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Influence of Humidity on Electrical Characteristics of
Self-Assembled Porous Silica Low-k Films
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The influence of humidity on the dielectric constant and leakage current of self-assembled porous silica films which have
two-dimensional hexagonal periodic porous structures was investigated quantitatively by proposing a new water adsorption model.
The amount of H2O adsorption was calculated by the modified Rayleigh model, where H2O molecules are assumed to be adsorbed
on the inner surface of cylindrical porous silica structures and form a dispersal concentric double-layer dielectric cylinder system.
The amount of H2O calculated by the proposed model was consistent with the measured dielectric constant and thermogravimetry
data. It suggests that inner-surface coverage of the cylindrical porous silica wall with a hydrophobic group is the most effective
way to suppress water adsorption. Hexamethyldisilazane as a surface coverage molecule was introduced to the periodic cylindrical
porous silica film and the leakage current was suppressed by a factor of 1/100 even below 0.5% relative humidity, resulting in the
improvement of time-dependent dielectric breakdown lifetime by a factor of 30.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1931428# All rights reserved.
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Scaling of interconnects in ultralarge-scale integrated cir
~ULSI! has caused the increase of signal delay time due to th
crease of interconnect resistancesRd and its parasitic capacitan
sCd,1 while the transistor scaling is still effective to reduce the
delay time.2 For a 1-mm-long interconnect line fabricated on a
chip, theRCdelay time becomes a few hundred picoseconds, w
is approximately 10 times larger than that of a metal oxide sem
ductor field effect transistor~MOSFET!. The RC delay time in-
creases with decreasing the thickness and width of the metal
connect as well as the spacing. In order to overcome this pro
copper and low-k interlayer dielectrics have been introduced.
interlayer dielectric films with the dielectric constantsk ø 2.0 are
required for future ULSI beyond 45 nm technology node. From
material point of view, various porous films have been develop
lower the dielectric constants.3 However, the porous low-k films
absorb moisture, resulting in the degradation of the film prope
To avoid this problem, a hexamethyldisilazane~HMDS! treatmen
has been commonly used to make the film hydrophobic.

In this study, the influence of water adsorption on the diele
constant and leakage current in the porous silica films4 are investi
gated quantitatively, and the effect of HMDS treatment is discu

Experimental

p-Type Si substrates were cleaned in an RCA solu
sNH4OH:H2O2:H2O = 36:720:1680d and dipped into a 0.5% HF s
lution. They were oxidized in O2 ambient at 900°C to form 5 n
thick SiO2.

A precursor solution for porous silica films was prepared by
ing a surfactant, which was a PEO~polyethylene oxide!-PPO~poly-
propylene oxide!-PEO triblock copolymer and an acidic silica
derived from tetraethyl orthosilicate~TEOS! in ethanol diluted with
water. The precursor solution was spin-coated on a Si substr
form a homogeneous thin layer. After prebaking at 100°C for
the sample was calcined in dry air at 400°C for 3 h to burn out the
surfactant and to stabilize the chemical structure of the film. Re
ing porous silica film thickness was 200 nm. The porous silica
was treated in HMDS ambient at 23°C for 24 h. Si-OH bonds tu
into Si-O-SisCH3d3 bonds.5 Aluminum electrodes were formed
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o

the porous silica film as well as the bottom of the Si substrat
direct current magnetron sputtering for electrical characteriza
Molecular bonds in the film were measured by Fourier trans
infrared spectroscopy~FTIR!. The film thickness and refractive i
dex were measured by spectroscopic ellipsometry. The film stru
was analyzed by transmission electron microscopy~TEM! and
X-ray scattering and diffraction measurements. X-ray source
0.154 nm Cu Ka. The MOS capacitors were baked at 200°C for
in N2 ambient before measurement to get rid of water in the fi
Then,C-V andI-V measurements were carried out in various hu
conditions. Time-dependent dielectric breakdown~TDDB! tests
were carried out at 2.9 MV/cm in N2 at 200°C for the reliabilit
investigation.

