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The structural-phase transformations in nanocomposite systems "glass — RuO,,
Pb,Ru,0g, Bi,Ru,0; clusters™ and their influence on the electrophysical parameters of the
nanocomposite system have been studied. It is established that when creating a nanocom-
posite material, the wettability of particles of a functional material by glass and the glass
chemical activity have a great influence on its conductivity. It is established that the main
reason for the chemical decomposition of lead ruthenate and the formation of ruthenium
dioxide during annealing the heterophase system is the presence of glass components with
high acidity. The film resistivity decreases because the electrical conductivity of ruthe-
nium dioxide is two orders of magnitude higher than the electrical conductivity of lead
ruthenate. Thus, it is possible to control the parameters of nanocomposite GIS elements.
It was revealed that heat treatment of "glass — RuO,, Pb,Ru,O4, Bi,Ru,O; clusters”
systems causes the formation of new phase, as well as the rearrangement of energy zones
of the system, which affects the film electrical conductivity.

Keywords: microelectronic sensors, composite materials, ruthenium oxide, lead ruthen-
ate, ruthenium dioxide, thick-film elements, nanocomposites.

3anexHicTh eNeKTPOdi3MYHMX HapaMeTpPiB HAHOKOMIIO3MTHMX CHUCTEM  CKJO-CIONYKH
pyTenir” Bix Biaacrusocreil Buximuux kKommoHentis. A.I.JIenix, H.M.Cadosa, B.A.Bopuwak,
H.I1.3amoscvka, A.O.Kapnenko
IMocaimKeHo CTPYKTYPHO-(A30Bl IEePEeTBOPEHHSA Yy HAHOKOMIIOBUTHMX CHCTEMAX  CKJIO-
kmracrepu RuO,, Pb,Ru,O4, Bi,Ru,0;" i ix 3B’A30K 3 esexTpodisuyHMMH IapaMeTpamu
HAHOKOMIIO3UTIB cucTeMu. BCTAHOBJIEHO, IO IIPX CTBOPEHHI HAHOKOMIIO3UTHOIO Marepiary
BeJIUKUI BILIMB Ha MO0 IPOBiAHICTHE Ma€ 3MOUYYBAHICTH CKJIOM YACTUHOK (PYHKI[IOHAIBHOI'O
marepiany i ximiuma akTMBHICTH cKJa. BcTaHOB/IEHO, IO OCHOBHOI MNPUYMHOIO XimMiuHOrO
PO3KJAaJaHHS PyTeHATy CBHUHIIO i YTBOPEHHS JiOKCHUAY PYTEHil0 IpU BigmaJioBaHHi rerepo-
(asHUX CHUCTEeM € IPUCYTHICTH KOMIIOHEHT CKJia 3 BHCOKOI0 KmciaoTHicTio. IIpu nmpomy muTo-
MU OImip IJIiBKM B3MEHIIYETHCS, TOMY IO €JEKTPOIPOBiAHICTEL mioKCcHAy PyTeHil0 Ha mgBa
HOPAIKY BHILE €JEeKTPOIPOBiAHOCTI pyTeHAaTy CBUHIIO. TaKMM UYMHOM JOCSATAETBCA MOMK-
JUBiCTh YIpaBJiHHS IIapaMeTpaMy HAHOKOMIIOSUTHHX €JI€MEHTiB riopuaHux iHTerpajbHuX
cxeM. BuaBieno, mo TepMoo6pobka cucreM ckJao-kaacrepu RuO,, Pb,Ru,Oq4, Bi,Ru,0;"
BUKJIMKA€E YTBOPEHHA HOBOI (pasW, a TAKOK I1epe0yJoBY eHepreTUYHUX B30H CUCTEMU, IO
O3HAUAETHCA Ha eJIEKTPONPOBILHOCTI MJIiBKH.
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HUccieqoBalbl CTPYKTYPHO-(PA30BLIE MIPEBPAIleHNsT B HAHOKOMIIOBUTHEIX CHCTEMAX — CTEKJIO-
kaacrepsl RuO,, Pb,Ru,Og, Bi,Ru,0,;", um ux cBASL ¢ 31€KTPOGUSMYECKHMU IIapaMeTPaMU
HAHOKOMIIO3UTOB CHCTEMBI. ¥YCTAHOBJIEHO, UTO IIPHA CO3JAaHMM HAHOKOMIIOSUTHOI'O MAaTepuajia
GoJIbIIIOe BIMAHNE HA €ro IIPOBOJUMOCThL MMeeT CMauMBaeMOCTh CTEKJIOM YACTHUI (DYHKI[MOHAJb-
HOTO MaTepuaja U XUMHUYeCKasd AKTUBHOCTL CTEKJA. ¥YCTAHOBJEHO, UTO OCHOBHOM IIPUUYMHOMN
XVUMHAUYECKOI'O PasjIOKeHNs pyTeHaTa CBUHIIA U o0pasoBaHUS IUOKCHUIA PYTEHWUs IIPU OTMKUIe
rerepo(PasHbLIX CHCTEM SABJISETCH IMPUCYTCTBHE KOMIIOHEHT CTeKJa C BBICOKOM KMCJIOTHOCTBIO.
IIpu sTOM yAeJbHOE COIPOTHUBJEHHE IJIEHKM YMEHbLIIAeTCs, IIOTOMY UTO 3JEeKTPOIPOBOIHOCTD
IUOKCHJA PYTEeHUs Ha JBa MOPALKA BbIIIE 3JIEKTPOIIPOBOJHOCTY PyTeHaTa cBuHIA. TakuMm obGpa-
30M JOCTUIaeTC BO3MOXKHOCTL YIIPABJIEHUS [TapaMeTPaMy HAHOKOMOSUTHBIX 3JIEMEHTOB M'MOpH/-
HBIX MHTETDATBHBIX CXeM. BEIABIEHO, UTO TepMOoOpaboTKa cucTeM ' creKjo-Kaacrepsr RuO,,
Pb,Ru,0g, Bi,Ru,0;", BEI3EIBaeT 06pasoBaHme HOBOI (DASKI, a TAKJKe IIEPECTPOHKY dHepreTmuec-
KHUX 30H CHCTEMBI, UYTO CKa3bIBAETCH HA 3JI€KTPOIIPOBOAHOCTHU ILJIEHKH.

