DIELECTRIC PROPERTIES OF FILLED GLASS-CERAMIC
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Experimental methods are reported and a method is suggested for calculating
the dielectric properties of glass-ceramics for electronics.

FORMULATION OF THE PROBLEM

In the design of modern electronic equipment many resources and much effort are ex-
pended on the solution of problems of increasing the speed and integration. In view of
this more stringent requirements are put on the materials of substrates for electronic
circuits. Many corporations and firms such as NEC, Toshiba, and Murata (Japan), DuPont
(USA), and others have been working on this problem.

A ceramic or a composite based on it is customarily used in the development of a new
electronic material. Creation of a material with predetermined properties is a multi-
parameter problem, which can be solved only by employing analytical methods that allow
different variants to be calculated.

Below we describe a glass-ceramic for electronic-circuit substrates with parameters
that meet present-day requirements and also present a method for calculating the frequency-
concentration dependences of the dielectric properties of filled glass-ceramics on the
physical properties of the components and structural parameters of the glass-ceramic.

STRUCTURAL MODEL OF GLASS-CERAMICS

The glass-ceramic studied consisted of a mixture of a powdered ceramic figger (u—AlZO3)
and glass of the Ba0—S5i0,~Zn0 system. Using x-ray phase analysis, differential thermal
analysis, and electron-probe x-ray spectral microanalysis, we studied the sintering kinetics
of this composite (see Table 1) and used the results to choose the sintering temperature
time for forming 20-30 vol. 7% of a-celsian in the glass-ceramic.

Elsewhere [l] we proposed a glass-ceramic structural model which takes into account
the result of percolation theory [2], clustering (aggregation of filler particles), the
properties of the interphase layer, and other structural parameters (see Fig. 1).

The effective dielectric properties of a glass-ceramic are determined on the basis
of this structural model in two stages: first the properties of a cluster of aggregated
particles are determined on the basis of the averaged-element model (Fig. 1d) and then
the effective properties of the entire glass-ceramic are found on the basis of the percola-
tion model (Fig. 1f).

The structure of a filled glass-ceramic can be represented by three phases: a filler,
a matrix, and an interphase layer. The change that occurs in the structure as the volume
concentration vg of filler particles increases can be described qualitatively as follows.
First isolated clusters of aggregated particles (CAP's) are formed in the continuous binder
(matrix), then as the filler volume concentration rises they combine into an infinitely
large cluster of aggregated particles (see Fig. la, b, ¢). A further increase in concen-
tration causes the CAP volume to increase and at some concentration vg§ = v¥ the entire
volume V of the composite is occupied by the CAP.

The filler particles in the composite usually come into contact with each other through
thin interlayers of the matrix material. This feature of the contact between the particles
affects the transport processes in the composite and should be taken into account in the
model (A7 = 0).

Odessa Polytechnic Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol.
59, No. 6, pp. 962-968, December, 1990. Original article submitted December 13, 1989.

1558 0022-0841/90/5906-1558$12.50 ©® 1991 Plenum Publishing Corporation



— \7
<3

Ve

Fig. 1. Contribution to the structural model of a filled ceramic:

a, b, c) structure with interphase layer at various filler concen-

trations [1) matrix; 2) filler; 3) interphase layer]; d) cross sec-
tion of an averaged element; d) arbitrary division of the averaged

element into regions; e) unit cell of the percclation model at vg <
ve < 0.5 [1) cluster aggregated particles; 2) matrix].

TABLE 1. Results of Study of the
Glass-Ceramic Sintering Kinetics

Crystallizing |Phase-initia- | Temperature of phase

phase tion tempera- | disappearance, °C
ture, °C

Ba0-Si0, 680 850 .

o -celsian 720 Does not disappear

BaO- 6A1,0; 1100 1300

We determine the CAP properties by using the averaged-element model. In the case
under consideration (Fig. 1d) the geometrical parameters of the averaged element (R, R,,
H) are determined by the formulas [3]

Ry =2(Ne) " VAN, — T, ey
—_ —_ 8
Ry= Ryly 1 — oy (2)
H=1+A—V1—R}; H=HR, (3)
where N, 1is the average coordination number of the particles in the CAP; vy, 1is the volume
concentration of the binder material in the CAP (vp. = 1 — v¥); and 4% is the relative

interlayer thickness at the points of contact.

