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Abstract. We present an exact analytical solution to the electrostatic problem of the biased single-
electron dual-junction-array trap, which consists of equal stray capacitances Cp, equal junction
capacitances C, equal input gate capacitances C1, and a coupling capacitance Cc. The threshold
voltages are investigated for various charge solitons including a single electron, an exciton, and a
combined exciton and single electron. Our results show that their threshold voltages have strong
dependences on the cotunnelling, Co/C, C;1/C, Cc/C, and the number of junctions, and that
various types of charge soliton transport occur according to these parameters. Previous discussions
in the literature have neglected the effect of the stray capacitance, but we find that the effect plays
an important role in the charge soliton transport.

1. Introduction

Since Likharev’s report [1] on single-electron tunnelling (SET) devices whose fundamental
operation principle is based on the Coulomb blockade effect, a lot of work has been carried out
[2-12] on the physics of SET phenomena and on the wide variety of SET device applications.
One of the most significant SET systems is the single-electron ‘trap’, which is comprised of a
junction array and a capacitor as shown in figure 1(a). It serves as a memory cell by holding
an electron or a hole in the trap, i.e., a ‘0’ state for no extra charge in the trap and a ‘1’ state
for an extra charge in the trap. Numerous papers have already been published [5-9, 12] on this
subject. Recently, Amakawa, Fujishima, and Hoh [10] presented a more complicated single-
electron memory circuit, a single-electron dual-junction-array trap, which is composed of two
capacitively coupled normal traps as shown in figure 1(b). In particular, they studied the charge
transport in this system by using computer simulation taking into account cotunnelling, based
on the tunnelling rate obtained from the approximation proposed by Fonseca et al [8]. When
an excess electron is placed on one of the islands in the left-hand-side array, it is energetically
favourable if there is a hole on the adjacent island in the right-hand-side array. Thus, an
electron and a hole tend to pair and move together along the single-electron dual-junction
array. According to the results of Amakawa et al [10], the lifetime of the electron—hole pair
(‘exciton’) is longer than that of the single electron when the coupling capacitance Cc is large.
This means that the binding energy of the electron-hole pair (‘exciton’) is so large that a
tunnelling event in the left-hand-side array simultaneously induces a tunnelling event in the
left-hand-side array when a small driving voltage is applied to the system. If the coupling
capacitance decreases, the lifetime becomes shorter. This is due to the decrease in the binding
energy of the ‘exciton’; then the two arrays become virtually independent. Thus, this system
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Figure 1. (a) The single-electron trap with N small junctions, with equal junction capacitances C,
equal stray capacitances Co, input gate capacitance C1, and well capacitance Cc. The bias voltages
of the two edges are V and U. (b) The single-electron dual-junction trap with 2N small junctions,
with equal junction capacitances C, equal stray capacitances Co, equal input gate capacitances C,
and coupling capacitance Cc. The bias voltages of the two edges are V /2 and —V /2, while the
voltages in the middle are U.

can also function as a memory cell by holding an electron-hole pair (‘exciton’) in the traps,
i.e., a ‘0’ state for no extra electron—hole pair (‘exciton’) in the traps and a ‘1’ state for an
electron—hole pair (‘exciton’) in the traps. In a sense, it could be considered as a single-
‘exciton’ trap [2]. The remarkable thing here is that the earlier study was restricted to the
case where the coupling capacitance is smaller than the junction capacitance and the role of
the stray capacitance, which is known to be important in determining the soliton width in a
one-dimensional (1D) array, was neglected.

The purpose of this study is to present an exact analytical solution to the electrostatic
problem of the biased single-electron dual-junction-array trap consisting of equal stray cap-
acitances Cy, equal junction capacitances C, equal input gate capacitances Cj, and coupling
capacitance Cc, to derive analytical expressions for the total free energy and the threshold
voltages for various charge-transfer processes (involving a single electron, a single exciton,
and a combined soliton), and to study the effects of the stray capacitances, the input gate
capacitances, the coupling capacitance, the number of junctions, and the cotunnelling process
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on the threshold voltages of various charge solitons.

