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Electron-Hole Transport in Capacitively Coupled 1D Arrays of Small Tunnel Junctions
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Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
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We have measured the current-voltage characteristics of two capacitively coupled 1D arrays of small
tunnel junctions, where the coupling capacitance is significantly larger than the junction capacitance.
We voltage biased only one of the arrays, while the current was measured simultaneously in both
arrays. We find that, at low bias voltages, the currents in the two arrays are comparable in magnitude
but opposite in direction. The currents are carried by tunneling electron-hole pairs that are bound by
the charging energy of the coupling capacitance. [S0031-9007(97)02813-5]

PACS numbers: 74.50.+r, 71.35.–y, 73.23.Hk
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Several experiments have demonstrated that t
Coulomb interaction of the electrons plays an importa
role in systems of small tunnel junctions. The significan
charging energy prohibits electron tunneling below a ce
tain threshold voltage. The charging energy reveals t
discrete nature of the electron charge in these systems
3]. In 1D arrays of small tunnel junctions, the Coulom
interaction leads to transport of charge solitons throug
the array [4]. The soliton length depends on the rat
between the junction capacitance and the self-capacita
of the islands in between the junctions.

Theoretical [5,6] and experimental [7] work on system
of small tunnel junctions has shown that electron transpo
in the Coulomb blockade regime is possible by electro
tunneling through one or more virtual states of higher e
ergy. This macroscopic quantum tunneling (MQT) of th
charge or cotunneling is possible even at zero temperatu
where charge is transferred through more than one junct
in one event. It has been shown [5] that the rate of cotu
neling is proportional tosRK yRdM , whereRK  hy2e2 is
the resistance quantum,R is the junction tunnel resistance
andM is the number of junctions involved in the cotunnel
ing event. Generally, cotunneling leads to quantum lea
age of the current in single-electron tunneling devices. T
quantum leakage forms a problem for devices aiming
metrological accuracy of the current [8,9].

In this paper we demonstrate that the Coulomb inte
action of the electrons leads to a current in a 1D arr
of small tunnel junctions without a voltage bias. Thi
current flows if the array is capacitively coupled to
second, voltage-biased, array. The coupling capacitan
must be significantly larger than the junction capacitanc
In that case, Averinet al. predicted [10] that the transport
through the coupled arrays at low bias voltages is go
erned by tunneling of electron-hole pairs, that are bou
by the electrostatic energy of the coupling capacitanc
The currents in both arrays are comparable in magnitu
but opposite in direction.

We consider the circuit depicted in Fig. 1(a). At low
voltages, single-electron tunneling is suppressed due
0031-9007y97y78(12)y2469(4)$10.00
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the Coulomb blockade. Instead, an electron in one arr
and a hole in the other can be transported throug
the system. Electron tunneling and hole tunneling (i.e
electron tunneling in the opposite direction) in differen
arrays form one cotunneling event.

If the coupling capacitanceCc is much larger than the
junction capacitanceC, the electrostatic energye of the
system is, after a single electron has tunneled from a le
into one of the arrays at zero bias voltage [10]:

e 
e2

4C

√
1 2

1
N

!
, (1)

whereN is the number of junctions in one array. After a
single-electron tunneling event, the energy can be lower
to e2yCc by tunneling of an electron in the opposite
direction in the other array. In this way, an electron-hol
pair is created that can be called an exciton with a bindin
energy of the order ofe. At voltages betweeneyCc and
ey4C, electron-hole pairs can move through the system
giving rise to opposite currents in the arrays. At large
voltages (ey4C , V , ey2C), the charge configuration
created by the moving excitons can make single-electr
tunneling energetically favorable. This leads to deviation
from the simple exciton picture, in which both currents ar
equal in magnitude. WhenV . ey2C , charge transport
is mainly determined by single-electron tunneling.

In the ideal case, foreyCc , V , ey4C, the currents
in both arrays are equal in magnitude and charge transp
is determined by pure exciton tunneling. However,
number of effects give rise to deviations from this idea
behavior. In other words, a single-electron tunnelin
event in the biased array is not always directly followe
by a tunneling event in the other array.

