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INFLUENCE OF THE GLASS PHASE STRUCTURE ON THE RESISTANCE
OF THE LAYERS IN SYSTEM “GLASS-RuO,”

Influence of quantitative and qualitive (phase and granule-metric) composition of initial com-
ponents on the electro physical properties of thick films on the base of the systems “glass — clusters
RuO,, Bi,Ru,0,” was investigated. At the fixed values of functional material content m (RuO,) and
glass phase m, the increase of mass of crystalline phase m_ leads to decrease of conductivity, therefore

to the increase of resistance of resistive layer.

1. INTRODUCTION

Development of submicron and nanotechnology
in electronics involves not only active elements (la-
sers, photodetectors and etc) but also those elements,
which are recognized as passive. They also include the
resistors of the integrated circuits. As it is generally
known, the resistance compositions on the basis of
dioxide of ruthenium (RuO,) have good electro phys-
ical properties [1]. Thick-film structures on the basis
of the systems “glass-RuO,, Bi,Ru,0,” used as the
conductive resistive elements of the hybrid integrated
circuits, are little affected by high temperatures, as di-
oxide of ruthenium does not dissolve in a glass matrix.
It allows to increase annealing temperature of resis-
tance pastes up to 1000°C. But the problems, related
to structural-phases transitions resulted from external
factors, which influence electro physical properties
of thick films on the base of RuO, Bi,Ru,O,, are still
unsolved. There is no one statifactory model of con-
ductivity mechanisms in the separate components
of ceramic layers and also information about contri-
bution of micro- and nano-geometry defects to the
conductivity mechanisms of thick resistance films.
Composition materials belong to multi phase hetero-
systems, which include components with different
physical and chemical properties.

The study of properties of initial components,
organic and inorganic compositions, conductive and
dielectric phases, morphology and particle size dis-
tribution become the primary goals in production of
thick-film elements.

In the present work , the influence of quantitative
and qualitive composition (phase and granule-metric)
of initial components on the electro physical param-
eters of thick films on the base of the systems “glass —
clusters RuO,, Bi,Ru,0,” was investigated.

2. EXPERIMENTAL

The main components of the composition systems
of thick film elements are:

— small-dispersion powders of functional material
(metals, oxides of metals), which provide formation of
conducting paths;

— special glass frit carrying out the role of perma-
nent binder.

Functional materials (conducting phase) are
brought into paste as ultrafine particles with the maxi-
mal size lower than 5 um. The glasses are used as per-
manent binder. On one side, the glass frit provides the
adherence of metal-enamel elements. On the other
side it creates “hard framework”, fixing position of
conducting particles inside the structure.

The shape and dispersion of particles of conduct-
ing phase (RuO,) strongly depends on the ruthenium
dioxide powder fabrication method. Usually, it is ob-
tained by hydrochloric ruthenium decomposition. At
a temperature a 300-400°C ruthenium dioxide forms
as ultrafine spherical particles. The optimal size of
annealed particles is (0,05 + 0,1) um. Maximal size
of the ruthenium dioxide particles shouldn’t exceed
(0,2 =+ 0,3) parts of thickness of annealing layer. Char-
acter of conductivity of resistive layers concerns by
potential barrier height of dielectric layer between
conducting particles. If the dielectric layer between
conducting particles is less than 100 A, the tunnel
current is the basic mechanism of conductivity. If the
layer is more than 100 A, tunnel effect is improbable
and charge carriers with energy higher than the height
of barrier can go over it. Thermal emission becomes
the basic mechanism of conductivity.

The influence of permanent binder (glasses of dif-
ferent types) seems to be not so strong in chemical
interaction with a conducting phase, but it increases
through moistening and dissolution of its particles.
Moistening of functional material by glass and chemi-
cal activity of glass have more important meaning. If
glass forms a thick continuous layer round every con-
ductive particle, the contact between particles is vio-
lated. Consequently, it is needed, that glass moistened
particles not fully, but rather enough, that particles
were fixed in a matrix.

