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Microwave Enhanced Cotunneling in SET Transistors
M. H. Manscher, M. T. Savolainen, and J. Mygind

Abstract—Cotunneling in single electron tunneling (SET) de-
vices is an error process which may severely limit their electronic
and metrologic applications. Here is presented an experimental
investigation of the theory for adiabatic enhancement of cotun-
neling by coherent microwaves. Cotunneling in SET transistors has
been measured as function of temperature, gate voltage, frequency,
and applied microwave power. At low temperatures and applied
power levels, including also sequential tunneling, the results can
be made consistent with theory using the unknown damping in the
microwave line as the only free parameter.

I. INTRODUCTION

SINGLE electron tunneling (SET) devices have unique
properties that have opened applications such as current

and capacitance standards [1], [2], electrometers [3], and
thermometry [4]. They also may be used within quantum logic
and quantum computing. The first-order behavior is adequately
described by theorthodox theory[6], [7]. The so-calledco-
tunneling, a second-order phenomenon in which two electrons
tunnel at the same time, constitutes an important error process
in applications. The dependence of the cotunneling current on
voltage and temperature has been studied theoretically [8], [9]
as well as experimentally [10]–[12]. Furthermore, Covington
et al. [13] have studied the frequency dependence for 4- and
6-junction pumps. This paper investigates experimentally the
theoretical prediction by Flensberg [14] that the cotunneling
current should depend not only on temperature and voltage, but
also on the amplitude and frequency of an applied oscillating
field.

II. THEORY

The inelastic cotunneling current in a single SET transistor
for low temperature ( ) and bias voltage (

) was derived by Averin and Nazarov [8] as

(1)

Here, are the tunneling resistances of the left and right
electrodes, respectively,

are the energies to add/remove one electron to/from
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the island, is the temperature of the electron system, and
. In the maximum blockade state, reduce to the

charging energy , where
is the total capacitance of the island to the surroundings (the
ground capacitance is assumed negligible). Equation (1) has
been verified experimentally in both metallic and 2-D semicon-
ducting systems by several researchers [10]–[12].

Flensberg [14] has extended the analysis by Averin and
Nazarov to the case where a harmonically varying signal

is applied on top of the DC bias. His result
for the cotunneling current, obtained by expansion to the third
order in the energies, becomes in the adiabatic (low-frequency,
low-temperature, low-amplitude) limit

(2)

In restating his equations we assume (as is the case for our ex-
periments) that the alternating bias is applied to the left lead,
while the right is kept at a constant potential.

Flensberg further derived also the next leading order correc-
tion to (2) by an expansion to fourth order in the energies:

(3)

The temperature, amplitude and frequency are assumed so
low that an expansion in powers of these is appropriate. Note
that in the case of maximum Coulomb blockade, vanishes,
since then and thus the third multiplicative term
becomes zero.

The aim of the present work is to experimentally verify or dis-
prove (2). We do this by applying microwaves to the device and
measuring the differential conductance by a lock-in technique
at zero DC bias. This ensures that the current predicted by (3)
does not contribute to the result.

The sequential tunneling and cotunneling conductances for a
SET transistor in zero bias and maximum Coulomb blockade is
calculated with the Master Equation approach in the orthodox
theory, using the measured parameters for the sample (JYU
NM3) with which we made the cotunneling experiments. In the
temperature range of interest it shows that the two conductances
have the same order of magnitude, which means that sequential
tunneling should be taken into account when interpreting the
results.

III. EXPERIMENTAL SETUP

The measurements were made in a KelvinOx™ dilution re-
frigerator (loaded base temperature 50 mK) set up in a shielded
room, with the mechanical pumps outside the shielding. The
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temperature of the mixing chamber (MC) could be measured
with calibrated germanium and ruthenium-oxide thermometers.
A 1 T field from a superconducting magnet run in persistent
mode suppresses the superconductivity of the aluminum films
of the SET transistor.

The samples were DC current biased symmetrically using a
balanced voltage supply in series with two 10 Mresistors. A
low-noise high input impedance FET voltage amplifier was used
to measure the voltage across the sample. To measure dynamic
resistances, a 10 pA, 2 Hz modulation current from the output of
a lock-in amplifier (SR850) was applied on top of the DC bias.
The modulation voltage response was fed back to the lock-in
amplifier input. With the measured zero-bias conductances, the
excitation corresponds in the worst case (2S differential con-
ductance) to 50 aW heat input, and the voltage magnitude of the
excitation is 5 V, corresponding to about , where is
the blockade voltage. All electrical connections to the sample
are miniature coaxial cables with high leakage resistance and
low cross-talk. The high capacitance in the filters and coax ca-
bles forces us to use quite low modulation frequencies. In all
experiments the a worst-case cut-off is 8 Hz. Details of the elec-
tronics setup are given elsewhere [15].

