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Thickness dependence of the effective dielectric constant in a thin film
capacitor
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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.
[S0003-695(198)01031-9

As a higher integration of dynamic random access According to the Lorentz’s local field theofythe dielec-
memory is pursued, the possibility of applying high dielec-tric constant of the bulk materiak ¢y, wheree, is the per-
tric materials such ada, S)TiO;to a high density memory mittivity of a vacuum, is related to the atomic polarizability
cell capacitor has been investigated with a great deal of of the constituent dipole moment, by the Clausius-Mossotti
interest It is frequently reported, however, that the dielec- (CM) relation
tric constant of such a material decreases as the film thick- K—1 1
ness is decreaséd’ The reason for this phenomenon is usu- ——=_"Nag,
ally ascribed to a degradation in film quality. The film K+2 3e
quality degrades as the thickness is decreased, yielding whereN is the number density of the dipole.
smaller dielectric constant. Or, low dielectric constant inter-  The effective dielectric constant of a thin film capacitor
face layers are formed adjacent to the electrode, and theg simulated by means of the local field theory as follows.
dominate the capacitance as the film thickness is decrease@ihe sample structure consists of atomic dipole moments ar-

In this study, we have simulated the effective dielectricranged on lattice points of a simple cubic lattiperiodicity
constant of a thin film capacitor and have found a strongd) with an infinite extension along theandy axis and with
dependence of the effective dielectricity on the thickness ofinite dipole layers(n layer9 along thez axis (Fig. 1). The
the material. The thickness dependence in our simulation hdgh layer atomic dipole momentp(i) is equal to
nothing to do with the film quality change, but is an intrinsic (47epd®) a(i)E /(i) in the linear approximation, whewe(i)
effect due to the presence of a film surface. andE (i) are, respectively, the dimensionless atomic polar-
izability and the local field at théth layer atomic site. All
dipole moments in the sample yield the dipole field at each
atomic site, and the dipole field as well as the field due to the

L LLLL LS LLLL capacitor plate charge constitutes the local field thereof. The
......... contribution to the local field at arth layer site from all of
o W & ww s the jth layer dipole moments is expressed as

Id (1/477'60d3)Gij p(j). The coupling factol5;; is computed by
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FIG. 1. The simulated capacitor structure. The dielectric film consists of
atomic dipole moments arranged on lattice points of a simple cubic lattice
with infinite extension along th andy axis and with finite dipole layers Atomic polarizability
along thez axis.
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FIG. 2. The effective dielectric constaKiy; as a function of the uniform
value of the dimensionless atomic polarizabilityi)=«ay. The parameter
is n, the thickness of the sample. CM stands for the Clausius-Mossotti
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FIG. 4. The local dielectric constant distribution along the thickness direc-
FIG. 3. The thicknessn, dependence of the effective dielectric constant tion. The thickness is=10.
Keft- The parameter is the bulk dielectric constant.

constant. The parameter is the atomic polarizability con-
summing up the contribution from all the dipole moments inverted toK by the CM relation. The effective dielectric con-
the jth layer asG;; = d®S (3 cog 9—1)/r3° where the radial  stant sharply decreases as the film thickness is decreased, and
vector from one of thgth layer dipoles to théth layer site  the decrease is more remarkable for largerlues. Some of
has the magnitude and forms an angl® with the dipole the numerical values are summarized in Table I. Notice that
moment direction. The summation over tfth layer dipoles the thickness dependence is almost negligible for samples
farther than a definite distané&from ajth layer site equiva- With K<10. Figure 4 shows the local dielectric constant dis-
lent to theith layer site can be approximated by an integra.tribution along the thickness direction for the case rof
tion. A sufficiently largeR is chosen so thaG;; does not =10. It is clear that the local dielectric constant at the edge
depend onR. The local field E, (i) is expressed as sSite has a reduced value due to the absence of an enforcing

(Qleo)E/(i) whereQ is the charge density on the capacitorﬁeld effected by the nearest neighbor dipole in the adjacent

plate and is assumed to be equal to the electric flux densitkﬁyer* which fact yields a smaller effective dielectric constant
D(i) in our geometry, and the dimensionless local fieldn @ thinner sample structure. The local dielectric constant

has a bulk value deep in the film. Figure 5 shows that the
decreased effective dielectric constant is recovered and is
2 [ 6 —Gija(j)]~E/(j)=1. (2)  even enhanced by increasing the atomic polarizability of the
! edge layers. The parametg® is defined so thatw(1)
=a(n)=Bagy as well asa(i)=ay (2<i<n-—-1).

The effective dielectric constant of a thin film capacitor
was simulated by means of Lorentz’s local field theory. It
o ; ) . 4 was shown that the value decreases as the film thickness is
which is defmeq bY the ratio of the electric flux d?ni'ty andreduced in ultrathin film geometry. This is due to the surface
the maFYBSCPpIC field theregf, 'S_ evalu_ated kas(i) =[1 dipole moments suffering from different environmental con-
—4ma(i)E(i)]*. The effective dielectric constaite€o, ditions than the bulk dipole moments, and is due to the size
which is defined by the capacitance of the thin film capacitoreffect intrinsic to the film structure. The decrease is more

E, (i) is a solution of the simultaneous equation,

6j; equals unity fori=j and vanishes otherwise. The mac-
roscopic polarizatiofP(i) is given byp(i)/d®, and the mac-
roscopic field is equal t§D(i)—P(i)]/eq at theith layer
site. The local dielectric constait, (i) ey at theith layer,

C=Q/V=Ke€&/(nd), is expressed as remarkable in samples with a larger bulk dielectric constant.
10 B -1 The decreased value is recovered and is even enhanced by
Kefi= 1—5 2 A7a(i)E, (1) . 3 replacing the surface layers with layers having a larger
=1

atomic polarizability.
Notice that K is related to K, (i) by K
=[SPL,K (i) in.
Figure 2 shows the simulated effective dielectric con-
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stantK ¢ as a function of the uniform atomic polarizability 150
a(i)=aqy. The parameter ig, the thickness of the sample. .
The bulk dielectric constari given by the CM relation is 100 e
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also shown. It is clear that the effective dielectric constant
increases to the CM result as the thickness increases. Figure
3 shows the thickness dependence of the effective dielectric
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TABLE |. Examples of the value oK .

20 40 60 80 100
n K=10 K=1000
Thickness in dipole layers
10 9.602 164.2
500 9.992 912.7 FIG. 5. The thickness dependence of the effective dielectric conkignt
0 10.000 1000.0 where the atomic polarizability of edge layers is enhanced so dka)

=a(n)=Baganda(i)=ag (2<i<n-1). K=100.
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