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Electron-Hole Transport in Capacitively Coupled 1D Arrays of Small Tunnel Junctions

M. Matters,* J. J. Versluys, and J. E. Mooij

Department of Applied Physics and Delft Institute for Microelectronics and Submicron Technology (DIMES),
Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
(Received 23 May 1996

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

Several experiments have demonstrated that th#he Coulomb blockade. Instead, an electron in one array
Coulomb interaction of the electrons plays an importanand a hole in the other can be transported through
role in systems of small tunnel junctions. The significantthe system. Electron tunneling and hole tunneling (i.e.,
charging energy prohibits electron tunneling below a cerelectron tunneling in the opposite direction) in different
tain threshold voltage. The charging energy reveals tharrays form one cotunneling event.
discrete nature of the electron charge in these systems [1—If the coupling capacitanc€. is much larger than the
3]. In 1D arrays of small tunnel junctions, the Coulomb junction capacitanc€, the electrostatic energy of the
interaction leads to transport of charge solitons througlsystem is, after a single electron has tunneled from a lead
the array [4]. The soliton length depends on the ratianto one of the arrays at zero bias voltage [10]:

between the junction capacitance and the self-capacitance o2 1
of the islands in between the junctions. € = E( - ﬁ)’ Q)
Theoretical [5,6] and experimental [7] work on systems

of small tunnel junctions has shown that electron transponvhereN is the number of junctions in one array. After a
in the Coulomb blockade regime is possible by electrorsingle-electron tunneling event, the energy can be lowered
tunneling through one or more virtual states of higher ento ¢?/C. by tunneling of an electron in the opposite
ergy. This macroscopic quantum tunneling (MQT) of thedirection in the other array. In this way, an electron-hole
charge or cotunneling is possible even at zero temperaturpair is created that can be called an exciton with a binding
where charge is transferred through more than one junctioaenergy of the order oé. At voltages betweer/C,. and

in one event. It has been shown [5] that the rate of cotune/4C, electron-hole pairs can move through the system,
neling is proportional tdRx/R)V, whereRx = h/2¢?is  giving rise to opposite currents in the arrays. At larger
the resistance quantum,is the junction tunnel resistance, voltages ¢/4C < V < ¢/2C), the charge configuration
andM is the number of junctions involved in the cotunnel- created by the moving excitons can make single-electron
ing event. Generally, cotunneling leads to quantum leaktunneling energetically favorable. This leads to deviations
age of the current in single-electron tunneling devices. Thérom the simple exciton picture, in which both currents are
qguantum leakage forms a problem for devices aiming aequal in magnitude. WheW > ¢/2C , charge transport
metrological accuracy of the current [8,9]. is mainly determined by single-electron tunneling.

In this paper we demonstrate that the Coulomb inter- In the ideal case, foe/C. < V < e¢/4C, the currents
action of the electrons leads to a current in a 1D arrayn both arrays are equal in magnitude and charge transport
of small tunnel junctions without a voltage bias. Thisis determined by pure exciton tunneling. However, a
current flows if the array is capacitively coupled to anumber of effects give rise to deviations from this ideal
second, voltage-biased, array. The coupling capacitandeehavior. In other words, a single-electron tunneling
must be significantly larger than the junction capacitanceevent in the biased array is not always directly followed
In that case, Averiret al. predicted [10] that the transport by a tunneling event in the other array.
through the coupled arrays at low bias voltages is gov- Even at zero temperature, there is a finite probability for
erned by tunneling of electron-hole pairs, that are boundhigher-order cotunneling processes to occur, where in one
by the electrostatic energy of the coupling capacitanceevent an electron is transferred through the voltage-biased
The currents in both arrays are comparable in magnitudarray. This process does not contribute to charge transport
but opposite in direction. in the other array. For the three-junction arrays, the rate