The amount of water adsorption in the porous silica film
calculated by various models and compared with the resul
thermogravimetry and differential thermal analysis~TG-DTA!.
C-V and I-V measurements for Al/porous-silica/SiO2/Si MOS ca-
pacitors were carried out in a nitrogen purged shield box as s
in Fig. 1.6

Results

Figure 2 shows cross section and plan-view TEM micrograp
the porous silica film. Two-dimensional hexagonal periodic po
structure was clearly observed in Fig. 2a. The enlarged micro
shows that the shape of a pore is elliptic. This is attributed to
vertical volume shrinkage of the porous film after calcination
cess at 400°C. Average periodic spacing of the porous silica
normal to the Si substrate was 7.3 nm.

Long cylindrical rods of silica were observed in Fig. 2b
average longitudinal dimension of pores are in the range of 50
nm. Therefore, the porous silica film has a periodic hexagona
rangement of cylindrical pores whose average diameter is ap
mately 7.3 nm and longitudinal dimension is approximately 50
nm. Both hexagonal and lamellar cross sections were also obs
and the lengths of lamellar cross sections were in the range o
proximately 50-100 nm as shown in Fig. 2a. The ratio of pore
ameter to length is approximately 1/10, so that the pore stru
can be modeled as a cylinder and the cylindrical model is
appropriate than random distribution of spheres.

X-ray scattering and diffraction spectra of a self-assembled
rous silica film with or without HMDS treatment is shown in Fig
Critical angles of surface scattering and the interface scatter
low-k/Si are uc = 0.2° anduc = 0.4°, respectively. Diffrac
surface Si
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tion angles corresponding to the periodic hexagonal structur
2u100 = 1.1° and 2u200 = 2.2°, resulting ind spacing of 8 nm, whic
was close to that of TEM observation.

The pore structure and periodicity remains almost uncha
after the HMDS treatment. Figure 4 shows FTIR spectra before
after HMDS treatment. A C-H peak appeared after the HMDS t
ment. Furthermore, the O-H peak decreased after the HMDS
ment. Consequently, it was confirmed that Si-OH bonds were tu
into Si-O-SisCH3d3 bonds by the HMDS treatment. Figure 5 sho
the dielectric constant of the periodic porous silica film as a func
of relative humidity~RH!. The effect of the HMDS treatment on t
dielectric constant versus humidity was clearly observed. Th
electric constant was calculated by the accumulation capacitan
MOS C-V curve. The measured lowest dielectric constant of
porous silica film was 2.6 at 0.5% RH, which was consistent
the calculated data from the Lorentz-Lorenz equation. The mea
refractive index of the porous silica film was 1.23, so that the
rosity of the film was approximately 50% according to the Lore
Lorenz equation as expressed in Eq. 1

x = 1 − Snfilm
2 − 1

nfilm
2 + 2

DYSnSiO2
2 − 1

nSiO2
2 + 2

D f1g

wherex is the porosity of the porous film;nfilm andnSiO2 are averag
refractive index of the porous film and the refractive index of S2,
respectively. The calculated dielectric constant of the periodic c
drical pore structure was approximately 2.6 assuming a series m
of capacitors.

The dielectric constant increased with increasing humidity.
increase of the dielectric constant of porous silica film could
suppressed by the HMDS treatment. This is attributed to the fac
the inner surfaces of the porous silica shown in Fig. 2 are cov
with HMDS so that water adsorption in the porous silica was
pressed. Figure 6 shows the effect of HMDS on the leakage cu
at 1.33 MV/cm as a function of humidity. It was found that HM
could reduce the leakage current of the porous film in humid e
ronment by approximately 1/100. Furthermore, HMDS can sup
the leakage current of the porous silica films even at very low
less than 0.5%, suggesting the passivation effect of HMDS o
porous silica surface. The leakage current of the porous silica

Figure 1. Schematic diagram of a sample and measurement setup.~a! A
sample structure.~b! Measurement setup for MOS capacitor.
-
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out HMDS treatment increased exponentially, while that
HMDS treatment increased linearly with humidity.

It is known that the leakage current in SiOfilm is generate

Figure 2. TEM micrographs of a self-assembled porous silica fi
~a! Cross-sectional view. Enlarged picture is inserted, showing hexa
arrangement of elliptical pore structure withd spacing of 7.3 nm.~b! Plan
view, showing periodic cylindrical porous silica rods.
2
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mainly by the Poole-Frenkel mechanism. However, the leakage
rent of the porous silica film in the humid environment is m
larger than that of the bulk SiO2 film and affected by the humidit
Therefore, we assume the cause of leakage current is domina
surface current rather than the bulk current. In order to analyz
leakage current mechanisms, Poole-Frenkel and Schottky m
are applied.