The starting point in studying the electrostatics of the single-electron dual-junction-array
trap is to identify the potential profiles for a given set-up of the system. For a single-electron
dual-junction-array trap with 2N junctions, one needs to solve a set of 2N linear equations
for the corresponding voltages (or equivalently, the charges) on the 2N junctions. A set of
2N linear equations for the voltages {V;} across each of the 2N junctions are developed into
a matrix form, and solved numerically without making any prior assumptions. The key to
our approach is the rewriting of the electrostatic equations as matrix equations for the island
potentials {®;}; this enables us to derive the electrostatic equations in a tridiagonal matrix form
and obtain an exact analytic result for the single-electron dual-junction-array trap.

Although the bias voltage controls the average value of the current passing through the
system, the dynamics of a single charge soliton in the system at 7 = 0 is in principle solely
determined by the Gibbs free energy. The transfer of a soliton from one island to another
through the tunnel junction between them is favourable if the Gibbs free energy decreases
in this process, and vice versa. Thus, the essence of the dynamics is the evaluation of the
Gibbs free energy, which consists of a charging energy term and a ‘work done’ term. The
above-mentioned exact solutions of the electrostatics for the single-electron dual-junction-
array trap enable us to perform systematic studies for the Gibbs free energy and derive an
exact analytical form for it at arbitrary charge configurations. This allows us to predict many
interesting behaviours of the system through the threshold voltage and compare them with
numerical results reported previously by Amakawa ef al [10].

The rest of the paper is organized as follows. In section 2, we obtain an exact analytic
result for the island potentials {®; } for the single-electron dual-junction-array trap, based on the
study of the 1D array in reference [9]. With the island potentials obtained in section 2, an exact
analytical form for the Gibbs free energy for arbitrary charge configurations will be derived in
section 3. In section 4, we obtain the threshold voltages for various charge solitons including
a single electron, a single exciton, and a combined soliton, using the exact analytical form for
the Gibbs free energy. In section 5, we present the numerical results for the threshold voltages
for various charge solitons, to investigate the effects of the stray capacitances, the input gate
capacitances, the coupling capacitance, the number of junctions, and the cotunnelling process
on the threshold voltages of various charge solitons. Conclusions will be given in the last
section.

2. Potential profile

We consider a single-electron dual-junction-array trap, as illustrated in figure 1(b), where the
ends of two single-electron traps are coupled to each other by a coupling capacitor C¢, and each
single-electron trap consists of N small tunnel junctions in series, with equal stray capacitances
Cy and equal junction capacitances C, the end of which couples to an input gate capacitance C.
The bias voltages of the two edges are V /2 and —V /2, while the voltages in the middle are U.
Also, the tunnelling resistance Ry of each junction is assumed to be the same and Ry > h/e?,
which ensures that the wave function of an excess electron on an island is localized there.
We denote the potential on each of the individual 2N islands between the junctions in the
array by the column vector D = (@, Dy, ..., Dyn)T, and the number of excess electrons on
each of the individual 2N islands is denoted by the column vector n = {n, na, ..., nan )T
The electrostatic equations for the island potentials {®;} and the number of the excess island
electrons {n;} are derived from the charge conservation and Kirchhoft’s law, and they obey a
set of 2N linear equations. These equations can be conveniently expressed in a simple form



4644 Jai Yon Ryu et al

as

SP = %ﬁ’ )

where 77’ means that the first, the Nth, the (N +1)th, and the last elements of 7’ are replaced with
ny—CV/2e,ny — CiU/e, ny4 —_C1 U/e, and nyy + CV /2e, respectively, to accommodate

the effects of the bias voltages and S is a 2N-by-2N symmetric matrix given by
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Here,« = C¢/C is acoupling constant, D' = —1—(C;+C¢)/C, ﬁis an (N —1)-by-(N —1)
symmetric tridiagonal matrix, having all diagonal elements the same, D = —(2+ Co/C), and

Q||

with

|
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all the off-diagonal elements equal to 1, and O denotes an (N — 1)-by-(N — 1) null matrix.
In equations (3) and (4), the column vectors T=(0,0,.., DT, 1T =(1,0,...,00T, and
0=(0,0,...,0)" each have N — I elements.