Electro physical properties of capacitance-resis-
tance elements largely depend on ratio of conductor
phase and permanent binder concentrations. Depen-
dence of electro physical properties of composition
structures on the basis of “glass-Ru0O,” from ratio of
conducting phase RuO, and glass concentrations, siz-
es of particles of glass and temperature of annealing
was investigated. The films were made from powders
of lead-boron-silicate glass of marked Ne 279, 2005
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(PbO, Si0O,, B,O,, AL,O,) with the fixed sizes of parti-
cles (0.5; 1; 3and 5 um) and functional material RuO,
with the sizes of particles (0.05 4 0.1) um.

The system of analysis of images “QUANTIM-
ET — 720” and raster electronic microscope were used
for researches. Investigations of glasses phase compo-
sition were carried by x-ray technique on DRON-2
with silicon grating monochromator (voltage 16 kV,
intensity of current 2 mA).

Dependence of resistance of the resistors from
concentration ratio of conductor phase and glass at
the fixed temperature of annealing (870°C) has been
obtained (fig. 1).
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Fig. 1. Dependence of surface resistivity of thick layers from
concentration ratio of conductor phase and glass. Size of glass par-
ticles, yum: 1 —0.5;2 —1;3—3;4—5

The samples with low content of ruthenium diox-
ide had the most influence from glass-frit particle size
on resistance of resistors. Resistance of films increased
with the enhance of glass portion. The highest rate of
resistance raise took place for glass-frit with the parti-
cles size of 0,5 pm. With increase of RuO, concentra-
tion, the resistance approaches to the saturated value
and does not depend on the glass-frit particles size.

Dependence of resistance from the particle sizes
for high resistivity films is affected by coalescence
of the particles and the influence of the components
dispersion on the geometrical sizes of. With glass par-
ticles size decreasing, the current chainlets length
increases and their cross section area decreases. It is
observed mixed type of conductivity in the systems
“RuO, — glass”. The charge transport processes take
place in the conducting phase and glass-frit. In layers
with high resistivity, the main contribution in conduc-
tivity is performed by glass-frit. Therefore, the state of
this phase acts important role in the process of charge
transport.

If the influence of high-quality composition of
conducting (functional) material is usually investi-
gated in details, usually, the glass is considered an
amorphous homogeneous environment. However, in
the process of investigations it is set, that glasses can
be crystallized as result of heat treatment. The x-ray
radiation can stimulate crystallization [2]. In addition,
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particles of functional material can become the nucle-
ation centers of crystallization of glass matrix. The
presence of the crystallites in a matrix can cause local
changes of glass melt point and coating of functional
material particles by glass at heat treatment of film. It
leads to change of the parameters of the formed layer.

The phase composition of glasses has been deter-
mined by XRD method. At first, the initial content of
the particles has been investigated. It was found XRD
peak at 6=15,5° (d = 3,35 A) on the XRD diagram of
glasses Ne2005 in the initial state. The XRD diagram
of glass Ne279 did not have any peaks, related to crys-
talline phase.

For determination of influence of heat treatment
on the phase state of glass, it was performed the an-
nealing procedure at 870°C during 10 minutes. At the
same time, the samples were separated on two groups
to take in account influence of x-ray radiation. The
first group was annealed with subsequent XRD analy-
sis. The second one was processed by the consequence
XRD-annealing-XRD.

After annealing, XRD peak at 6=15,5° of Ne2005
samples (first group) increased in comparisontotheini-
tial state. Weak peaksappearedat0=12,1°(d = 4,27 A4)
and 6=29,50° (d = 1,82 4) in XRD curve of the sec-
ond group after x-ray irradiation and annealing, that
testifies to the increase of concentration of crystal-
line phase. Identification of the observed peaks within
card index of ASTM showed that the peaks belonged
to a-SiO, (quartz) modification. Comparison of the
XRD diagrams of glasses Ne2005 before and after heat
treatment showed that X-ray reflections from crystal-
line phase increased as a result of increase of volume of
crystalline phase in these glasses after heat treatment.
Glasses Ne279 of first and second groups remained
amorphous.