Figures 7 and 8 show the Schottky and Poole-Frenkel plot
spectively. The effective dielectric constants can be calculated
the linear relationships of lnsJ/T2d-E0.5 and lnsJ/Ed-E0.5 to deter-
mine the Schottky or Poole-Frenkel mechanism. The Sch
mechanism was more dominant for the porous silica film with
HMDS treatment so that the effective dielectric constants in F
ranged from 3 to 4, which were consistent with the results in Fi
Consequently, the leakage current of the porous silica film with
HMDS treatment was not limited by the traps due to the defec
the silica film but by the barrier height at the interface between
metal electrode and the porous silica, indicating the passivatio

Figure 3. X-ray scattering and diffraction spectra of a self-assembled po
silica film with or without HMDS treatment. Critical angles of surface s
tering and interface scattering at low-k/Si are ucsurface= 0.2° and ucSi
= 0.4°, respectively. Diffraction angles corresponding to the periodic
agonal structure are 2u100 = 1.1° and 2u200 = 2.2°, resulting ind spacing
of 8 nm.

Figure 4. FTIR spectra of porous silica films before and after HMDS. C
peak due to HMDS is observed and O-H broad peak is diminished
HMDS treatment.
-

y

s

fect of HMDS on the porous silica film. The leakage currents o
porous silica films without the HMDS treatments in the humid c
ditions could not be explained by either Schottky or Poole-Fre
mechanism. It could be interpreted by assuming the adsorpti
water at the inner surfaces of the porous silica.7 When the porou
silica film absorbs moisture, the defects of the inner surfaces o
porous silica film are terminated by O-H group or H2O cluster so
that more current flows along the inner surfaces of the porous
as the humidity becomes higher because of the potential differ
Because the thickness of the hexagonal porous silica wall is ap
mately 2-4 nm, as shown in Fig. 2, the leakage current throug
porous silica wall due to H2O adsorption could be attributed to
direct tunneling current across the thinner silica walls, which
come the barriers between the water clusters adsorbed on silic
surfaces. Therefore, the more the humidity increases, the le
Schottky mechanism becomes dominant, as shown in Fig. 7.

Figure 5. Effect of HMDS treatment on the dielectric constant as a func
of humidity. Open circle stands for before HMDS and closed circle stand
after HMDS treatment.

Figure 6. Effect of HMDS treatment on the leakage current at 1.33 MV
as a function of humidity. Open circle stands for before HMDS and cl
circle stands for after HMDS treatment.
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Figure 9 shows the Weibull distribution of the TDDB lifetime
2.9 MV/cm in N2 at 200°C for the porous silica films before a
after HMDS treatment. It was found that the HMDS treatment c
improve the reliability of porous silica film, and the average lifet
of the HMDS-treated porous silica film was improved by a facto
30. This could be attributed to the passivation effect of HM
resulting in homogeneous current flow in the porous silica b
Without HMDS passivation, localized currents flow across the
ner parts of the porous silica wall, resulting in inhomogeneous
rent flow.

Discussion

The amount of adsorbed H2O was calculated from measur
dielectric constants by five different possible models such as s

Figure 7. Schottky plot of leakage currents for porous silica films before
after HMDS treatment for relative humidity of 5, 8.5, and 13%. Nitro
ambient data are shown as a reference. Open patterns stand for
HMDS and closed patterns stand for after HMDS treatment.

Figure 8. Poole-Frenkel plot of leakage currents for porous silica fi
before and after HMDS treatment for relative humidity of 5, 8.5, and 1
Nitrogen ambient data are shown as a reference. Open patterns sta
before HMDS and closed patterns stand for after HMDS treatment.
s

model, parallel model, effective medium approximation~EMA!
model,8 Rayleigh model, and modified Rayleigh model, as show
Fig. 10a, b, c, d, and e, respectively.