The coordination number N, is uniquely related to the concentration wvy,:
Ne = (e +3 +V 02— 10g .+ 92 (4)

We find the complex admittance Ee of the averaged element by the integral method of
sections. We divide the averaged element into regions I-IV as shown in Fig. le. The com-
plex admittance I(oy) is determined by the formula

Ul:S_lj‘GserdS, (5)
N

where S is the area of the base of region I and oge, is calculated for series-connected
elementary regions.

Going over to polar coordinates p, ¢ and bearing in mind that S = wR;?, where R, is
the radius of the region I, we obtain

R Ry 1
6, =n'R3? g G
0

2 Ry
ser0dp | do = 2R5? j Oger PAD. (6)
0 0

Here the value Ggopr is determined from the formula [1]
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Oser = Oger - i®egqy, (7)

where

Lt Li@—hternil + LG, —1
1+ Ly(a,— D2+ o2af (1 4L, (b~ 1)]2

Oger = 0Og

1+ El (a%_bl) + o’1ymb; [1 E1(bl*” 1] (8)
(1 + Ly (@ — 112 4 0 [ 4L, (b, — 1]

Subscripts 1 and 2 pertain to the first and second component; L is the thickness of the
layer of i-th component; Lj = L;i/L; L is the thickness of the layered system; a; = o,/

015 by = e,/ey3 1, = €./0,3 T, = €,/0,3 04 is the electrical conductivity, and e; is the
dielectric constant of the i-th component.

Eser = &

We isolate the real and imaginary parts of the integrand:

o = 9R= ’Eﬂ o 1pr,9¢ (L 0 1p1, + Lrpr, of)+0X(ezLrpr + stpr, Lgog) odp
! " (Lgorpy, + Lypy, 05)® + 02 (Lgerpr, + Lypy f) ’ (9)

- 2 '..,. o — ——
Rs Leegorpr, -+ Lypr, e1prL0F -+ oerpy, e (Lee1pr, -+ L1pres)
o (Lg0gpr, + L1py, %" + @*(Lgeqpr, + Lypr 5 )®
where of, e, and o7pj,, €IPL» respectively, are the electrical conductivity and dielectric

constant of the filler and the interphase layer (IPL); Lf and Lypp, are determined from
the geometry of the average element:

g, =2R;3"

pdp, (10)

Zf:(l/l—&— Vi1 —R3H, LypL = (14 A-Z—VTTEZ)/_H; )
? is the relative polar radius,
or
[ A B,A— AB A+rB4C
o, = 2HR;? | g 1 B
! A (I =)+ 042 A Bk, 1 C T
AR —2ACA, — B,AB ,
LA e N INU !A(f’ag)];; (12)
(A . B,A— A,B A+B+C
— oFR Ay (1 oy 25 _
K P )+ %2 nAIe§+BkQ~|—C+
A,B? — 2ACA, — B,A .
+ 22 e — 5,48 Ua(l) -—IA(;eg;ﬂ. (13)

242 J

Here we have introduced the notation
A = of [lan— 1)* + o5 (1 — i s
B = 20¢ [(an — 1)k, — agks) + ©*tn(1 — bn)(bmk, — kal;
C = G [(ky — amks)? + @2 (Bpky — ko))
Ay = oglan (@m— 1) — 0?1 (1 — byan;
By = 0% [ap (k; — apks) -+ 02ty (hatnk, — ko))
Ay = Oge1pL, [byan— 1 + 02tbn (1 — byll;
By = g 1pp [ky — bnkeln + 0¥iby (buky — ko).