The obtained results allowed to make some con-
clusions about the influence of heat treatment on
phase composition of glasses:

— glass Ne279 had strong amorphous structure,
the crystalline phase nucleation disappeared by time
and never appear after the heat treatment;

— glass No2005 already contained the crystalline
phase in the initial state, the volume of crystalline
phase increased with time in all stages of heat treat-
ment.

Thus, it is found that heat treatment caused for-
mation of new phases, and also rebuilding of energetic
zones of the system. As the crystalline phase found
in glass a-SiO, had the temperature of melting over
1500°C, and coalescence of resistance layers took
place usually at 870 °C. The crystalline phase of glass
didn’t melt and there were local structural deviations
in the volume of matrix, that influenced the forma-
tion of conducting chainlets. In addition, the random
breaks of conducting chainlets made disorder of struc-
ture of chainlets of conductivity in the volume of the
film. It is set that presence of crystalline phase o.-SiO,
in glass increases resistance of the sample (~ 10%).

Properties of glass phase play an important role in
conductivity of films. In fiq.2, the dependence of sur-
face resistivity of thick films from the percent concen-
tration of crystalline phase m_ in glass-frit is presented.
It is seen that with the increase of m_, the resistance of
films increased. '
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Fig. 2. Dependence of surface resistivity of films from per-
cent concentration of crystalline phase m_, in glass-frit. Table of
contents of glass-frit in the system “glass — clusters RuO, ” m, %:
1 —40;2—50;3 — 60

3. DISCUSSION

Electrical properties of the films on the base of the
systems “glass — clusters RuO,, Bi,Ru,0,” are defined
by the mechanisms of conductivity, which strongly de-
pend on physical properties of initial components and
microstructure of layers. The structure of films de-
pends on the technological factors of their fabrication
and properties of initial components. Phase composi-
tion of glass-frit is also an important factor.

In [2] it was obtained mixed character of conduc-
tivity as combination of processes which flow in con-
ducting phase and glass-phase. The conducting phase
had metallic conductivity. Charge transport through
the thin layers of glass-phase, surrounding the con-
ducting phase, takes place by means of tunneling effect
in a low energetic zone, which appears after doping of
glass with ions, diffunding from the conducting phase.

Through research of resistance layers on basis RuO,,
it was determined traces of presence of cristobalite in
the layers— one of crystalline modifications SiO,, which
decreased conductivity of resistors. According to that, it
is interesting to develop a model which explains influ-
encing of crystalline phase a.-SiO, in amorphous glass
matrix on conductivity of thick resistance films, based
on the system “glass — clusters RuO,”.

A thick-film element can be presented as aggregate
of conducting chainlets from one electrode to other,
which consist of conducting particles of functional
material. Conducting i-chain appears with probability
p,» which includes probability of that all elements of
chainlet are conductors (p,) and probability of conti-
nuity of chainlet in a glass matrix from one electrode to
other (p,). It means that p, = p, - p,. In this model prob-
ability p, of conductivities of all elements of chainlet is
proportional to mass part of functional material m X in
bulk of dry powder in paste m : p, = kl‘mf/ m . Here k,
is coefficient of proportion. lgrobability of formation
of continuous chainlet from one electrode to other is
proportional to mass of functional material m, and in-
versely proportional to mass of glass-frit m;p, = k,
m/m . Here, k, is coefficient of proportion. Mass of
powéer m =m + m,.

In the case of presence of crystalline phase in

glass it is necessary to take into account another fac-
tor. The presence of crystalline phase SiO, in fusible
glass is equivalently adding unfire-polished particles
in the glass, beacause temperature of melting of any
of modifications SiO, is considerably higher than the
temperature of sintering of layer. Under sintering, the
local regions of the “not-melts” are formed in the glass,
which prevent the process of forming of structure in the
limited areas. The “not-melts” restrict the distribution
of liquid glass and formation of homogeneous sintered
structure. The particles of functional material in these
regions do not form good contacts because of lack of
pressing forces which arise up at sintering of glass. Thus,
the non sintered and non conductive contacts appear,
what is equal to the breaks of leading chainlets.