Series model and parallel model assume that silica, pore~air!,
and water are distributed in series and in parallel as shown in
10a and b, respectively. The total dielectric constants of the s
and parallel models are expressed by Eq. 2 and 3, respective

1

kfilm
=

s1 − xd
ksilica

+
y

kwater
+

sx − yd
kair

Series model f2g

kfilm = s1 − xdksilica + ykwater + sx − ydkair Parallel model f3g

wherekfilm, ksilica, kair, andkwater are effective dielectric constant
the film, dielectric constant of silica, dielectric constant of air,
dielectric constant of H2O, respectively,x is the porosity, andy is

re

r

Figure 9. Weibull plot of TDDB lifetime of porous silica films a
2.9 MV/cm in N2 at 200°C. Effect of HMDS treatment on the TDDB li
time is shown; open patterns stand for before HMDS and closed pa
stand for after HMDS treatment.

Figure 10. Schematic diagrams of water-adsorbed porous silica mo
~a! Series model.~b! Parallel model.~c! EMA model. ~d! Rayleigh mode
~e! Modified Rayleigh model.
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the fraction of adsorbed water. When silica, pore, and H2O are dis
tributed at random as shown in Fig. 10c, the Clausiuss-Mos
equation9 assuming the EMA model should be described as fol

kfilm − 1

kfilm + 2
= s1 − xd

ksilica − 1

ksilica + 2
+ sx − yd

kair − 1

kair + 2
+ y

kwater − 1

kwater + 2

f4g
The periodic porous silica has a cylindrical pore structure

cause hexagonal pores with a diameter of approximately 7.
were observed by cross section TEM in Fig. 2a, and 50-100 nm
silica rods were observed by plan-view TEM in Fig. 2b. Both h
agonal and lamellar cross sections were also observed and the
of lamellar cross sections was in the range of approximately 50
nm as shown in Fig. 2a. The ratio of pore diameter to leng
approximately 1/10, so the cylindrical model is more approp
than random distribution of spherical pores.

When cylindrical pores~air! are distributed at random in silic
and water molecules are distributed at random in the cylindrical
as shown in Fig. 10d, the Rayleigh model can be applied.10 In this
model the shape of water molecules was assumed to be cylinde
two-dimensional approximation of random distribution of wa
molecules in the pores. The dielectric constant of the film matr
calculated by the silica and the pore as described in Eq. 5, an
dielectric constant of pore is calculated by the water and the a
expressed in Eq. 6

kfilm = ksilica
kpore + ksilica + xskpore − ksilicad
kpore + ksilica − xskpore − ksilicad

f5g

kpore = kair

kwater + kair +
y

x
skwater − kaird

kwater + kair −
y

x
skwater − kaird

f6g

wherekpore is the dielectric constant of the pore~including air and
water!.

The Rayleigh model of cylindrical water is not suitable for pr
tical description of water adsorption.7 When cylindrical pores ar
distributed at random in the silica, water is adsorbed on the su
of cylindrical pore inner walls7 as shown in Fig. 10e. We propos
new model called the modified Rayleigh model to express this s
ture of water adsorption. The equation is expressed as follows

kpore = kwater
2kair + skwater − kairdy/x

2kwater + skair − kwaterdy/x
f7g

The details of calculation are shown in Appendixes A and
Porosity can be calculated from the effective dielectric constan
fore moisture uptake, assuming thatksilica is 4.0, resulting inx
= 0.271 for the EMA model andx = 0.315 for the Rayleigh mode

Figures 11a and b show calculated volume percentage of
adsorption in the porous film as a function of humidity before
after HMDS treatment, respectively. Water-adsorbed porous
films are modeled as modified Rayleigh, Rayleigh, EMA, serie
pacitors, and parallel capacitors. Volume percentages of wate
sorption for each model are calculated by Eq. 2-7. It is found
the HMDS treatment could reduce water adsorption, but the am
of water adsorbed in the porous silica film was strongly depen
on the models even for the same measured dielectric constan
modified Rayleigh model and parallel model show the least w
adsorption for the same dielectric constants. The least amou
adsorbed water affects the dielectric constant of the porous
most apparently if the adsorbed water is modeled by the mod
Rayleigh model. The modified Rayleigh model could fit well w
measured TG-GTA, which was 3.16 vol % of film at 15% RH. I
consistent with the physical model of which the porous silica
has the two-dimensional hexagonal periodic pore structure as s
in Fig. 2, and H2O molecules are adsorbed on the inner surfac
the hexagonally arranged cylindrical wall,7 resulting in OH termina
th

r

e

r

-

t

e

f

n

tion. This physical model is also consistent with the leakage cu
mechanism of the porous silica film without HMDS, shown
Fig. 7.

