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ABSTRACT

The nano-structure capacitance is analyzed and is
shown Lo consist of three components serially connected;
one is the extension of the classical capacitance in electro-
statics, another is due to the electronic density of states
of the conductor, and the other comes from the electronic
charge distribution inside the conductor. The latter two
have only the self-capacitance contribution. The diagram-
matic expression of the capacitance is given. As an ex-
ample, the C-V curve of dual gate SOI MOS junction is
evaluated.

1. INTRODUCTION

According to technology trends widely accepted, it is
highly probable that the feature size of micro-devices and
circuits will leap into the sub-tenth micrometer range at
the beginning of next century. There, the general feature
of capacitance is supposed to undergo a serious modifica-
‘tion compared with that of the larger size structure, just
as the conductance of the nano-structure are subjected
to a remarkable change due to the quantum mechanical
effect. The capacitance of microstructures is discussed by
some authors!)?) and the contribution from the electronic
density of states has been pointed out. It is important
to enumerate all contributions of nano-structure capaci-
tance and discuss them from the general point of view.
This paper has discussed the general expression of the
nano-structure capacitance with use of the one-electron
picture based on the self-consistent field approximation,
and has shown the presence of extra-components due the
micro-size effect in addition to the classical electrostatic
capacitance. In the analysis of single electron devices es-
pecially, the capacitance plays a key role and the consid-
eration of these detailed nano-structure capacitance will
become increasingly important as the device size is scaled
down.

2. EXPRESSION OF CAPACITANCE

We assuime a systemn that consists of a number of micro-
size bodies of conductors (metals and semiconductors)
separated by insulator region from each other, as is ex-
emplified in T'ig.1. The charge on the i-th conductor @;
is not a simple function of the electrode potentials of the
Jj-th conductor ¢;’s generally, and we need to define the
capacitance matrix element C;; with use of the differential

expression, §Q; = ) _; Cij66;.

Fig.1. A nano-structure where conductors are set sep-
arated by insulator region.

Since the ionic charge on the conductor is fixed, the
charge increment Q; can be substituted for the increment
of the electronic charge on the conductor, and is expressed
in the one-electron picture as

6Q; = 6((~¢) j Dj(E; @, V() (i, EME). (1)

Here D;(E,Qj;, Vj(s)) is the electronic density of states
of the j-th conductor and is the function of the energy
E, the charge Q;, and the electric potential on the sur-
face point s of the conductor, Vj(s), which is the function
of @; and Q;’s (i # j). e is the electronic charge, and
f(u;j, E) is the Fermi distribution function with the Fermi
potential ;. The electrode potential of the j-th conduc-
tor means the necessary energy for unit charge addition
to the conductor and corresponds to the chemical poten-
tial of the conductor, which is well approximated by the
Fermi potential y; in our case, i.e. ¢; = p;/(—e).

A straight-forward evaluation will lead us to the expres-
sion of the capacitance matrix C,
¢l =Cp' +C5t + G5! (2)
where the matrices Cp, C’Q and Cg are defined by ex-
pressions,
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/D (E,Q;,V;(s)) =t f(“J’E)dEfs (3)
J

i e [ D;(E,Q;, V;(s)) LB dE
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(4)

ff GDJ(F QJ. J(s)) aVJ(S}dsf(uj,E)dE
¢ [ Dy( E,Qj,v;(s))—b—lf;:,;‘"’ dE

(CZhji=

3

where 600 /6V denotes the functional derivative. These
expressions are complex and their physical images are not
clear. However, we can easily derive approximate expres-
sions of these quantities which suggest more clearly what
these quantities mean.
The (CZ1);i is further transformed to

(6)

where Vio = [V;(s)ds/ [ds is the average value of
electric potential over the surface of the j-th conductor.
Eq:(6) suggests that this quantity coincides with the clas-
sical capacitance for the perfect conductor system, and we
can see that Cc means the extended concept of the clas-
sical capacitance due to insulation.
At low temperatures where carriers are degenerate, we
obtain

