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ABSTRACT
We report on photon-assisted tunneling (PAT) experiments in a carbon nanotube quantum dot using microwave frequencies between 20 and
60 GHz. In addition to the basic PAT effect, revealed by the appearance of two extra resonances in the current through the dot, we use PAT
for spectroscopy of excited states. The experimental data are in good agreement with simulations.

High-frequency transport properties of carbon nanotube
devices have received a lot of interest in connection with,
e.g., the performance of radio frequency field effect transistors (rf-FETs)1,2 and nano electromechanical systems. 3 Most
of the experiments have been carried out at frequencies below
1 GHz. Only very recently, frequencies of 10 GHz and more
have been used in ac transport4 and with rf-FETs.5 All these
studies have been done at room temperature. However, the
response of a carbon nanotube in the low-temperature
quantum transport regime is very interesting for future
devices such as radio frequency single electron transistors
(rf-SETs)6-8 or quantum dots used for information processing
(QIP).9
Control over a charge10 or spin11,12 qubit using highfrequency pulses has already been demonstrated for GaAs
quantum dots. However, electron spins in carbon nanotubes
(CNTs) are expected to have longer relaxation times due to
the small spin-orbit coupling and the possible absence of
nuclear spins, which are known to be the dominant spin
relaxation mechanisms in GaAs.13-15 This could make CNT
quantum dots very suitable candidates for a solid-state qubit
system. We study photon-assisted tunneling (PAT) in a CNT
quantum dot as a first step toward high-frequency control
over such a spin qubit.
In this Letter we present a device structure for PAT
experiments on CNT quantum dots. We show the direct PAT
process and use photon-assisted tunneling to perform spectroscopy on excited states. Furthermore, we compare data
of power-dependent measurements to the simulation of a
model system.
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Single-walled carbon nanotubes (SWCNTs) are grown
using chemical vapor deposition (CVD)16 on a patterned Si/
SiO2 substrate. In contrast to the field effect transistor
structures most often used for quantum transport in CNTs,
we do not use highly doped Si to avoid leakage of the highfrequency signal to the back gate. The quantum dot is formed
between aluminum source/drain contacts, and the potential
can be tuned using an aluminum side-gate (see Figure 1).
The low work function of aluminum ensures high tunnel
barriers at low temperatures.17 The tube diameter in the
device used for the presented measurements is only d ∼ 1
nm, which implies a higher contact resistance compared to
larger diameters.18 In order to get a resistance smaller than
1 GΩ, we evaporated 1 nm of Ti before evaporating the
aluminum. This way, we achieved tunnel rates Γ , hν, with
ν the frequency of the rf signal, which allows us to clearly
resolve the microwave-induced side peaks.19
All measurements are performed at the base temperature
of a dilution refrigerator. The high-frequency signal and dc
gate voltage are added with a bias-tee at base temperature
(∼25 mK) and applied to the side gate. Two guard electrodes
surrounding it are set to ground and suppress the capacitive
coupling of the side gate to source and drain contacts. To
transport the microwave signal to the device, we use
semirigid coaxial lines thermally anchored at 4 K, 1 K, ∼700
mK, and base temperature. The inner conductor is cooled
with -3 dB attenuators at 1 K and at ∼700 mK, plus a -10
dB attenuator at base temperature (except where noted
otherwise).
Under microwave irradiation of the nanotube quantum dot,
we expect photon-assisted tunneling to be revealed by the
appearance of two current side peaks.20 The splitting of these
peaks should depend linearly on frequency.19,21 The ampli-

Figure 1. Schematic layout of the device with low-temperature
bias-tee and atomic force microscopy (AFM) picture of a similar
device as the one used for the experiments discussed here. The
actual device (not shown here) has a total nanotube length of 940
nm between the Al contacts. The side gate (sg), which is flanked
by two guard electrodes (g), has a width of 410 nm, and its distance
to the CNT is about 200 nm. The height of the tube measured with
AFM in tapping mode is 1 nm. Room temperature measurements
of the quasi-metallic tube show a resistance of 48 kΩ.