Conclusion

The influence of water adsorption on the electrical character
of porous silica films was investigated. In order to calculate
amount of H2O adsorption on the cylindrical porous silica in
surfaces, we proposed an inner surface coverage model nam
modified Rayleigh model and compared it with the measured
The amount of water adsorption calculated from the modified
leigh model was consistent with the measurement data, so th
model could be used for water adsorption of self-assembled he
nal porous silica structures. It is also found that HMDS show

Figure 11. Calculated volume percentage of water adsorption in the p
film as a function of humidity. Water-adsorbed porous silica films are m
eled as modified Rayleigh, Rayleigh, EMA, series capacitors, and pa
capacitors.~a! Before HMDS treatment.~b! After HMDS treatment.
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passivation effect of the inner surface of cylindrical porous silic
that the leakage current could be reduced by factors of 1/100
below 0.5% relative humidity, resulting in the improvement
TDDB lifetime by a factor of 30.
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Appendix A
Dispersal Concentric Double-Layer Dielectric Cylinder Syste

We consider one concentric double-layer dielectric cylinder~external radius: a
internal radius: b! in uniform dielectric medium. Dielectric constants for the regio
, r, b , r ø a, and rø b are«1, «2, and«3, respectively. First, we derive electrosta
potential of the dielectric under the external electrostatic potential

w0 = − E0z = − E0r cosu fA-1g

The Laplace equations for each region are written as

Dw1 = 0, a, r fA-2g

Dw2 = 0, b , r ø a fA-3g

Dw3 = 0, r ø b fA-4g

wherew1 is the electrostatic potential for outside of the dielectric cylinder a, r, andw2
andw3 are the electrostatic potential for inside of the dielectric cylinder b, r ø a and
r ø b, respectively.

A general solution for Laplace equation in cylindrical coordinates is written a

wsr,ud = o
n=1

`

sAn cos nu + Bn sin nudSCnr
n +

Dn

rn D + sA0u + B0dsC0 log r + D0d

fA-5g

where An, Bn, Cn, and Dn ~n = 0,1,2,…! are constants determined by the bound
conditions

lim
r→`

w1 = w0 fA-6g

«1U ] w1

] r
U

r=a

= «2U ] w2

] r
U

r=a

fA-7g

1

a
U ] w1

] u
U

r=a

=
1

a
U ] w2

] u
U

r=a

fA-8g

«2U ] w2

] r
U

r=b

= «3U ] w3

] r
U

r=b

fA-9g

1

b
U ] w2

] u
U

r=b

=
1

b
U ] w3

] u
U

r=b

fA-10g

Solve these equations, and the electrostatic potentials are given as

w1sr,ud = − S1 + g
a2

r2DE0r cosu, r . a fA-11g

w2sr,ud = −
1

2«2
Hs«2 + «3d + s«2 − «3d

b2

r2JhE0r cosu, a ù r . b fA-12g

w3sr,ud = − hE0r cosu, b ù r fA-13g

where

g ;
s«1 − «2ds«2 + «3d + s«1 + «2ds«2 − «3ds1 − yd
s«1 + «2ds«2 + «3d + s«1 − «2ds«2 − «3ds1 − yd

fA-14g

h ;
4«1«2

s«1 + «2ds«2 + «3d + s«1 − «2ds«2 − «3ds1 − yd
fA-15g

and y is defined as the volume ratio of cylindrical dielectric shellvs.dielectric cylinder
y =
psa2 − b2d

pa2 = 1 − Sb

a
D2

fA-16g

The concentric double-layer dielectric cylinder is regarded as a uniform dielectr
inder that has dielectric constant«eff, such as the potential~b → 0 limitation of Eq.
A-11!

w1sr,ud = − S1 +
«1 − «eff

«1 + «eff
·

a2

r2DE0r cosu, r . a fA-17g

This equation is compared to Eq. A-11, and then

«eff =
1 − g

1 + g
«1 fA-18g

where

g ;
s«1 − «2ds«2 + «3d + s«1 + «2ds«2 − «3ds1 − yd
s«1 + «2ds«2 + «3d + s«1 − «2ds«2 − «3ds1 − yd

fA-19g

This is the effective dielectric constant for concentric double-layer dielectric cyl
The dielectric constant« of the medium that has many dispersal concentric double-
dielectric cylinders is given by Rayleigh’s equation of dispersal dielectric cylinde

« = «1
«1 + «eff − xs«1 − «effd
«1 + «eff + xs«1 − «effd

fA-20g

where«1 is the dielectric constant for outside of the dispersal dielectric cylinders,«eff is
the effective dielectric constant for concentric double-layer dielectric cylinder giv
Eq. A-18, and x is the total volume ratio of the dispersal dielectric cylinders.