1. Introduction

The development of nanotechnology in
electronics covers not only active elements
(lasers, photodetectors, etc.), but also those
elements that are commonly called passive.
These include, among others, modern multi-
level hybrid integrated circuits (HIS) and
microelectronic sensors based on "glass-
RuO,, PbyRu,Og, BiRu,0;" systems. An-
nealing of such systems can be carried out
at sufficiently high temperatures, because
ruthenium dioxide does not dissolve in the
glass matrix, which allows increasing the
resistive paste annealing temperature to
1000°C. Ceramic-based products are in de-
mand due to the possibility of creating re-
sistive elements in a wide range of resistiv-
ity (fractions of ohms to 100 MOhm) with
satisfactory temperature and time stability
of resistance. This is also facilitated by the
possibility of creating miniature constant
and variable chip-resistors suitable for auto-
mated surface mounting and fabrication of
multilayer resistive structures for GIS.

However, problems associated with struec-
tural-phase processes in such structures that
significantly affect the electrophysical pa-
rameters of thick films based on "glass-RuO,,
Pb,Ru,Og, Bi,Ru,0;" structures remain open
[1-8]. Until now, the data on the mechanisms
of current transfer in resistive layers, as well
as on the effect of micro- and nanosized in-
clusions on the mechanisms of conductivity in
thick resistive films, are contradictory. Since
composite materials are a multiphase hetero-
geneous system, which includes components
with different physical and chemical proper-
ties, the study of the raw material properties,
compositions of organic and inorganic bind-
ers, conductive and dielectric phases, mor-
phology and geometric dimensions of their
particles becomes relevant for creating thick-
film elements taking into account new op-
portunities of nanotechnology [4-6].