Then, by using the matrix inverse to S, i.e., H, we obtain the analytical expression for the
potential profiles in equation (1) as

F=mr=<(F 2w 5)
¢ c\o, P,

where the elements of the 2N-by-2N matrix H have the following property: H;; = Hj; =

Hyny1—jon+1—i, and Py, Pa, 51’ and @2 are N-by-N symmetric sub-matrices of the matrix
H. The symmetric matrix P in equation (5) can be expressed by
1 _
/ 2 / R
D +Ry_1—a” /(D' +Ry_1)
1 ﬁT 1
D' +Ry_1 —a?/(D' + Ry_1) D' +Ry_; —a?/(D' + Ry_1)

|

alll
Il

(6)

where the elements of the (N — 1)-by-(N — 1) symmetric sub-matrix B and the column vector
R are, respectively, given by

(B)ij = R}, = (=1)""' My_,_,My_1/My_, fori < jandi,j <N —1 7)
R — sinh A _ R ®)
"7 ginhNa T NE
Here,
Mj, =GM;—M;,
with

M; = (—1)/ sinh(j + 1)1/ sinh A G=D—1/(D —a*/(D' +Ry_))).
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Also, A is determined by —2 cosh A = = —(2+ Cy/C), and R; ; are the elements of the
inverse matrix of an (N — 1)-by-(N — 1) symmetric matrix M in equation (3), which are
given by

cosh(N +|j —i])A — cosh(N — j — i)

R;i =
Y 2 sinh A sinh NA

ij=12...,N—1. )

In addition, the elements of the N-by-N symmetric sub-matrices ?2, 51, and 52 in equ-
ation (5) are, respectively, given by

(?2)1‘1’ = R;V+l—jN+l—i = R;V+1—iN+1—j (10)
(0Q)ij = —a Ry, _jyRin (11)
(0y)ij = —oRyN+1-i Ry (12)

It is to be noted that equation (5), supplemented by equations (6) and (10)—(12), is a general
expression for the potential profile of the single-electron dual-junction-array trap with 2N
tunnelling junctions with equal stray capacitances. If the value of « is taken as 0, equation (6)
becomes identical to the expression for a symmetric matrix appearing in the potential profile
for a normal trap obtained by Hu et al [9]. Moreover, equation (5) reduces to the Hu et al
result [9] for the potential profile for a one-dimensional array with 2N + 1 tunnelling junctions
with equal stray capacitances if the value of « is taken as 1. Equation (5), together with
equations (6) and (10)—(12), is a basic result of this paper. Once a charge profile {n;} is
known, we can use equation (5) to determine the potential profile {®;} for the single-electron
dual-junction-array trap.

3. Free energy and charging energy

In this section, we want to evaluate the Gibbs free energy of the single-electron dual-junction-
array trap, by using the exact solution ® of equation (5). Since the free energy is a crucial
quantity in determining the rate of tunnelling in small junctions, one needs to define it in a
precise way. Basically, the free energy contains two terms, the electrostatic energy and the
work done by moving the charged soliton through the system.

For a biased single-electron dual-junction-array trap as illustrated by figure 1(b), the Gibbs
free energy can be written as

F=E+W 13)

where the electrostatic energy is defined as

2N+1
E,=E.—e Zn@i (14)
i=0

with the charging energy

c N , €A , C V2
E, = 7 ;(Cbm — Q)+ 3 Z (Piv1 — @) + 5(431 - _>

i=N+1 2
c v\’ Cc , Cox , Co &
+ Py +—= | +—(@ —ON) + — o+ — Ok
2( N 2) ) (P41 N) 2 ;:1 it i:XN;Z ;

C C
+71(U—®N)2+71(U—@N+1)2~ (15)
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In addition, in equation (13), the work due to the charge redistribution associated with the
change of the charge profile {n} is given by

N-1 2N—1
W==CY (B — ) —C Y (Disy — D)’ = Cc(Pys1 — D)’
i=1 i=N+1
V 2 V 2 N—-1 2N
2 2
—C<d>1 —3) —C<©2N+E) —C()Zl:q)i —Co'; q)i
= I=N+2
— C1(U — dn)* — C1(U — dyi1)’. (16)

In order to study the change of the Gibbs free energy in the event of a charge soliton
transfer, it is desirable to rewrite it as a function of the charge profile {n;}. For this purpose,
after some algebra with equations (5) and (13)—(16), we can obtain the Gibbs free energy as

o2 2N 2N 1

F=Eo—523 % miting—SV(Qo— Qavt) = U(Q} + Q) (17)
i=1 j=1

where

1 > 2 C C

E., = ZCV (I1+ Hy — Hpy) +CU 1+FHNN+FHNN+1 (18)

