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Single-electron tunneling effects in a metallic double dot device
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~Received 29 May 2001; accepted for publication 13 November 2001!

We report on differential conductance measurements on a gold double-dot structure at 4.2 K. The
two dots were connected in series by tunnel junctions formed by atomic force microscopy
manipulation of nanodisks. The tunnel junctions were made strongly asymmetric. The characteristic
honeycomb-shaped charging diagram separating different Coulomb blockade regions of
well-defined occupancy of electrons was observed and the cells in the charging diagram were found
to be skewed by the asymmetry of the tunnel junctions. In addition, a double-dot Coulomb staircase
structure, with steps of varying width, was observed and was studied for varying gate voltage. The
occupancy of electrons on the two dots was determined as a function of both drain source and gate
voltages. ©2002 American Institute of Physics.@DOI: 10.1063/1.1436532#
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Recently, much attention has been brought to the po
bility of using the Coulomb interaction between single ele
trons, residing on coupled quantum dots, as a basis for
vice architecture. One example is quantum-dot cellu
automata~QCA!,1,2 in which arrays of coupled quantum do
are used to implement various logic functions.3–6 The small-
est building block of QCA is a cell of two coupled dots,
double dot, with one excess electron occupying either of
dots.5 By changing the charge configuration on a nearby c
or on control gates close to the double dot, a switching
tween stable states, representing ‘‘0’’ or ‘‘1’’ can be gen
ated and digital data can be transmitted and manipula
Until now, however, studies of coupled-dot devices we
done for semiconductor dots or metal-oxide Dolan-brid
junctions.7,8

Here, we present a study of a gold double-dot structu
fabricated using mechanical tuning of tunnel junctions9 by
atomic force microscopy~AFM!. With this technique dot ca
pacitance,C, of the order of 10 aF and charging energ
e2/2C, of about 80 meV can be achieved. Thus, the effect
the Coulomb blockade in the device can be well observe
temperature above the liquid nitrogen temperature. For c
venience, our investigation of the double-dot device was
ried out at 4.2 K~the liquid helium temperature!. In the
fabrication, the tunnel junctions were made strongly asy
metric, and the effects of asymmetric junctions were stud
in both the zero-bias conductance and the current–vol
~I–V! curves. The asymmetry was found to skew the ch
acteristic honeycomb-shaped cells in the charging diag
and to give a distinct Coulomb staircase, with steps of va
ing width, in the I–V curves.

Figure 1 shows a schematic picture of our device with
equivalent circuit diagram. It consists of two Au dotsD1 and
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D2 in series connected by tunnel junctions and capacitiv
coupled to two gate electrodes. Each dot is composed of
;60 nm wide Au disks in mechanical contact with ea
other, one of which can be moved by AFM manipulatio
while the other is fixed by a thin titanium layer between t
disk and the substrate, acting as an adhesive. The electr
and the fixed disks were fabricated on an oxidized silic
substrate by electron beam lithography and evaporation
nm Ti and 30 nm Au. Additional 30 nm thickmovableAu
disks were placed in a grid pattern close to the fixed disks
a second lithography and evaporation step. The tunnel ju
tions were produced by AFM manipulation,9 by reducing the
initially ;50 nm wide gaps separating the source and dr
electrodes and the fixed disks to a width of a couple of å
stroms using three movable disks@see Fig. 1~a!#. The tunnel
resistances were tuned so thatR3@R2@R1 . After fabrication

15,

il:

FIG. 1. ~a! Schematic image of the double-dot device. Each of the d
denotedD1 andD2 , consists of two 60 nm Au disks in contact with eac
other. The three tunnel junctions are indicated by arrows;~b! circuit diagram
of the device in~a!.
© 2002 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the device was cooled to 4.2 K in a liquid helium dewar. T
total resistance at 4.2 K was 1.6 GV.

Conductance of the double dot was measured using s
dard lock-in technique with an ac excitation of 0.5 mV
frequencies of 5–20 Hz. Figure 2 shows the zero-bias c
ductance as a function of the gate voltagesVa and Vb , to-
gether with calculated Coulomb blockade regions usingC1

516.9, C2513, C356.5, Ca152.6, Ca251.6, Cb151.8,
and Cb253.1 aF. Points of high conductance constitute
corners, triple points, of hexagonal blockade regions or c
in a honeycomb pattern.10 Within each cell the number o
excess electrons on the two dots~n1 , n2! is constant. The
theoretical fit was done by calculating the electrostatic cha
ing energy of the two dots from the equation:

EC~n1 ,n2!5(
i

1

2
Qi~n1 ,n2!Vi~n1 ,n2!, ~1!

where the sum goes over all the electrodes and islands in
1~a!, under the assumption that the charge in each of the
is quantized asn1e and n2e, and the assumption thatn1

50 andn250 when all the applied voltage to the electrod
Vi50, i.e., assuming that there are no charges in the
when no voltages are applied to all the electrodes. Fo
given set of applied voltagesVi , the chargesQi of the elec-
trodes and the numbers of excess electrons in the dotsn1

andn2 , can be determined using Kirchhoff’s law for variou
loops in the circuit. Regions of well-defined occupancy~n1 ,
n2! are separated by lines whereEC(n1 ,n2)5EC(n111,n2!,
EC(n1 ,n2)5EC(n1 ,n211), or EC(n1 ,n2)5EC(n111,n2

21). Here we note that although the initial configuration
the charge,n150 andn250, when all the voltages applie
to the electrodesVi50 were assumed, the actual, initial di
tribution of the charges in the double-dot system can be
ferent in different measurements, due to, e.g., change in
configuration of the background charges in the substr
Thus, the charge occupancy~n1 ,n2! determined for Fig. 2 is
the configuration of the numbers of excess electrons, in
two dots, induced by the voltages applied to the gates.