710

2. Experimental

The influence of quantitative and quali-
tative (phase and granulometric) composi-
tions of the initial components on the struc-
tural-phase processes and electrophysical
parameters of thick films based on systems
"glass — clusters RuO,, Pb,Ru,0g,
Bi,Ru,07" has been studied.

The main components of composite sys-
tems of thick-film elements were fine pow-
ders of functional material (metals, metal
oxides), which provide the formation of
electrically conductive properties, and a
special glass frit as a permanent binder.

Ruthenium compounds are injected into
glass powder, which is heat-treated to pro-
duce a resistive or dielectric paste. Func-
tional materials (conductive phase) were in-
troduced into the paste in the form of small
particles, the maximum size of which did
not exceed 5 um. Low-melting glasses were
used as a permanent binder [4-6].

Analysis of the works in the field of
using a permanent binder for nanocompo-
sites showed that it is advisable to use
borosilicate glasses containing barium, zinc
and bismuth oxides as a glass component.
Bismuth oxide helps to stabilize the paste
dielectric constant, but does not affect the
conductive part of the GIS elements and is
introduced into the glass composition as a
neutral material in this respect. It also im-
proves the wetting and adhesion of glass to
the substrate, takes part in the creation of
the structure as a glass former, and re-
places toxic lead oxide. Glasses containing
boron oxide in concentrations from 5 to
15 mol.% partially crystallize, forming a
crystal crust. An increase in the concentra-
tion of B,O; in the glass composition en-
hances the crystallization ability.

Glass frit, on the one hand, ensures the
adhesion of the functional material to the
substrate; on the other hand, it creates a
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"rigid frame”, fixing the position of the
conductive particles in it.

RuO, was selected as a conductive phase.
The shape and dispersion of the particles of
the conductive phase significantly depend
on the method of obtaining its powder. We
obtained it by the decomposition of ruthe-
nium hydroxychloride. At a temperature of
300-400°C, ruthenium dioxide is formed as
round particles. For the formation of a ho-
mogeneous nanocomposite, the optimal size
of annealed ruthenium dioxide particles is
0.05+0.1 um [7]. The maximum particle size
of the powder should not exceed
0.2+0.3 parts of the thickness of the an-
nealed film layer. In such systems, the con-
duction mechanism of resistive layers is de-
termined by the height of the potential di-
electric barrier between the conductive
particles and the distance between them. If
the thickness of the dielectric layer between
the conductive particles is less than 100 A,
then the main conduction mechanism is tun-
neling. When the distance between conduct-
ing particles is more than 100 A, tunneling
is unlikely, and only charge carriers whose
energy exceeds the barrier height can over-
come the potential barrier, i.e. thermionic
emission becomes the main conduction
mechanism [8].

3. Results and discussion

Our research has shown that the effect
of a permanent binder (glass) affects not so
much in the chemical interaction with the
conductive phase, but rather the wetting
and dissolution of its particles. The wetting
of the functional material by the glass and
the reactivity of the glass are important. If
the glass forms a continuous layer around
each conductive particle, the contact be-
tween the particles is broken. Therefore, it
is necessary that the glass does not wet the
particles completely, but to such an extent
that the particles are fixed in the glass ma-
trix. In addition, spatial inhomogeneities in
the distribution of conductive microparti-
cles in the glass matrix lead to an increased
local voltage under the action of an electric
field and micro-breakdowns in the insulat-
ing layer, which worsens the temporal sta-
bility of the electrophysical parameters of
the nanocomposite and, consequently, de-
vices based on it.