0% =Ci(U — @y) 0% =Ci1(U — dyiy) (19)
%4 \%

Qo = noe + C<E - q)l) Oonsl = Noypi€+ C<_E - (DZN)~ (20)

Equation (17) is a general expression for the Gibbs free energy of a single-electron dual-
junction-array trap with bias voltage {V, U}, charge profile {n;e}, and potential profile {®;} on
the islands. On the basis of the Gibbs free energy (17), one can directly study the dynamics of
the single-electron tunnelling by calculating the change of the Gibbs free energy AF due to
some charge-transfer event. To be definite, here we discuss the case where the charge transfer
happened between two islands k and k', while the charges on the other islands are unchanged.
We assume, however, that the tunnelling between two islands N and N + 1 is negligible, so that
we have two circuits that are independent galvanically but are coupled electrostatically [2].
We denote the charges on these islands before and after the charge transfer as {ny, ny} and
{n}, n},}, respectively, and the net transferred charges as O, where Q can be a single electron,
a single exciton, or a combined soliton, which will be discussed in the next section. Thus, we
obtain, from equation (17), the change of the Gibbs free energy A F 2 (k, k') due to the charge
transfer {ng, ny'} to {n;, ny}:

AFQ(k, k') = F({n|,n},}) — F({nx, np}) = AEC(k, k) + We(k, k') (21)

where the detailed form of the change of the charging energy AE?(k, k') and the work done
W2 (k, k') in equation (21) can be directly worked out from equation (17).

4. Threshold voltage

Now, let us calculate the change of the Gibbs free energy AF€(k, k') due to some charge
transfer by means of equation (21). Here we consider three cases of particular interest:

(i) the single-charge-soliton (e) case, where an electron is transferred from the kth island
to the k’th island in the left-hand-side array, i.e., ny — ny = —1, nj, —np = 1,
n/ZN—k+l —nan—k+1 =0, nlzN_ka —non—k+1 = 0;
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(>ii) the exciton soliton (electron—hole pair, ex) case, where an electron in the left-hand-side
array is transferred from the kth island to the k’th island and an electron in the right-
hand-side array is simultaneously transferred from the (2N — k' + 1)th island to the
(2N —k+ l)th island, i.e., l’l;{ — N = —1, I’l;{, — Ny = 1, n/ZN—k+1 — MON—k+1 = 1,
"/2ka'+1 —NoN—p+1 = —1;

(iii) the combined soliton (exciton—single electron, ex—e) case, where in addition to the exciton
case, an electron in the left-hand-side array is transferred from the k’th island to the k”th
island, ie., ny —ng = =1, np —np = 0, npy —npr = 1, 0y 40y — NoN—k+1 = 1,
Moy —ks1 — Man—k+1 = —1.

Under the above conditions, the change of the Gibbs free energy for each charge soliton transfer
can be derived from equation (17) as

AFC (k. K) = FC(K') — F(k)
o2
= — —(Hywy — H,
2C( Kk k)

1
- EeV(&),k' — 8o,k — Sonstk + Sonatk — Hiw + Hoyp + Hye — Hong) - (22)

AFex(k, k/) — FEX(k/) _ FeX(k)
2
e
= — E(Hk’k’ — Hyan—ie1 — Hix + Hioy—i+1)

1
- EEV((SO,k’ + Oon+1,2N—k'+1 — 80,k — OoN+1,2N—k+1)
+eV(Hiypw — Hioy—p+1 — Hix + Hioy—i41) (23)
AFEX*E(k’ k/, k//) — Fexfe(k/’ k//) _ Fexfe(k)

2
e
= — i(Hk”k” + Hypp — 2Hpron—+1 — Hi + Hion—k+1)

1
- EEV(&),k" + 8oN+1,2N—k+1 — S0,k — B2N+1,2N—k+1)
1
+ EgV(Hlk” — Hioy_pe1 — Hioy—prs1 + Hipy — 2Hy + 2H oy _j41) (24)

where the bias voltage U was taken as 0 for convenience.