Appendix B
Dispersal Concentric Double-Layer Dielectric Sphere Syste

We consider one concentric double-layer dielectric sphere~external radius: a, inte
nal radius: b! in uniform dielectric medium. Dielectric constants for the region a, r,
b , r ø a, and rø b are«1, «2, and«3, respectively. The external electrostatic po
tial is given as

w0 = − E0z = − E0r cosu fB-1g

The Laplace equations for each region are written as

Dw1 = 0, a, r fB-2g

Dw2 = 0, b , r ø a fB-3g

Dw3 = 0, r ø b fB-4g

wherew1 is the electrostatic potential for outside of the dielectric sphere a, r, andw2
andw3 are the electrostatic potential for inside of the dielectric sphere b, r ø a and
r ø b, respectively.

A general solution for the Laplace equation in spherical coordinates is writte

wsr,ud = o
l=0

`

sAlr
l + Blr

−sl+1ddPlscosud fB-5g

where Pl ~l = 0,1,2, …! is the Legendre polynomial, and Al and Bl ~l = 0,1,2, …! are
constants determined by the boundary conditions

lim
r→`

w1 = w0 fB-6g

«1U ] w1

] r
U

r=a

= «2U ] w2

] r
U

r=a

fB-7g

1

a
U ] w1

] u
U

r=a

=
1

a
U ] w2

] u
U

r=a

fB-8g

«2U ] w2

] r
U

r=b

= «3U ] w3

] r
U

r=b

fB-9g

1

b
U ] w2

] u
U

r=b

=
1

b
U ] w3

] u
U

r=b

fB-10g

Solve these equations and the electrostatic potentials are given as

w1sr,ud = − S1 + g
a3

r3DE0r cosu, r . a fB-11g

w2sr,ud = −
1

3«2
Hs2«2 + «3d + s«2 − «3d

b3

r3JhE0r cosu, a ù r . b fB-12g

w3sr,ud = − hE0r cosu, b ù r fB-13g

where
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g ;
s«1 − «2ds2«2 + «3d + s«1 + 2«2ds«2 − «3ds1 − yd

s2«1 + «2ds2«2 + «3d + 2s«1 − «2ds«2 − «3ds1 − yd
fB-14g

h ;
9«1«2

s2«1 + «2ds2«2 + «3d + 2s«1 − «2ds«2 − «3ds1 − yd
fB-15g

and y is defined as the volume ratio of spherical dielectric shell versus dielectric

y =

4

3
psa3 − b3d

4

3
pa3

= 1 − Sb

a
D3

fB-16g

Same as the dielectric cylinder, the concentric double-layer dielectric sph
regarded as a uniform dielectric sphere that has dielectric constant«eff, such as th
potential~b → 0 limitation of Eq. B-11!

w1sr,ud = − S1 +
«1 − «eff

2«1 + «eff

a3

r3DE0r cosu, r . a fB-17g

This equation is compared to Eq. B-11, and then

«eff =
1 − 2g

1 + g
«1 fB-18g

where

g ;
s«1 − «2ds2«2 + «3d + s«1 + 2«2ds«2 − «3ds1 − yd

s2«1 + «2ds2«2 + «3d + 2s«1 − «2ds«2 − «3ds1 − yd
fB-19g

This is the effective dielectric constant for the concentric double-layer dielectric s
The dielectric constant« of the medium that has many dispersal concentric do
layer dielectric spheres is given by Rayleigh’s equation of dispersal dielectric sp

« = «1
2«1 + «eff − 2xs«1 − «effd
2«1 + «eff + xs«1 − «effd

fB-20g

where«1 is the dielectric constant for outside of the dispersal dielectric spheres,«eff is
the effective dielectric constant for concentric double-layer dielectric sphere giv
Eq. B-18, and x is the volume ratio of the dispersal dielectric spheres.
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