A separate coaxial transmission line is used to apply mi-
crowaves to the device. The construction is described elsewhere
[15]. The line is thermally anchored at 4.2 K, 1.2 K, 0.6 K and at
the MC. It includes three inside/outside DC breaks and cooled
attenuators at 4.2 K and at MC temperature. As a consequence
of the distributed attenuation and possible resonances in the
microwave transmission line and wiring to the SET device, the
actual power applied to the sample is unknown, and all power
values are measured at the output of the microwave synthesizer
connected to the 300 K end of the line. As described below we
use the SET transistor as a self-detector and the total attenuation
of the line at each frequency will be a fitting parameter in the
data.

Pressures and temperatures in theHe circulation system are
continuously monitored by a computer, which also controls the
biasing of the sample and reads the results measured by the
voltage meters etc. through a GPIB bus. The GPIB bus is sepa-
rated electrically from all measurement electronics by an optical
link, which galvanically separates the computer from the mea-
surement, and also enables the computer to be moved out of the
shielded room if necessary.

IV. RESULTS

A. Device Characterization

For the particular SET transistor reported on here, the DC
– curve yields the device parameters

k and aF. From the voltage versus
gate voltage ( – ) curves we get aF. The set of

– curves at different current bias also provided evidence
that the device is nearly symmetric. The particular sample was
chosen from a batch for its fairly high charging energy, which
also means a higher tunneling resistance.

We want to first compare with the theory for zero current bias
and maximum blockade. To ensure this we find the gate voltage
giving maximum Coulomb blockade by sweeping across a peak

Fig. 1. Resonances in the high-frequency line. The SET is used as a
self-detector by biasing in zero bias, maximum blockade and applying a fixed
�10 dBm signal from the microwave synthesizer. The differential conductance
is then recorded as a function of the frequency. Notice the break in the
frequency scale.

in the – curve. Then, with this gate voltage fixed, the zero
DC bias point was found by recording a– curve around
zero DC bias and fitting the dynamic resistance to find the peak.
This procedure was carried out before each measurement of.

The microwave line exhibits natural resonances, at which the
signal reaching the SET is higher. The resonances are deter-
mined using the SET device as a self-detector by measuring the
dynamic resistance at zero DC bias and maximum blockade as
function of frequency in small steps. The method is based on the
assumption of a response both from the sequential tunneling and
cotunneling contributions, as neither of these are linear around
zero bias. The result is shown in Fig. 1, where clear peaks in the
dynamic resistance are seen at various frequencies. The results
shown in this paper are measured at the frequencies marked by
arrows.

B. Temperature of the Measurements

The pertinent question relating to low temperature measure-
ments is: What is the correct temperature? First, the sample
may be far away from the MC chamber of the dilution refriger-
ator. This means that any heat delivered to the sample by Joule
heating or radiation gives a higher temperature at the sample
than at the MC. Second, there is the question of whether the
electron system in the SET transistor is in thermal equilibrium
with the phonon system [16]. This suggests that it is not correct
to rely on the temperature measured by the thermometers fixed
to the MC, even when these are well-calibrated.

To get an estimate of the real electron temperature, we use
the results of the differential conductance measurements at max-
imum blockade and zero bias. Using both the orthodox theory
and the cotunneling theory, the temperature has been optimized
to make the differential conductance fit. Here the junction
parameters were fixed at the measured values determined in the
previous section, leaving as the only free parameter. The
results of this temperature fitting is shown in Fig. 2 as func-
tion of the MC temperature , which we assume (due to our
careful thermal anchoring of the substrate and following [16])
to be equal to the phonon temperature, hence the subscript. The
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Fig. 2. Temperature estimates from the zero-bias conductance. The fit to the
sequential tunneling only (squares) provides an upper bound, while the fit to
sequential tunneling plus cotunneling (points) is a lower bound. The electron
temperature should approach the mixing chamber temperature (dashed line) at
high temperatures. Also shown are the formsT = T + T (solid line;

T = 227 mK) andT = T + T (dotted lines;T = 260 mK for the
upper curve,T = 235 mK for the lower curve).

temperature has been fit both to the sequential tunneling con-
ductance alone (squares), which will give an upper bound on
the temperature, and to the tunneling conductance with cotun-
neling included (circles), which will give a lower bound under
the assumption that other effects can be neglected. We have im-
plicitly assumed that we can use the theory for cotunneling by
Averin and Nazarov at low temperatures, as confirmed by sev-
eral researchers [10], [11]. Also shown is the “strong coupling”
curve (dashed line), which can be considered a “hard”
lower bound.

It is seen that the fit temperatures indeed saturate at low
MC temperatures, as suggested by the work by Wellstood
et al. [16]. However, attempts to make the results fit to the

form, which applies for uniform heating
in a thin film, seem to fail ( is the temperature at which

saturates for ). A much more reasonable fit is

provided by the form (solid line). This
form respects the lower bound as well as the limit at .
Such a dependence is not entirely unreasonable, considering
that the heating is localized in the SET transistor, and that heat
transfer is provided only by the leads, which should probably
be considered between one- and two-dimensional. Indeed the
experiments of Wellstoodet al. on local heating of a SQUID
with cooling fins gave a form.

We will adopt the form as our estimate
of the temperature in the following. We make no claims that this
is the accurate temperature, only that it seems to be a reasonable
approximation which makes a sensible transition from the low-
temperature to the high-temperature regime.