For calculation of possibility of formation of non-
conducting contacts, it is necessary to put p, (the prob-
ability of that all contacts are conducting between the
elements of chainlet) in equation for p, that is equal
to p,= p,- p,p,. With the increase of mass of crystalline
phase m _ in glass-frit and functional material powder
massnm,, theprobabilityp,isdecreased:p,= 1k, m, ,/mp.
Here k; is coefficient of proportion. From the resulted
equations for p , p, and p,, it is not difficult to get p..

As a thick-film resistor in this case is presented
as system which consists of aggregate of conducting

N
chainlets, its conductivity equals o = Z(’f p, , where
i=1
o, is conductivity of / —th chainlet, N is the amount
of chainlets.
If all chainlets are formed in identical terms, it is
possible to assume that p =p. Then
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It is obviously seen from this expression, that in-
crease of maintenance of crystalline constituent m_ in
aglass phase m, results to increase of resistance of thick
film, what was confirmed experimentally (fig.2).

CONCLUSIONS

Most influence of sizes of particles of glass-frit on
resistance of resistors at the fixed temperature of an-
nealing takes place for samples with low content of
ruthenium dioxide. Resistance of layers increases with
the increase of content of glass.

At the fixed values of functional material content
m, (RuO,) and glass phase m, the increase of mass of
crystalline phase m_ leads to decrease of conductiv-
ity, therefore to the increase of resistance of resistive
layer.
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BJIIMAHUE CTPYKTYPBI CTEKIITHHOM ®A3bI HA COITPOTUBJIEHUE PE3UCTUBHBIX IVIEHOK B CUCTEME
“CTEKJIO-Ru0O,”
2

1. JI. Kypmawes, T. H. byeaesa, T. U. Jlagpenoea, H. H. Cadosa

UccnenoBaHo BaMsiHAE KOJUYECTBEHHOTO M Ka4eCTBEHHOTO ((ha30BbIii M IPaHYIOMETPUUECKHIT) COCTaBa UCXOMHBIX KOMITOHEH -

TOB Ha 3JIEKTPO(PU3MIECKUE MTAPAMETPhI TOJICTBIX TUIEHOK Ha Gase cucteM “crekino — kuactepsl RuO,, Bi,Ru,0,”. Tlpu 3anaHHbIX
BeJIMYMHAX conepxkaHusl GyHKuMoHanbHoro Marepuana (RuO,) u CTeKIaHHOM a3kl yBEIUYEHUE MACChl KPUCTAIMYECKOM (asbl
TIPUBOJUT K YBEJIMUYEHUIO COMTPOTUBIICHUS PE3UCTUBHOM TIIICHKU.

KimoueBble cioBa: CTpyKTypa, (paza, CONpOTUBJIEHUE, TIEHKA.
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BILIMB CTPYKTYPHU CKJITHOI ®A3U1 HA OIIIP PE3VICTUBHUX ILJIIBOK B CUCTEMI “CKJIO-Ru0O,”
1. JI. Kypmawes, T. H. Byeaesa, T. U. Jlagpenosa, H. H. Cadosa

JlocmimkeHo BIUIMB KiJIbKiCHOTO Ta IKiCHOTO ((ha30BMii i rpaHyJIOMETPUYHNI) CKJIaAy BUXiTHMX KOMIIOHEHTIB Ha eIeKTpodizny-

Hi TTapaMeTpy TOBCTHX ITiBOK Ha 6asi cucteM “ckiio — knactepu RuO,, Bi,Ru,0,”. Ipu 3ananux BemurHax BMiCTy (GyHKLIOHAb-
Horo Marepiany (RuO,) i ckisHOI a3y 30UIbLIEHHS MACK KPUCTANIYHOI (pa3y NPU3BOAUTD [0 3MEHLIEHHS BEIMYUHU MPOBIIHOCTI,
TOOTO 10 301JIBIIEHHS OMOPY PE3UCTUBHOI TUTiBKU.
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Kmouosi ciioBa: cTpykTypa, asa, ormip, riiBka.