We consider the circuit depicted in Fig. 1(a). At low of cotunneling through the entire array is proportional to
voltages, single-electron tunneling is suppressed due tRx/R)3, while the exciton tunneling rate is proportional
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FIG. 1. (a) Schematic of the capacitively coupled 1D arrays. The upper array (array 1) is voltage biased, while the current is
measured simultaneously in both arrays. The dc impedance seen by the bottom array (array 2) is mainly determined by the wiring
and the filters in the dilution refrigeratoR{..q) and is a few K). In order to measure the current, the arrays were directly connected

to an amplifier (used in a current-to-voltage converter circuit), as specifically indicated in the figure for the case of array 2. The
feedback resistor and capacitor of the amplifier have typical values of X0@M 0.1 nF. The offset of the amplifier was carefully
adjusted to zero in order to eliminate any voltage difference between the inputs of the amplifier. The coupling capécitance

is larger than the junction capacitan€e The gate voltage¥,, and V,, can compensate for the random offset charges on the
islands. Complete compensation is, however, not possible in this setup because there are only two gate voltages for four islands.
The charge configuration of an electron-hole pair is schematically indicated. The electron-hole pair is created after an electron
has tunneled into array 2 and out of array 1, thereby lowering the electrostatic energy of the system at small bias voltages. The
electron-hole pair can move through the system, resulting in a current in both arrays. The currents are equal in magnitude but
opposite in direction. (b) SEM photograph of the two capacitively coupled 1D arrays. The coupling capacitance is formed by the
overlap capacitance of two islands belonging to different arrays. The area of the overlap is fahd the dielectric consists

of a few nm aluminum oxide and 10 nm silicon monoxide. Treating the overlap as a parallel-plate capacitor, the capacitance can
be estimated to be approximately 5 fF. Each of the two gate electrodes, evaporated in the same step as the array in the bottom
layer, has a comparable capacitance to two overlapping islands.

to (Rx/R)%>. Only for R > Ry, the contribution of the is hard to realize a separate gate electrode for each is-
first process is negligible. land without a considerable cross capacitance. The fact
The above description of the exciton transport throughhat we only have two gate voltages implies that we can-
the coupled arrays is valid far, > C. Atsmaller ratios not fully compensate for four, possibly different, back-
of C./C, the difference between the electrostatic energieground charges. We can choose the gate voltages is such
for excitons and single electrons in the array becomea way that the Coulomb blockade for single-electron tun-
smaller. AtC./C < 5, exciton transport can coexist only neling is maximized in each array. This gives, how-
with single-electron tunneling. Pure exciton transport isever, no guarantee that the theoretical maximum of the
not possible [10]. Coulomb blockade is found. The theoretical maximum
The electrostatic energy of a single electron on one ofs reached in the absence of background charges. As a
the islands of the arrays is influenced by the presence afonsequence, the electrostatic potentials of the island can
a background charge close to this island [4]. The backbe different from the optimum that enables pure exciton
ground charge can be an impurity charge in the substrateansport.
or in the oxides of tunnel junctions and overlap capaci- A finite temperature can make exciton transport pos-
tors. If the background charges are not moving they casible at voltages lower thamr/C.. Exciton transport
be compensated by a gate voltage that is capacitively cous possible through thermally activated cotunneling
pled to the island. As shown in Fig. 1(a), each of the[6,11,12]. Moreover, single-electron tunneling can take
two gate voltages couples to a pair of islands of differ-place at voltages lower than the zero-temperature thresh-
ent arrays [see also Fig. 1(b)]. For technical reasons, ibld ¢/2C. The single-electron tunneling disturbs the pure
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exciton transport. This results in a smaller ratio betweerm Coulomb blockade for single-electron tunneling with an
the currents of the different arrays. estimated threshold voltage ®gt; =~ 0.11 mV. From