(Cp)js ~ 2D (p;, Qj, V;(8))éji, (7)

i.e. this component is diagonal and it gives the elec-

tronic density of states at the Fermi potential. At the
room temperature, it is evaluated as
. e
(Cp)ii = w=laslési, (8)

where g; is the electronic charge in the j-th conductor.
The expression of Cg also is transformed to

_984(@;,Vi(s) ]

(Co)ji ~
€dQ; E;(Q;,V;(8)~u;

bji- (9)

at low temperatures, where E¢;(Q;, V;(s)) denotes the
£-th energy level of the conductor. Eq.(9) gives the vari-
ation of the energy level which is measured from Vio and
coincides with the Fermi potential, when the charge on
the conductor is varied. This component is due to the
charge delocalization off the surface into the bulk of con-
ductor. For example of MOS inversion layers, the C¢
component provides the normal MOS capacitance due to
the.oxide insulation, while (:‘Q component gives the ca-
pacitance contribution due to the fact that the center of
mass of inversion charge is separated from the interface
toward inside.
When the capacitance is composed of two-body capaci-
tance components, it is convenient to use a diagrammatic

expression. Suppose that the classical capacitance net-
work is expressed with two-body capacitance components
as is shown in Fig.2(a). Then the counterpart for nano-
structure capacitance taking account of the quantum me-
chanical effect is expressed with the diagram shown in
Fig.2(b). Of course Cc(j,%), Cq(j) and Cp(j) are those
quantities evaluated with Eqgs.(3),(4) and (5), and do not
coincide with the classical value generally. The charge on
hypothetical nodes j/, j” etc. should be put to zero in
the calculation.

_: CC(j,j-l-U

CO(j+'l)

/<CD(j+1)

(j+1)

(j+1)
(j+1)

Fig.2(b). Nano-structure capacitance network corre-
sponding to Fig.2(a).

3. DUAL GATE SOI MOS JUNCTION

As an example of the nano-structure capacitance, the
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C-V curve of tle dual gate SOI MOS junction was com-
puted. The device structure analysed is shown in Fig.3,
where Gatel and Gate2 are arranged in a symmetrical
position and the same gate bias voltage is applied. The
C-V curve was computed with the Hartree approxima-
tion, self-consistently solving the Schrodinger equation
and the Poisson equation. The computed C-V curve for
5 nm SOI thickness at 10 K and 300 K are shown in
Fig.3. The SOI channel is assumed of intrinsic Si. The
characteristic staircase-like structure shown at low tem-
perature is due to the Cp component of capacitance and
reflects the two-dimensional electronic density of states.
The staircase-like structure appears every time the Fermi
potential jumps into the new sub-band and the density
of states there steps up. At the room temperature, this
component reflects the quantity of electronic charge in the
conductor and shows smooth increase as the gate bias is
increased as is shown in the figure. The variation of Cq
component is gentle and produces no conspicuous struc-
tures.
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Fig.3. Dual gate SOI MOS junction.
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Fig.4. Computed C-V curve of the dual gate SOI MOS
junction.

4. SUMMARY

The general features of nano-structure capacitance is

analysed based on the self-consistent field approximation,
and it is clarified that the capacitance is decomposed into
three components serially connected. One is the exten-
sion of the capacitance of classical perfect conductors dis-
cussed in electrostatics. The quantum mechanical effect
plays an important role in the other two components;
one of them is proportional to the electronic density of
states at the Fermi potential of the conductor in low tem-
peratures. At the room temperature this portion is pro-
portional to the electronic charge in the conductor. The
other is due to the delocalization of electronic charge off
the surface into the bulk of conductor. These two compo-
nents have only the self-capacitance contributions. The
diagrammatic expression of the capacitance network is
developed for application to the electric circuit. The C-V
curve of the dual gate SOI MOS junction was evaluated
through computer simulation, and the presence and the
characteristics of the nano-structure capacitance compo-
nent are confirmed.
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