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Thickness dependence of the effective dielectric constant in a thin film
capacitor

Kenji Natori,a) Daijiro Otani, and Nobuyuki Sano
Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

~Received 17 March 1998; accepted for publication 27 May 1998!

The static value of the effective dielectric constant in a thin film capacitor is simulated by means of
the local field theory. The value of it shows a sharp decrease as the film thickness is decreased in
an ultrathin film geometry. This phenomenon is due to the size effect intrinsic to a thin film structure
and has nothing to do with the material aspect. The decrease is more remarkable for larger values
of the bulk dielectric constant. It is recovered by inserting interface layers with larger atomic
polarizability between the film and the capacitor electrode. ©1998 American Institute of Physics.
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As a higher integration of dynamic random acce
memory is pursued, the possibility of applying high diele
tric materials such as~Ba, Sr!TiO3 to a high density memory
cell capacitor has been investigated with a great dea
interest.1–5 It is frequently reported, however, that the diele
tric constant of such a material decreases as the film th
ness is decreased.1–3 The reason for this phenomenon is us
ally ascribed to a degradation in film quality. The fil
quality degrades as the thickness is decreased, yieldin
smaller dielectric constant. Or, low dielectric constant int
face layers are formed adjacent to the electrode, and
dominate the capacitance as the film thickness is decrea

In this study, we have simulated the effective dielect
constant of a thin film capacitor and have found a stro
dependence of the effective dielectricity on the thickness
the material. The thickness dependence in our simulation
nothing to do with the film quality change, but is an intrins
effect due to the presence of a film surface.

FIG. 1. The simulated capacitor structure. The dielectric film consists
atomic dipole moments arranged on lattice points of a simple cubic la
with infinite extension along thex and y axis and with finite dipole layers
along thez axis.

a!Electronic mail: natori@hermes.esys.tsukuba.ac.jp
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According to the Lorentz’s local field theory,6 the dielec-
tric constant of the bulk material,Ke0 , wheree0 is the per-
mittivity of a vacuum, is related to the atomic polarizabili
a of the constituent dipole moment, by the Clausius-Moss
~CM! relation

K21

K12
5

1

3e0
Na, ~1!

whereN is the number density of the dipole.
The effective dielectric constant of a thin film capacit

is simulated by means of the local field theory as follow
The sample structure consists of atomic dipole moments
ranged on lattice points of a simple cubic lattice~periodicity
d! with an infinite extension along thex andy axis and with
finite dipole layers~n layers! along thez axis ~Fig. 1!. The
i th layer atomic dipole momentp( i ) is equal to
(4pe0d3)a( i )El ( i ) in the linear approximation, wherea( i )
andEl ( i ) are, respectively, the dimensionless atomic pol
izability and the local field at thei th layer atomic site. All
dipole moments in the sample yield the dipole field at ea
atomic site, and the dipole field as well as the field due to
capacitor plate charge constitutes the local field thereof.
contribution to the local field at ani th layer site from all of
the j th layer dipole moments is expressed
(1/4pe0d3)Gi j p( j ). The coupling factorGi j is computed by

f
e

FIG. 2. The effective dielectric constantKeff as a function of the uniform
value of the dimensionless atomic polarizability,a( i )[a0 . The parameter
is n, the thickness of the sample. CM stands for the Clausius-Moss
relation.
© 1998 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



in

ra

or
s
ld

c-

nd

ito

n
y
.

an
ig
ct

n-
-
, and

hat
ples
is-

ge
rcing
ent
nt

ant
the
d is
the

or
It

ss is
ce
n-
ize
re
nt.
d by

ger

nt
ec-

633Appl. Phys. Lett., Vol. 73, No. 5, 3 August 1998 Natori, Otani, and Sano
summing up the contribution from all the dipole moments
the j th layer asGi j 5d3( (3 cos2 u21)/r3,6 where the radial
vector from one of thej th layer dipoles to thei th layer site
has the magnituder and forms an angleu with the dipole
moment direction. The summation over thej th layer dipoles
farther than a definite distanceR from a j th layer site equiva-
lent to thei th layer site can be approximated by an integ
tion. A sufficiently largeR is chosen so thatGi j does not
depend on R. The local field El ( i ) is expressed as
(Q/e0)Ẽl ( i ) whereQ is the charge density on the capacit
plate and is assumed to be equal to the electric flux den
D( i ) in our geometry, and the dimensionless local fie
Ẽl ( i ) is a solution of the simultaneous equation,

(
j

@d i j 2Gi j a~ j !#Ẽl ~ j !51. ~2!

d i j equals unity fori 5 j and vanishes otherwise. The ma
roscopic polarizationP( i ) is given byp( i )/d3, and the mac-
roscopic field is equal to@D( i )2P( i )#/e0 at the i th layer
site. The local dielectric constantK l ( i )e0 at the i th layer,
which is defined by the ratio of the electric flux density a
the macroscopic field thereof, is evaluated asK l ( i )5@1
24pa( i )Ẽl ( i )#21. The effective dielectric constantKeffe0,
which is defined by the capacitance of the thin film capac
C5Q/V[Keffe0 /(nd), is expressed as

Keff5F12
1

n (
i 51

n

4pa~ i !Ẽl ~ i !G21

. ~3!

Notice that Keff is related to K l ( i ) by Keff
21

5@(i51
n Kl ( i )21#/n.
Figure 2 shows the simulated effective dielectric co

stantKeff as a function of the uniform atomic polarizabilit
a( i )[a0 . The parameter isn, the thickness of the sample
The bulk dielectric constantK given by the CM relation is
also shown. It is clear that the effective dielectric const
increases to the CM result as the thickness increases. F
3 shows the thickness dependence of the effective diele

FIG. 3. The thickness,n, dependence of the effective dielectric consta
Keff . The parameter is the bulk dielectric constant.

TABLE I. Examples of the value ofKeff .

n K510 K51000

10 9.602 164.2
500 9.992 912.7
` 10.000 1000.0
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constant. The parameter is the atomic polarizability co
verted toK by the CM relation. The effective dielectric con
stant sharply decreases as the film thickness is decreased
the decrease is more remarkable for largerK values. Some of
the numerical values are summarized in Table I. Notice t
the thickness dependence is almost negligible for sam
with K<10. Figure 4 shows the local dielectric constant d
tribution along the thickness direction for the case ofn
510. It is clear that the local dielectric constant at the ed
site has a reduced value due to the absence of an enfo
field effected by the nearest neighbor dipole in the adjac
layer, which fact yields a smaller effective dielectric consta
in a thinner sample structure. The local dielectric const
has a bulk value deep in the film. Figure 5 shows that
decreased effective dielectric constant is recovered an
even enhanced by increasing the atomic polarizability of
edge layers. The parameterb is defined so thata(1)
5a(n)5ba0 as well asa( i )5a0 (2< i<n21).

The effective dielectric constant of a thin film capacit
was simulated by means of Lorentz’s local field theory.
was shown that the value decreases as the film thickne
reduced in ultrathin film geometry. This is due to the surfa
dipole moments suffering from different environmental co
ditions than the bulk dipole moments, and is due to the s
effect intrinsic to the film structure. The decrease is mo
remarkable in samples with a larger bulk dielectric consta
The decreased value is recovered and is even enhance
replacing the surface layers with layers having a lar
atomic polarizability.

FIG. 5. The thickness dependence of the effective dielectric constantKeff ,
where the atomic polarizability of edge layers is enhanced so thata(1)
5a(n)5ba0 anda( i )5a0 (2< i<n21). K5100.

FIG. 4. The local dielectric constant distribution along the thickness dir
tion. The thickness isn510.
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