPYKTYPHI
IZO mpensTcTByOT 6BICTpPON AUDY3UH aTMOCHep-
HOI'0 KMCJIOPOJA Y I1aPOB BOABI I10 II0PaM U TPaHUIIAM
3epeH, a OCHOBHBIM MeXaHHU3MOM JUOPY3HUH KHCII0-
Poma B CTPYKType B YCIOBHAX SJAHHOIO TeCTa 0CTa~
eTcs 3HaUMTe/IbHO 60/1ee Me/l/IeHHbIM BAKaHCHOHHBIH
MeXaHH3M.

BbIBO/Lbl

[IpoBefeHHBbIe HUCCIeOBAHU S IIOKA3a/IH, YTO MeXa-
HHU3M Jerpajaluid MHOTOCIONHON CTPYKTYPBHI
3aBHUCHUT OT psifia $aKTOPOB: MUKPOCTPYKTYPHI,
IJIOTHOCTH M XMMHUYECKOM CTOMKOCTH eJUHHUY-
HBIX CJI0€B, B3aHUMHOH aJre3uu IpHIerarmollux
C/I0eB U PasJHMYMUs UX TeMIlepaTypHBIX Ko3ddu-
LIMeHTOB pacIIUpPeHHUsI, CTPYKTYPbl Me>XKC/I0eBbIX
HHTepdercoB.

WHOOPMALIMUA O PELEH3UPOBAHUUN

Pemakuus 61arofapuT aHOHHMHOTO pelieH3eHTa
(pelLleH3eHTOB) 32 X BKJIAJ B pelleH3UpPOBaHUE ITON
paboThl, a TaksKe 3a pa3MelleHHe CTAaTel HA CAUTe
SKypHajla U Iepefady HUX B 3JeKTPOHHOM BHIe
B HOb eLIBRARY.RU.

Jekaapauus o KoH$AuKMe uHMepecos. Asmopul 3a48A510Mm
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAL AUYHBIX 0MHO-
wieHuil, Komopble mo2Au bbl nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHoll cmamve.
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