Even at zero temperature, there is a finite probability fo
higher-order cotunneling processes to occur, where in o
event an electron is transferred through the voltage-bias
array. This process does not contribute to charge transp
in the other array. For the three-junction arrays, the ra
of cotunneling through the entire array is proportional t
sRK yRd3, while the exciton tunneling rate is proportiona
© 1997 The American Physical Society 2469
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FIG. 1. (a) Schematic of the capacitively coupled 1D arrays. The upper array (array 1) is voltage biased, while the cu
measured simultaneously in both arrays. The dc impedance seen by the bottom array (array 2) is mainly determined by th
and the filters in the dilution refrigerator (Rlead) and is a few kV. In order to measure the current, the arrays were directly conne
to an amplifier (used in a current-to-voltage converter circuit), as specifically indicated in the figure for the case of array
feedback resistor and capacitor of the amplifier have typical values of 100 MV and 0.1 nF. The offset of the amplifier was careful
adjusted to zero in order to eliminate any voltage difference between the inputs of the amplifier. The coupling capacitaCc
is larger than the junction capacitanceC. The gate voltagesVg1 and Vg2 can compensate for the random offset charges on
islands. Complete compensation is, however, not possible in this setup because there are only two gate voltages for fou
The charge configuration of an electron-hole pair is schematically indicated. The electron-hole pair is created after an
has tunneled into array 2 and out of array 1, thereby lowering the electrostatic energy of the system at small bias voltag
electron-hole pair can move through the system, resulting in a current in both arrays. The currents are equal in magn
opposite in direction. (b) SEM photograph of the two capacitively coupled 1D arrays. The coupling capacitance is formed
overlap capacitance of two islands belonging to different arrays. The area of the overlap is about 1mm2 and the dielectric consists
of a few nm aluminum oxide and 10 nm silicon monoxide. Treating the overlap as a parallel-plate capacitor, the capacita
be estimated to be approximately 5 fF. Each of the two gate electrodes, evaporated in the same step as the array in th
layer, has a comparable capacitance to two overlapping islands.
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to sRK yRd2. Only for R ¿ RK , the contribution of the
first process is negligible.

The above description of the exciton transport throug
the coupled arrays is valid forCc ¿ C. At smaller ratios
of CcyC, the difference between the electrostatic energ
for excitons and single electrons in the array becom
smaller. AtCcyC , 5, exciton transport can coexist only
with single-electron tunneling. Pure exciton transport
not possible [10].

The electrostatic energy of a single electron on one
the islands of the arrays is influenced by the presence
a background charge close to this island [4]. The bac
ground charge can be an impurity charge in the substr
or in the oxides of tunnel junctions and overlap capac
tors. If the background charges are not moving they c
be compensated by a gate voltage that is capacitively c
pled to the island. As shown in Fig. 1(a), each of th
two gate voltages couples to a pair of islands of diffe
ent arrays [see also Fig. 1(b)]. For technical reasons
2470
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is hard to realize a separate gate electrode for each
land without a considerable cross capacitance. The f
that we only have two gate voltages implies that we ca
not fully compensate for four, possibly different, back
ground charges. We can choose the gate voltages is s
a way that the Coulomb blockade for single-electron tu
neling is maximized in each array. This gives, how
ever, no guarantee that the theoretical maximum of t
Coulomb blockade is found. The theoretical maximu
is reached in the absence of background charges. A
consequence, the electrostatic potentials of the island
be different from the optimum that enables pure excito
transport.

A finite temperature can make exciton transport po
sible at voltages lower thaneyCc. Exciton transport
is possible through thermally activated cotunnelin
[6,11,12]. Moreover, single-electron tunneling can tak
place at voltages lower than the zero-temperature thre
old ey2C. The single-electron tunneling disturbs the pu
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exciton transport. This results in a smaller ratio betwee
the currents of the different arrays.

We have fabricated the capacitively coupled 1D arra
of Fig. 1(a) using a multilayer process [13]. First, one a
ray was fabricated, together with the two gate electrode
using standard electron beam lithography and shado
evaporation techniques. The two square islands of t
array have an area of about 1mm2 each. In the next
step, we evaporated a 10 nm layer of silicon monoxide
cover the array. In between these steps the sample
been taken out of the evaporation chamber and expos
to atmospheric pressure. In this way, an aluminum-oxid
layer of a few nm is formed at the surface of the alu
minum. This oxide layer is thicker than the oxide laye
of the small Al-Al2O3-Al tunnel junctions of the arrays.
The junction oxide layer is formed in an oxygen environ
ment at a controlled pressure of about 0.13 mbar. In t
last step, we fabricated the second array close to the fi
one, in such a way that the islands of the two arrays we
overlapping in pairs, over an area of about1 mm2. This
overlap was realized by making the islands of the se
ond array larger (about 231 mm2). A scanning electron
microscopy (SEM) photograph of the sample is shown
Fig. 1(b).

We have made measurements on the capacitively co
pled arrays in a dilution refrigerator with a base temper
ture of 10 mK. The leads to the sample we filtered withRC
filters and high-frequency copper powder filters at mixing
chamber temperature. Although the dilution refrigerato
was kept at base temperature during the measureme
the effective electron temperature can be higher (typica
about 50 mK in our setup [12]) due to self-heating, high
frequency radiation, and noise. We plot theI-V charac-
teristic of array 1, with currentI1, in Fig. 2. We observe