We have fabricated the capacitively coupled 1D arrayshe 7-V characteristic at voltages much larger than the
of Fig. 1(a) using a multilayer process [13]. First, one ar-threshold voltagéd/sgt,; we find that the total tunnel re-
ray was fabricated, together with the two gate electrodesistanceRs ; of the three junctions of array 1 is 574X
using standard electron beam lithography and shadowf we voltage-bias only array 2 we findsgr, = 0.10 mV
evaporation techniques. The two square islands of thandRs, = 371 k(). Alsoin Fig. 2 we show the currentin
array have an area of aboutAm? each. In the next array 2 that was not biased. We clearly observe a current
step, we evaporated a 10 nm layer of silicon monoxide td/;) in the opposite direction. Note the different current
cover the array. In between these steps the sample hasales for/; andl,. In this voltage range, we see that the
been taken out of the evaporation chamber and exposedirrent], is first increasing, reaches a maximum around
to atmospheric pressure. In this way, an aluminum-oxidd/ = 1 mV, and starts decreasing to reach zero at about
layer of a few nm is formed at the surface of the alu-4 mV. The maximum in the currerdt in Fig. 2 is likely
minum. This oxide layer is thicker than the oxide layerto be reached when the average time between tunnel events
of the small Al-ALO;-Al tunnel junctions of the arrays. in array 1,e/I;, becomes of the order of the reaction time
The junction oxide layer is formed in an oxygen environ-of array 2, which is typically th&kC. time. We also ob-
ment at a controlled pressure of about 0.13 mbar. In theerve that, is much smaller thai; for V. > Vggr;. At
last step, we fabricated the second array close to the firshese voltages, the charge transport in array 1 is dominated
one, in such a way that the islands of the two arrays werby single-electron tunneling. There is only a small contri-
overlapping in pairs, over an area of abdutem?. This  bution to the current, coming from exciton tunneling.
overlap was realized by making the islands of the sec- In Fig. 3 we show a blowup of thé-V characteristic
ond array larger (about>2l um?). A scanning electron of Fig. 2. We find, forV < Vsgr; = 0.11 mV, thatl, is
microscopy (SEM) photograph of the sample is shown irof the same order of magnitude &s At low voltages,
Fig. 1(b). we observe a rounded Coulomb blockade for exciton

We have made measurements on the capacitively cottnneling, due to thermal activation at finite temperatures.
pled arrays in a dilution refrigerator with a base tempera- From the size of the overlap capacitors, we estimate
ture of 10 mK. The leads to the sample we filtered VRtB  the coupling capacitance to be about 5 fF, giviig. =
filters and high-frequency copper powder filters at mixing-0.03 mV. We can estimate the junction capacitances
chamber temperature. Although the dilution refrigeratorfrom the voltageVsgr = ¢/2C, at which single-electron
was kept at base temperature during the measurementanneling becomes the dominant transport mechanism and
the effective electron temperature can be higher (typicallghe current rises sharply. However, for this we assume
about 50 mK in our setup [12]) due to self-heating, high-
frequency radiation, and noise. We plot thé& charac-
teristic of array 1, with currenk;, in Fig. 2. We observe
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-10 = = m o : 5 3 ) FIG. 3. Same plot as in Fig. 2, now for low bias voltages.
Here, the current scales are the same forand ;. The
V (mV) solid line is the theoretical prediction of the current carried

by excitons, given by Eg. (2). The theoretical prediction is

FIG. 2. Measured-V characteristics of the capacitively cou- valid for voltages close to the threshold voltage for exciton

pled 1D arrays, array 1 is voltage biasdd ¢n the x axis). : = h
The current is measured simultaneously in both arrays. Not‘t_}unnelmg, v V""‘CR«RY"'“ (if V> 0). The parameters are
the different current scales fdi (array 1, dashed line) and C=08fF, R =452 = 150kQ, T = 50 mK, andC. =
(array 2, small dots). 5 fF (Vexe = 0.03 mV).
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that all junctions are equal and that all background chargedriving current is much smaller than the one reported in

are compensated. We find somewhat different values ahis paper.

Vser for array 1 and array 2. We can give an estimate of In conclusion, we have observed electron-hole trans-

C to be 0.7 fF for array 1 and 0.8 fF for array 2. port in two capacitively coupled 1D arrays of small tunnel
In Fig. 3, we also plot the theoretical prediction for the junctions. We find that the pure exciton transport through

current for pure exciton transport close to the thresholdhe system is disturbed by a number of effects. Neverthe-

value Ve [10]: less, we have demonstrated that a current can be induced
RCAV = Veeel [V = Ve R + [drrkpT /e in the array without a bias voltage. The induced current
I = is comparable in magnitude with the current in the biased

2,4 — — — ’
TR I —exfl—e(V V‘”‘C)/ZkBT](Z) array and opposite in direction. This effect is a direct con-

sequence of the Coulomb interaction of electrons.
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