The tunnelling of a charge soliton from the kth island to the k’th island in the single-
electron dual-junction-array trap is energetically favourable when the free energy A F 2 (k, k')
is less than zero, and vice versa. Thus, the threshold energy V; for the transfer of a charge
soliton from the kth island onto the k’th island can be obtained by equating AF?(k, k) to
zero. Applying this principle to equations (22)—(24), we can obtain the threshold voltages for
various charge-soliton-transfer cases as

e
Vek, k') = E(Hk’k’ — Hy)
X [8o — S0k — Sansi +Saneik — Hiw + Hayp + Hix — Hang] ™ (25)

x , 2e
VI, k) = E(Hk’k’ — Hyon—w+1 — Hue + Hion—k+1)

X [(8o,k + 8on+1,2N—k+1 — So.k' — BoN+1,2N—k'+1)
+2(Hyw — Hion—pe1 — Hi + Hioy 1)1 (26)
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B 2e
VET ks kKT = E(Hk’k’ — Hyon—pe1 — Hix + Hion—i+1)

X[(=80,k — San+1,2N—k'+1 + 80,k + 2n+1,2N—k+1)
+ 2(Hyon—w+1 — Hi — Hion—isr + Hip)]™" 27

Equations (25)—(27) are key results giving the threshold voltages for various charge-soliton-
transfer cases, which enable us to analyse the charge transport in the single-electron dual-
junction-array trap. It is clearly seen from equations (25)—(27) that the threshold voltages are
very sensitive to the cotunnelling process, the number of junctions N, the coupling capacitance
C¢, the stray capacitance Cy, and the junction capacitance C, as well as the input gate

capacitance C through the elements of the 2N-by-2N symmetric matrix H.

5. Numerical results

In this section, we present the numerical results for the threshold voltages obtained for various
charge-soliton-transfer processes (involving a single electron, an exciton, and a combined
soliton). First, we study the dependence on Cy, Ci, C¢, and C of the threshold voltages
for various charge-soliton-transfer processes in the case where one-junction tunnelling, i.e.,
m (=k' — k) = 1 for k = 0 in equations (25)—(27), is allowed in the single-electron dual-
junction-array trap having only three tunnel junctions (N = 3) on each array side, and then
perform an analysis of the dependences on N and the cotunnelling of the threshold voltages
at fixed values of Cy, C¢, and C for various stray capacitances, as an example.

The stray capacitance dependence of the threshold voltages (in units of e/ C) is illustrated
for various charge solitons in figure 2, where we plot the threshold voltages in equations (25)—
(27) as functions of the ratio of stay capacitance to junction capacitance, i.e., n = Cy/C, at
B =C;/C =0.051,10and ¢ = Cc/C = 0.5. It is clearly seen from the figure that the
threshold voltages of all charge solitons decrease with the increase of the value of n. For
n — 0and small 8 (<1), the exciton has a lower threshold voltage than any other soliton. This
means that the exciton transport is dominant in the system, as reported by Amakawa et al [10].
However, as can be seen from the inset, which shows an enlarged view of the small-7 region,
for large B (=1) the combined soliton has the lowest threshold voltage and is expected to be
dominant. Thus, for no stray capacitance, the solitons which are dominant in the system are
either single excitons or combined solitons depending on the input gate capacitance. The small
change of 1 in the small-n (< 1) region leads to a lot of change in the threshold voltage, but the
threshold voltages are almost constant in the large-n (>1) region. The interesting feature is the
B = 1 case. For small n (<1), the combined soliton has the lowest threshold voltage, while
for large n (>1), the single electron or exciton has the lowest threshold voltage. Thus, the
dominant soliton transport varies with the stray capacitance. Moreover, the threshold voltage
of the exciton merges into that of the single electron for small 7 and large g or large n and
small B. In that case, single-electron and exciton transport coexist and will be dominant. For
large B and 5, however, the combined soliton transport is expected to be dominant.

Figure 3 shows the dependence of the threshold voltage (in units of e/ C) on the input gate
capacitance for various charge solitons, where we plot the threshold voltages in equations (25)—
(27) as functions of the ratio of input gate capacitance to junction capacitance, i.e., § = C;/C,
at @ = 0.5 for various stray capacitances of n = 0.5, 1, 5. As can be seen from the figure, if
the value of B increases for a specific value of 7, the threshold voltages of the single electron
and exciton remain constant, whereas those of the combined soliton decrease. As a result, a
change in the type of soliton transport is expected with the increase of 8. For small , exciton
transport dominates in the small-8 region, but if the value of 8 increases, the combined soliton
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Figure 2. Threshold voltages (in units of ¢/ C) for injecting a charge soliton into the first island of
a single-electron dual-junction-array trap with three junctions (N = 3) on each side as functions of
n=Co/CatB =C;/C =0.051,10and « = Cc/C = 0.5. Shown in the inset is an enlarged
view of the small-« region. Also, Cc, Ci, C, and Cy are the coupling capacitance, input gate
capacitance, junction capacitance, and stray capacitance, respectively.