It is established that during the film an-
nealing there is an interaction between the
conductive phase of the resistor and the
glass components [4-6]. Especially the glass
properties (wettability and acidity) affect
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Fig. Dependences of the amount of the con-
ductive phase (wt.%) in TLP resistors on the
content of B,O, in the permanent binder .

the processes of structural-phase interaction
of the glass matrix with the conductive
phase in the system "glass — PbyRu,Og4".
Lead ruthenate reacts with some metal ox-
ides (ByO3; Al;O3). This interaction is associ-
ated with acid-base properties and is realized
when the acidic properties of metal oxides are
more pronounced than in ruthenium.

The study of the nanocomposite electro-
physical parameters was performed by
measuring its conductivity at different
B,O3 compound contents. In our case, the
permanent binder contains silicon and boron
oxides, which acidic properties are more
pronounced than in ruthenium. During
paste annealing, they interact with lead
ruthenate, displacing RuO, from it. Studies
have shown that the main reason for the
chemical decomposition of lead ruthenate
and the formation of ruthenium dioxide
during the annealing of heterophase sys-
tems is the presence of glass components
with high acidity. Thus, the decomposition
of lead ruthenate begins at the concentra-
tions of B,O3 oxide ~ 10 %. Figure shows
that as the content of B,Oj; oxide in the
constant binder resistive pastes increases,
the concentration of Pb,Ru,0g decreases
and the concentration of RuO, increases. In
this case, the film specific surface resis-
tance decreases, since the RuO, electrical
conductivity is two orders of magnitude
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higher than the Pby,Ru,04 electrical con-
ductivity.

X-ray structural analysis made it possi-
ble to conclude that glass is able to crystal-
lize, as evidenced by the line revealed on
the X-ray diffraction pattern at an angle
0 = 15.5° (d = 8.85 A). After heat treat-
ment, additional very weak lines appeared
at an angle 0 =12.1° (d = 4.27 A) and 6 =
29.5° (d = 1.82 A), which indicates an in-
crease in the concentration of the crystal-
line phase. The identification by the ASTM
file showed that the lines belong to the
0-Si0O, (quartz) modification. Comparison of
X-ray diffraction patterns of the glass be-
fore and after heat treatment showed inten-
sification of the reflections from the crys-
talline phase, which can be interpreted as
an increase in its content of the found lines
of the found lines.

The presence of o-SiO, crystalline inclu-
sions in the glass matrix leads to local
changes in the conditions for glass melting
and enveloping particles of the functional
material with it, which cannot affect the
formed film parameters. In addition, the
formation of a new phase also causes the
restructuring of the system energy zones.
Since the crystalline phase 0-SiO, found in
the glass has a melting point above 1500°C,
and the sintering of resistive layers usually
occurs at temperatures up to 870°C, the
glass crystalline phase does not melt and
local structural disturbances appear in the
matrix body, which affects the conditions
for the formation of conducting chains.

In addition, random breaks in the conduct-
ing chains led to a violation of the general
structure of the conducting chains in the body
of the film. It was found that the presence of
the o-SiO, crystalline phase in the glass in-
creases the film resistance by about 10 %.

Comparison of X-ray diffraction patterns
of the glasses before and after heat treat-
ment showed that reflections from the crys-
talline phase are enhanced, which can be
interpreted as an increase in the volume of
the crystalline phase in these glasses after
heat treatment.
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4. Conclusions

Thus, heat treatment of nanocomposites
"glass—clusters RuO,, Pb,Ru,0g, Bi,Ru,0;"
leads to the formation of new phases, as
well as to the rearrangement of energy
zones of the system, which affects the elec-
trophysical parameters of the formed film.
It has been established that the presence of
a crystalline phase in glass fiber increases
the resistance of the film. It was shown
that the main reason for the chemical de-
composition of lead ruthenate and the for-
mation of ruthenium dioxide during anneal-
ing of the heterophase systems is the pres-
ence of glass components with high acidity.
In this case, the resistivity of the composite
film decreases because the electrical conduc-
tivity of ruthenium dioxide is two orders of
magnitude higher than the electrical con-
ductivity of lead ruthenate. Thus, the con-
trol of the parameters of the nanocomposite
components of the GIS is achieved.
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