The generalized function I (x) introduced into (12) is

1560



0 ! N 1 L

{
w85 g7 09 Ay

b

Fig. 2 Fig. 3

Fig. 2. Dependence of the relative resistivity of the glass-ceramic
on the mass concentration of the glass: 1) calculation at v¥* = (0.75;
2) at v*¥ = 0.6; the points represent experimental data.

Fig. 3. Dependence of the relative dielectric constant of the glass-
ceramic on the mass concentration of the glass: I) calculation at
erpr, = 13 2) eypr, = 0.5 em; 3) eypy, = 0.7 ep3 4) erpr = €3 the
points represent experiment.

2 24x - B
— arctg —————— ,
A ¢ VA
1

Ia(x) = [
!\_m’

where A = 4AC — B2, ap = orpy/of; by = ef/erpy; and trpy = e7pL/oIPL-

The effective conductivity 6a of region a consisting of parallel-connected regions
I and IT (see Fig. le) is calculated from the formulas [1]

8par: Opar - (Wepar (14)

where
Opar = 0,8, + 025y fpar = 81§1 + &:S; (15)
80::0a—k{mag (16)

Oq == Glﬁg/ﬁf -+ GiPL (ﬁi - _}—Qi)/_R—fv
=9 —a — — . —a (17)
&g = &;R3/ R + eypr, (R — R3)/R).

A similar equation is valid for the effective conductivity of region b (Gb), consist-
ing of regions IIT and IV:

Oy = Ty —f— l-(DEb, (18)
where

0y = 6 RYRS + oppy, (B — RO/ (19)
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&, = egR3/RE + e1pp (Ri — RI)/RS. (19)
The effective conductivity 8e of the entire averaged element is found from the formula
for series-connected regions a and b:
1 +_Zb (ay — 1) 02 [1 + Lo (by— D
(1 + Lo (@1 — DI 4 02ty 1+ Lo (b — DI

Ge=0

I -+ Za (afl + 044) - 0% o0l [T+ Za (byy — DI
(1 + Lo (@ — D12+ o2t (1 + Ly (b, — D)2

g =g,

, (20)

where a,) = 0,0, by = eyleqt Ty = £al0ai Tas = £4/0y; Lo = kofbys Ly = 1— Lys by =14 AL by =V 1 — RS

From formulas (20), therefore, we can determine the electrical conductivity o and
the dielectric constant €g of the CAP. Now, considering the system as a two-component
system, we can determine the effective conductivity ogff and the dielectric constant eq¢f
of the entire system on the basis of the percolation model (Fig. 1f). The volume concen-
tration of the CAP is determined from the formula

Vg = Uy/v*, (21)

where v¥ = 1 — v, is the volume concentration of the filler at maximum filling for the
given glass-ceramic.

PERCOLATION MODEL

The effective electrical conductivity o and dielectric constant € obtained on the
basis of the percolation model have the form

0= Ge[ggo) + ae(Sax; + Saxs + S, (22)
e = £6[51"” + Says + Saya + Sil, (23)

where

1+ (ae— 1) Iy + o2a[1 4 (be— 1) 1]

T T (e D GP 1 0[]+ (ba— 1) 1ol
1+ (ge— 1) l; + 02ta[1 4 (bn— 1) 1]
Xy = 5 52 2 (24)
{1 4-(ge— D L2+ e*te{l + (bn— 1) 11}
Qo= Opl/Ga; be=&y/8; Te= €/0c; Tm= &y/Cn,
— l_zd'fze"l- (1 ——12> an+ 0*teTen[l + kn— 1)1_2]
. 1+ (@, — 1) L + 02ta[1 4 (kn — 1) T}
5—10%3\“}‘(1 — 1)) ag+ @*teman[l + (an— 1) 1] (25)

Yo = — K = ]
(1 + (@e— DL + @i [ + (an— D2
§1(°), 5.(e), §,, 8,,5,, 7,, and [, are the geometrical parameters ef the percolation
model, which are given in Table 2.