T T

: single electron transport
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Figure 3. Threshold voltages (in units of ¢/ C ) for injecting a charge soliton into the first island of
a single-electron dual-junction-array trap with three junctions (N = 3) on each side as functions
of = Ci/Cata = Cc/C =05andn = Cyp/C = 0.5,1,5, where Cc, Cy, C, and Cy
are the coupling capacitance, input gate capacitance, junction capacitance, and stray capacitance,
respectively.
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becomes dominant. Furthermore, if the values of 8 and 7 increase, the slight difference in
threshold voltage between the exciton and single electron disappears. Then, both types of
soliton transport will be dominant for large n and small 8. Thus, the charge soliton transport
is sensitive to the values of the stray capacitance Cy, the junction capacitance C, and the input
gate capacitance C;. The results shown in figures 2 and 3 are restricted to the specific value
ofx =0.5.

The threshold voltages (in units of e/ C) for various charge solitons are shown in figure 4,
as functions of the ratio of coupling capacitance to junction capacitance, i.e., « = C¢/C, at
n = 0.05 for various input gate capacitances of 8 = 0.5, 1,5. This figure shows that the
threshold voltages of all charge solitons remain constant, except for small « and B. If the
coupling capacitance approaches zero, or the value of 8 increases, the threshold voltage of the
exciton merges into that of the single electron. However, their threshold voltages have larger
values than that of the combined soliton. As shown in the figure, for given parameters § and n
the combined soliton has a lower threshold voltage than any other soliton and hence combined
soliton transport is expected to be dominant for all given «. It should be noted that the results
given in figures 1, 2, and 3 are valid for N = 3 and one-junction tunnelling. As discussed
before, the threshold voltages of charge solitons are influenced by the parameters characterizing
the system, such as the coupling capacitance Cc¢, the stray capacitance Cy, and the junction
capacitance C, as well as the input gate capacitance C;. In addition, the cotunnelling effect
and the number of junctions N also affect the threshold voltages of charge solitons.

= single electron transport

= =: exciton transport

-

o

)

@

<)

©
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I D e N N —
> |
3
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£
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Figure 4. Threshold voltages (in units of ¢/ C ) for injecting a charge soliton into the first island of
a single-electron dual-junction-array trap with three junctions (N = 3) on each side as functions
of e = C¢c/C atn = Cy/C = 0.05and B = C;/C = 0.5,1,5, where Cc, Cy, C, and Cy
are the coupling capacitance, input gate capacitance, junction capacitance, and stray capacitance,
respectively.

Figure 5 shows the dependences of the threshold voltages for various charge solitons on
the number of junctions N at a fixed value of « = § = 0.5 for various stray capacitances
n = 0.05, 1, 5. It is clearly seen from the figure that, as mentioned with reference to figure 2,
the threshold voltage decreases with the increase of the stray capacitance and change of which
soliton is dominant in the transport is expected for N < 3, rather than N > 3. Comparing
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—: single electron transport
= == exciton transport
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Figure 5. Threshold voltages for injecting a charge soliton into the first island of a single-
electron dual-junction-array trap as functions of the number of junctions N at a fixed value of
o =Cc/C =8=C/C =05adn = Cy/C = 0.05,1,5, where Cc, Cy, C, and Cy
are the coupling capacitance, input gate capacitance, junction capacitance, and stray capacitance,
respectively.

the threshold voltages of charge solitons for N = 2 and those of charge solitons for N = 3
in the case of small 1, we can see that the exciton transport is expected to be dominant for
N = 2, whereas the combined soliton transport is dominant for N = 3. Thus, change in the
number of junctions can lead to a change in the type of charge soliton transport. This is valid
for o = B = 0.5. Note that the N-dependence of the threshold voltages for various charge
solitons varies with the values of « and g, as is expected from figures 2, 3, and 4.