FIG. 2. MeasuredI-V characteristics of the capacitively cou-
pled 1D arrays, array 1 is voltage biased (V on the x axis).
The current is measured simultaneously in both arrays. No
the different current scales forI1 (array 1, dashed line) andI2
(array 2, small dots).
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a Coulomb blockade for single-electron tunneling with a
estimated threshold voltage ofVSET,1 ø 0.11 mV. From
the I-V characteristic at voltages much larger than t
threshold voltageVSET,1 we find that the total tunnel re-
sistanceRS,1 of the three junctions of array 1 is 574 kV.
If we voltage-bias only array 2 we findVSET,2 ø 0.10 mV
andRS,2  371 kV. Also in Fig. 2 we show the current in
array 2 that was not biased. We clearly observe a curr
(I2) in the opposite direction. Note the different curren
scales forI1 andI2. In this voltage range, we see that th
currentI2 is first increasing, reaches a maximum aroun
V  1 mV, and starts decreasing to reach zero at ab
4 mV. The maximum in the currentI2 in Fig. 2 is likely
to be reached when the average time between tunnel ev
in array 1,eyI1, becomes of the order of the reaction tim
of array 2, which is typically theRCc time. We also ob-
serve thatI2 is much smaller thanI1 for V . VSET,1. At
these voltages, the charge transport in array 1 is domina
by single-electron tunneling. There is only a small cont
bution to the current, coming from exciton tunneling.

In Fig. 3 we show a blowup of theI-V characteristic
of Fig. 2. We find, forV , VSET,1 ø 0.11 mV, thatI2 is
of the same order of magnitude asI1. At low voltages,
we observe a rounded Coulomb blockade for excit
tunneling, due to thermal activation at finite temperature

From the size of the overlap capacitors, we estima
the coupling capacitance to be about 5 fF, givingVexc ø
0.03 mV. We can estimate the junction capacitanc
from the voltageVSET  ey2C, at which single-electron
tunneling becomes the dominant transport mechanism
the current rises sharply. However, for this we assum

FIG. 3. Same plot as in Fig. 2, now for low bias voltage
Here, the current scales are the same forI1 and I2. The
solid line is the theoretical prediction of the current carrie
by excitons, given by Eq. (2). The theoretical prediction
valid for voltages close to the threshold voltage for excito
tunneling, V 2 Vexc ø Vexc (if V . 0). The parameters are

C  0.8 fF, R 
q

RS,1
3

RS,2
3 ø 150 kV, T  50 mK, andCc 

5 fF (Vexc  0.03 mV).
2471
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that all junctions are equal and that all background charg
are compensated. We find somewhat different values
VSET for array 1 and array 2. We can give an estimate
C to be 0.7 fF for array 1 and 0.8 fF for array 2.

In Fig. 3, we also plot the theoretical prediction for th
current for pure exciton transport close to the thresho
valueVexc [10]:

I 
h̄C2fV 2 Vexcg

pR2e4

fV 2 Vexcg2 1 f4pkBTyeg2

1 2 expf2esV 2 Vexcdy2kBTg
,

(2)

where we takeR 
q

RS,1

3
RS,2

3 ø 150 kV as the effective
junction resistance. This equation is valid forV 2

Vexc ø Vexc and low temperatureskBT ø e2yCc. We
useC  0.8 fF andCc  5 fF. An effective temperature
T  50 mK is introduced to account for self-heating an
heating by external high-frequency radiation and nois
We observe that the currentI2, at voltages close toVexc,
is well described by Eq. (2). Nevertheless, we have
be careful not to make any quantitative statement, sin
we do not have an accurate knowledge of all paramete
Also, we find that the current in array 1 is somewha
larger than the current in array 2, even at the lowe
voltages. We believe that this is caused by a sm
contribution to the current from single-electron tunneling
coexisting with exciton transport.

We have also investigated the electrical leakage
the overlap capacitors. We applied a voltage differen
between array 1 and array 2 and we measured the c
rent flowing through the junctions and the overlap ca
pacitors. We applied voltage differences up to 5 mV
which is much larger than the Coulomb blockade vol
age for single-electron tunneling. We found a current th
is lower than our measuring sensitivity of about 0.05 pA
Although the islands of different arrays seem to be ele
trically well isolated, we cannot exclude the possibilit
that occasionally an electron moves through the coupli
capacitors, thereby, for example, annihilating an excito
The probability for this to happen is, however, negligibl
compared with other tunnel processes.

It is possible to numerically calculate the current
in both arrays by solving the master equation for th
probabilities to find a certain number of excess electro
on the islands. All possible tunnel processes have
be included. However, since we cannot determine
parameters accurately, we have not performed a f
quantitative comparison to theory.

A similar effect as described in this paper has been o
served in coupled two-dimensional electron gases [14,1
In that case, the driving and the induced current were
the same direction. The observed ratio of induced a
2472
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driving current is much smaller than the one reported
this paper.

In conclusion, we have observed electron-hole tran
port in two capacitively coupled 1D arrays of small tunn
junctions. We find that the pure exciton transport throu
the system is disturbed by a number of effects. Neverth
less, we have demonstrated that a current can be indu
in the array without a bias voltage. The induced curre
is comparable in magnitude with the current in the bias
array and opposite in direction. This effect is a direct co
sequence of the Coulomb interaction of electrons.
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