FIG. 2. Conductance of the double-dot system as function of gate volta
Va andVb , with a theoretical fit@Eq. ~1!# to the charging diagram. Brigh
regions correspond to high conductance. The numbers of excess electro
the dots are indicated as~n1 ,n2!.
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The shape of the periodic cell is determined by all t
capacitances involved. Ideally, each gate should couple o
to its corresponding dot. However, in the present device
ometry there is a considerable cross coupling between a
and the gate belonging to the other dot, i.e., the capacita
Ca2 andCb1 in Fig. 1. Figure 2 shows that by sweeping ga
voltageVa while keepingVb50 ~as indicated by the hori-
zontal dashed line in Fig. 2!, or by sweeping gate voltageVb

while keepingVa50 ~as indicated by the vertical dashed lin
in Fig. 2!, we are able to change the numbers of electron
the two dots alternately. Also, cross coupling results in
diagonal stretching of the cell, as manifested in Fig. 2. F
thermore, due to strong asymmetry in the capacitancesC1

and C3 , of the tunnel junctions, the honeycomb cells a
skewed so that the shorter connecting lines between the n
est neighboring triple points have an angle to theVa axis
differing significantly from 45 degrees~i.e., the case for the
device with symmetric tunnel junctions,C15C3!.

We also measured the double dot differential cond
tance,dI/dV, as a function of drain-source voltage,Vds , and
gate voltage,Vg , with Vg applied to both gates, i.e.,Va

5Vb5Vg ~Fig. 3!. Small and large diamond-shaped Co
lomb blockade regions alternate with the gate voltageVg .
The small diamond gradually grows in size with increasi
gate voltageVg , while the large diamond decreases. T
width of the diamonds atVds50 is the same as the width o
the hexagonal cell in Fig. 2, marked by the white solid lin
Note that in ideal case, the width of the diamonds atVds

50 would be related to the width of the hexagonal ce
following the Va5Vb line in Fig. 2. The shift in the gate
voltages atVds50 from this ideal case, seen in Fig. 3, is du
to the fact that the initial charge distributions of the doub
dot system are different in the two measurements. From
zero-bias blockade regions marked with the white solid l
in Fig. 2 the occupation of excess electrons~n1 ,n2! for each
blockade region atVds50 in Fig. 3 can be identified.

Similar to the case of an asymmetrically coupled sin
dot, lines of high differential conductance, corresponding
steps in the I–V curve, are observed when the numbe
excess electrons on the two dots changes by one. Howe
in contrast to the single-dot device where only one slope

s,

on

FIG. 3. Conductance of the double-dot system as function of drain-so
voltage Vds and gate voltageVg . Regions of constant excess charge a
separated by bright lines corresponding to high differential conductanc
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



a
bl
g
-
fir
th

he
d

ch
o

un

u
b
re
tr
a
d
th
ir

as
elec-
lt-
nite
ere
rce
to-
for

R,
l as

logy

r,

n,

L.

L.

ys.

ro-

llo,

669Appl. Phys. Lett., Vol. 80, No. 4, 28 January 2002 Junno et al.
found and the steps are equidistant, two different slopes
present, resulting in steps of varying width. Steps of varia
width have been observed in granular metal films usin
scanning tunneling microscope,11 and were explained by as
suming a double-dot structure. Our measurements con
this and, in addition, display the gate dependence of
steps.

In an asymmetrically coupledsingle-dotdevice, the tun-
nel rates at some appliedVds for an electron to enter or to
leave the dot are different from each other. Therefore, w
Vds is increased, the number of excess electrons on the
either increases or decreases, in steps, depending on whi
the two tunnel resistances is larger. This gives rise to a C
lomb staircase in the I–V characteristics. For adouble-dot
system, the behavior ofn1 and n2 as a function ofVds de-
pends on which of the three resistancesR1 , R2 , andR3 is
the largest. IfR1 is dominant,n1 andn2 both decrease with
increasingVds . If R2 is the largest,n1 increases whilen2

decreases, whereas, ifR3 is dominant, as in our case,n1 and
n2 both increase with increasingVds . Thus, we can identify
the occupancy of excess electrons on the two dots as a f
tion of Vds as well ~see Fig. 3!.

In conclusion, we have presented conductance meas
ments at 4.2 K on a gold double-dot device fabricated
AFM manipulation of nanodisks. The tunnel junctions we
made strongly asymmetric, and the effects of asymme
junctions were studied in both the zero-bias conductance
the current–voltage~I–V! curves. The asymmetry was foun
to skew the characteristic honeycomb-shaped cells in
charging diagram and to result in a distinct Coulomb sta
Downloaded 29 Dec 2004 to 129.74.250.197. Redistribution subject to AI
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case, with steps of varying width, in the I–V curves. It w
also observed that at zero bias the numbers of excess
trons on the two dots could be controlled by applying vo
ages to capacitively coupled gate electrodes, while at fi
bias the numbers of excess electrons on the two dots w
controlled by the gate voltages as well as the drain- sou
voltage. Our double-dot structure may, when coupled
gether in pairs, be used to investigate critical parameters
the realization of QCA architecture at high temperatures.
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NUTEK, SSF, and the ESPRIT Charge Program as wel
by the Office of Naval Research.
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