C. Dependence

In this section, we present measurements at maximum
blockade, which means that reduce to the charging energy

. Also, since there is no asymmetry in the device at zero bias

Fig. 3. Differential conductance for 9 different temperatures and for all
frequencies marked in Fig. 1 as function of the RF amplitude at 37.9 dB
additional damping. The measured values (points) are connected to guide
the eye. The lines are the measured zero-bias value plus the predicted excess
conductance with cotunneling (solid) and without cotunneling (dashed).
The predictions are at 232, 255, 275, 301, 336, 379, 428, 478, and 549 mK,
respectively (bottom to top).

and maximum blockade (no tunneling direction is favored),
there should be no frequency dependence in the differential
conductance. This enables us to find the relative damping
of the line at the individual frequencies. Without frequency
dependence, the zero bias conductance as function of
the microwave amplitude should be the same at all
frequencies. We use subscript RF to distinguish from the 2 Hz
modulation, used for measurement of . This means that the
relative damping can be found by minimizing the mean square
difference between the – curves at the individual fre-
quencies, using the damping as free parameter. This procedure
provided us with the relative damping values 0.0, 3.8, 9.1,
11.5, 14.8 17.3, and 17.6 dB for the frequencies marked in
Fig. 1. As expected from Fig. 1, the damping increases with
frequency. However, it should be noted that the optimal values
vary slightly with temperature, suggesting that there might be a
co-dependence on temperature and frequency.

The additional damping (i.e., the damping that should be
added to the relative damping to get the absolute damping)
should be the same at all frequencies and temperatures. Un-
fortunately, the absolute damping is unknown. All we can
do is to find a damping value that is consistent with theory.
In Fig. 3, the resulting theoretical prediction of the –
curves at nine different temperatures are shown along with the
measured values for all frequencies marked in Fig. 1, assuming
an additional damping of 37.9 dB. It is seen that the curves
from different frequencies have indeed collapsed into one,
especially at the lowest temperature. At higher temperatures,
where the change in tunneling is more modest, the picture is
not as perfect. Also shown is the predicted excess conductance
with and without cotunneling at the same temperature added
to the zero-power conductance. It is seen that the measured
conductance fits the predicted one quite well, especially at low
temperatures.

One “sanity check” that should be performed is whether the
orthodox theory alone can explain the results. Using the value
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Fig. 4. Differential conductance as function of RF amplitude at 36.2 dB
additional damping. The data (points) are the same as the bottom curves
in Fig. 3, except that a lower damping in the microwave line has been
assumed. The lines are the measured zero-bias value plus the predicted excess
conductance with cotunneling (solid) and without cotunneling (dashed), for
a temperature of 257 mK. This is the electron temperature fitted from the
maximum blockade conductance (compare the squares in Fig. 2). Note that the
horizontal scale is different from that in Fig. 3.

36.2 dB for the additional damping gives the result in Fig. 4.
It is seen that the results cross the prediction for the orthodox
tunneling at this damping value. At higher damping, the con-
ductance would be too high at high amplitudes, while a lower
damping the conductance would be too low at low amplitudes.
Thus the results can not be explained by the orthodox theory,
even if one assumes a higher electron temperature and another
damping. The electron temperature would also have to be sub-
stantially larger than at the MC at all temperatures, as seen in
Fig. 2. Note that it would seem that we are applying a double
standard here, since the horizontal scale is different in Figs. 3
and 4. However, the orthodox theory should be valid for all
voltages and thus amplitudes, while the cotunneling theory only
claims validity for .

V. DISCUSSION ANDCONCLUSION

The enhancement of cotunneling by a coherent microwave
source has been investigated experimentally and compared with
theory. The results on cotunneling seem to confirm the theory
for adiabatic enhancement of cotunneling by a coherent mi-
crowave signal. However, the presence of assumptions and ad-
justable parameters should inspire modesty in the strength of
the conclusions drawn. Furthermore, the results seem to sug-
gest that the effect of microwave amplitude and temperature are
not independent, contrary to what is suggested by theory. Thus a
more complete theory is needed. In any case, the presence of mi-
crowave induced cotunneling enhances the importance of taking
cotunneling into account in the calculation of SET devices.

The interpretation of the results involved several explicit and
implicit assumptions. To determine the lowest temperatures,
it was assumed that both the orthodox theory for sequential
tunneling and the original cotunneling theory by Averin and
Nazarov [8] were correct within the given bounds of validity.
The orthodox theory has been extensively confirmed since the
first theories were published, and also the original cotunneling

has been verified [10], [11]. It was further assumed that the
coupling from the electron system to the MC through the
phonon system was strong enough at high temperatures to
assume a convergence toward the MC temperature here.

Future measurements should focus on verifying the photon-
assisted current in (3), e.g., by biasing in zero voltage and ob-
serving the current as function of amplitude and frequency. A
careful determination of the device parameters and damping of
the microwave line is essential, as there will be adiabatic con-
tributions from both sequential tunneling and cotunneling. Also
the measurements should be performed in several samples to
rule out sample-specific effects.
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