If vo > 0.5, then when calculating S,, S,, S5, S,, 7, 1, we must make the exchange
Ve $ Vv,. in Table 2 and change the subscripts e $ m in formulas (22)-(25).

COMPARISON OF CALCULATION WITH EXPERIMENTAL DATA

In Figs. 2 and 3 the calculation of the resisitivity and dielectric constant of a
glass-ceramic (glass + Al1,0;) is compared with the experimental data.

X-ray structural analysis of the given material showed that an interphase layer, cel-
sian, is formed on the surface of the filler (Al,0;) particles. The value of the resis-
tivity of celsian is close to that of the filler while its dielectric constant is smaller
than that of the glass (gy) by a factor of 1.3 to 2. In our calculations of the effective
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TABLE 2. Geometrical Parameters of the Percolation Model*

Range of — _ _ _ _ -
variation S Se S; S, Iy ty
0 <v Lo 0 Ug/‘s 0 1 ——02/3 0 v(’:/3
<o <05 L _°T% 2(Sp'7* x
Vo <Ue<0,5 — ——— 2/3 __ T’ 278 Tl et/ 1/3
c=e 3 l——z}é/3 e S X(I——Ué/S) I—2g Ssl (Sy) Ye

[be—ve)/(1 =), if ve> g
0 » if e <00
(7 =5+ (8" — )z (ay);
® =5+ —Sela);
g {ag) = 5,53ac— 8,3a¢ -+ 3,230 + 0,54a¢;
g (bo) = 5,53ac — 8,3b% - 3,23b% + 0,545¢;
if ¢log< 1, ee/eq<l,thenve=guv , ac= g/op be= g'ep;
if cylom> 1, gfen >1,thenve=1—gv , ac=0p/0s, be =2 [g;
vy =1—uv .

*>§={

dielectric properties of the glass-ceramic p and €, we assumed that pypj, = op, and the
value of erp, was varied over the range eypp, = 1 to gp.

Figure 2 shows the concentration dependences of the resistivity of the glass-ceramic
at w = 0. Curve 1 is the result of calculation at maximum filling v* = 0.75 and curve
2, at v* = 0.6, i.e., the volume concentration of interphase layer in the cluster of ag-
gregated particles was assumed to be (vIpL)max = 0.25 in the first case and (VIpr)max =
0.4 in the second case. A comparison of the calculation and experimental data (see Fig.
2) indicates that vypp = 0.15-0.3 [vypy, = vpp — (1 — ve/v¥*)]. These values of vrpy, are
in good agreement with the results from studies of the structure.

The calculation and experiment also show (Fig. 2) that the percolation transition
occurs in the given glass-ceramic at a glass (matrix) volume concentration v ~ 0.4, which
is due to the conditions under which the structure is formed and the properties of the
material.

Figure 3 compares the calculated dielectric constant of the glass ceramic and the
experimental data at w = 1 MHz. This comparison suggests that rather good agreement
between the experimental and calculated data is obtained when the dielectric constant of
the interphase layer is assigned in the range eyp;, = (1 — 0.7)ey. Calculation also indi-
cates that the porosity (curve 1) of a cluster of aggregated filler particles has an in-
fluence on the effective dielectric constant of the glass-ceramic.

CONCLUSTONS

A method has been developed for calculating the dielectric properties of glass-

ceramic materials. Comparison of calculation with experimental data revealed fairly
good agreement.

NOTATION

Here N., is the average coordination number; R, R,, and H are the geometrical para-
meters of the averaged element; o is the electrical conductivity; € is the dielectric con-
stant; w is the frequency; S;, S,, Ss, 7., and [, are the geometrical parameters of the
percolation model; vg is the volume concentration of the filler; v, is the volume concen-
tration of a cluster of aggregated particles; vp. is the volume concentration of the
binder in a cluster of aggregated particles; and v* is the maximum filling.
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