The dependence on cotunnelling (m) of the threshold voltages is shown in figure 6 for
various charge solitons, where the circuit parameters were taken as N = 10, « = 8 = 0.5,
and n = 0.5,1,5 as an example. As shown in the figure, the threshold voltages have
various dependences on the cotunnelling according to the stray capacitance. For small n
(£1), change of which soliton is dominant in the transport, from the combined soliton to
the exciton, is expected as the cotunnelling is increased. However, one can see that if the
stray capacitance increases, single-electron or exciton transport becomes dominant because
the threshold voltages for the single electron and the exciton are nearly same. Thus, we can
see that the threshold voltages of solitons can be influenced by the effect of cotunnelling.
The results are restricted to the special cases of N = 10, « = 8 = 0.5, and n = 0.5, 1, 5.
It should be noted that, as can be expected from previous figures, the threshold voltages of
charge solitons can show different cotunnelling dependences, according to the values of N, «,
B, and 7.

6. Conclusions

So far, we have presented an exact solution for the potential profiles of the biased single-electron
dual-junction-array trap with equal stray capacitances. On the basis of equation (5), we have
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Figure 6. Threshold voltages of a single-electron dual-junction-array trap with ten junctions
(N = 10) on each side as functions of the cotunnelling (m) ata« = C¢c/C = g = C1/C = 0.5,
and n = Cop/C = 0.5, 1,5, where Cc, Cy, C, and Cy are the coupling capacitance, input gate
capacitance, junction capacitance, and stray capacitance, respectively.

obtained an analytical Gibbs free energy, as well as the threshold voltages of equations (25)—
(27), for various charge solitons including a single electron, an exciton, and a combined
soliton. With the threshold voltage obtained, we have performed a numerical analysis, in order
to understand the dependence of threshold voltages on the stray capacitance, the coupling
capacitance, the input gate capacitance, and the number of junctions, as well as the cotunnelling.
Our results for the case where one-junction tunnelling is allowed in the single-electron
dual-junction-array trap having only three tunnel junctions (N = 3) on each side show that the
threshold voltages of all charge solitons decrease with the increase of the stray capacitance.
For no stray capacitance and weak coupling and input gate capacitances, the exciton transport
becomes dominant in the system, as reported by Amakawa et al [10]. However, if the input
gate capacitance is increased, the combined charge soliton has a lower threshold voltage than
any other charge soliton and it becomes dominant in transport. Thus, for no stray capacitance,
the solitons which are dominant in the system can be single excitons or combined solitons
according to the input gate capacitance. A lot of change in threshold voltage in the small-
stray-capacitance region is expected, but the threshold voltages are almost constant in the
large-stray-capacitance region. In consequence, for the case where the input gate capacitance
is the same as the junction capacitance, the dominant soliton in transport can be a combined
soliton, a single electron, or an exciton, depending on the stray capacitance. Thus, for a specific
coupling capacitance, the dominant soliton in transport can be a combined soliton, a single
electron, or an exciton, according to the stray capacitance and the input gate capacitance.
Various charge solitons having the lowest threshold voltages are also expected for specific
values of the coupling capacitance, the input gate capacitance, and the stray capacitance as
the number of junctions changes. In particular, change of which soliton is dominant in the
transport is expected for N < 3, rather than N > 3, for the special values « = 8 = 0.5.
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Comparing the threshold voltages of charge solitons for N = 2 and those of charge solitons
for N = 3 in the case of small 1, we can see that the exciton transport is expected to be
dominant for N = 2, whereas the combined soliton transport is dominant for N = 3. Thus,
the change of the number of junctions leads to a change in the type of charge soliton transport.
In addition, the effect of cotunnelling, which is sensitive to the stray capacitance, plays an
important role in determining which solitons are dominant in the system. For small stray
capacitance, change of which soliton is dominant in the transport from the combined soliton to
the exciton is expected as the cotunnelling is increased. However, one can see that if the stray
capacitance increases, the single-electron or exciton transport becomes dominant because the
threshold voltages for the single electron and exciton are nearly same. Thus, various types of
charge soliton transport are expected, depending on the parameters characterizing the system,
such as the coupling capacitance Cc, the stray capacitance Cy, the junction capacitance C, the
input gate capacitance C, and the number of junctions, as well as the cotunnelling.

We conclude that, in studying the charge transport of the biased single-electron dual-
junction-array trap with equal stray capacitances, it is necessary to treat the electrostatic
problem exactly. The quantitative behaviour identified in this paper should provide useful
information pertaining to future experiments.
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