tudes of the main Coulomb resonance and the side peaks
should depend on the amplitude V of the applied signal Vac
) V cos(2πνt) and follow the Bessel function Jn2(R), with
R ) eV/hν and n the number of photons of energy hν (with
n ) 0 for the main Coulomb resonance).19
Figure 2 shows measurements of current versus gate
voltage of the unperturbed Coulomb peak (dashed curve)
and the peak splitting under high-frequency irradiation.
Frequencies are chosen such that the signal shows only small
interference with electron pumping, which occurs if the rf
signal couples differently to source and drain tunnel barriers.19,22 As expected, the total splitting between the extra
resonances in the current is 2hν and increases linearly with
frequency.
The insets of Figure 2 describe the PAT processes of a
single-level system for the left and right side peak, respectively. Left of the main Coulomb resonance, when the
quantum dot is in its N electron state and the electrochemical
potential of the N T N + 1 resonance is above the bias
window, an electron in the left lead can absorb a photon
and tunnel onto the dot. This electron can then leave the dot
to both sides with the same probability, but it contributes to
the current only if it tunnels to the right lead. This process
is frequency dependent, because as soon as an electron from
the right lead can also absorb a photon and tunnel onto the
dot, the net current from these two processes will be zero.
To the right of the main resonance, where the quantum dot
is in its N + 1 stable state, an electron on the dot can absorb
a photon and tunnel out to the right lead. An electron can
then enter from the Fermi sea of either of the leads and refill
the level, but it contributes to the current only when entering
from the left. If the photon energy is large enough so that
the electron can tunnel to both leads, again there is no net
current.
The amplitude of the PAT peaks observed is smaller at
higher frequencies. This is due to reflection of the rf signal
at the SMA connector used to couple the coaxial lines to
the chip carrier.24 This also explains why two-photon
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Figure 2. Photon-assisted tunneling at different frequencies: ac
source voltage amplitude Vac ) 71 mV (-10 dBm), bias voltage
VSD ) 50 µeV. The dc side gate voltage VSG is swept from 266.4
to 300 mV and converted to an energy shift in GHz, using a
conversion factor for the gate voltage to energy of Cg/CΣ ∼ 0.03
(obtained from stability diagrams at 4 K). The Coulomb peak
measured without rf irradiation (dashed curve) is compared to the
traces at 20, 26, 30, 38, 42, 44, 48, and 50 GHz (from bottom to
top). The curves are offset in proportion to the frequency. The insets
describe the basic PAT process below (left inset) and above (right
inset) the main resonance. The black straight lines are guides to
the eye for the one-photon satellites (solid) at positions (hV away
from the main Coulomb resonance, the two-photon side peaks
(dash-dotted), and a frequency independent excited state that is
visible at higher frequencies (dotted). The electron temperature in
this measurement was around 210 mK, higher than any in the rest
of the paper, due to the absence of the microwave attenuator at
base temperature.

processes with splitting 4hν are apparent only for frequencies
below 30 GHz. A shoulder that does not move with
frequency is visible at δ ∼ 70 µeV and can be clearly
distinguished from the PAT peaks only above ν ) 30 GHz,
i.e., for hν > 1.5δ. As will be discussed below, this
corresponds to transport via an excited state.
In order to investigate these features more closely, we
installed a -10 dB attenuator at the mixing chamber,
reducing the electron temperature to below 170 mK. We then
performed excited-state spectroscopy with PAT, as shown
in Figure 3. In contrast to the measurements shown in Figure
2, the peaks to the left and right of the main resonance in
Figure 3a are neither split by the amount expected for direct
PAT induced peaks nor move with microwave frequency.
Instead, they have their origin in tunneling through excited
states initiated by a PAT process. The peaks of the direct
PAT process are not visible due to the small microwave
power. This becomes apparent in the power dependence of
the peaks investigated at ν ) 40.8 GHz, as shown in Figure
3b. Direct PAT processes such as those shown in Figure 2
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Figure 4. Schematic drawing of the levels and rates involved in
PAT spectroscopy: During transport the number of electrons
fluctuates between N and N + 1. Ground-state tunneling between
states a and c corresponds to the peak ac, while tunneling between
the N-electron excited state b and N + 1 ground state c (between
N-electron ground state a and N + 1 excited state d) corresponds
to peak bc (ad). The tunneling rates Γ and relaxation rates W
between related states are named accordingly.

Figure 3. Excited-state spectroscopy using PAT as a function of
dc side-gate voltage VSG, with bias VSD ) 50 µeV. (a) Different
frequencies at fixed rf source amplitude Vac ) 56 mV (the lines
are offset for clarity). Arrows mark the positions where PAT peaks
are expected for 36.31 GHz (red), 40.51 GHz (blue), and 43.91
GHz (black solid line), with Cg/CΣ ∼ 0.035. The highest frequency
shows some asymmetry on the central peak due to pumping.
Nevertheless, it is clear that the two lines to the left and right of
the Coulomb peak do not show the right frequency-dependent
splitting for PAT satellites but have their origin in excited states.
(b) Power dependence (Vac ) 89-282 mV) of the peaks at 40.8
GHz, where pumping effects are small.

are observed at higher microwave amplitudes, but only for
ac + hν. The peak at ac - hν is suppressed due to overlap
of a small, nearly power independent, pumping signal.25
The peaks attributed to transport through excited states
are more apparent at high power while the main resonance,
ac, decreases. Similar behavior has been observed in GaAs
dots.25,26 We emphasize, however, that the PAT-induced
excited-state peak denoted here as bc has not been reported
before, to the best of our knowledge. The excited-state peaks
occur at positions δbc ) -83(7) µeV and δad ) 70(7) µeV
relative to the Coulomb peak.
The levels and rates involved in the process are depicted
in Figure 4. The situation can be described as follows (a
more detailed figure is given in the Supporting Information): All in all, four levels are involved denoted a, b, c,
and d. Levels a and b are the ground and first excited state
of the N electron quantum dot. Ground and first excited state
of the quantum dot with N + 1 electrons are labeled c and
d. The electrochemical potential µac(N + 1) ) Uc(N + 1) Ua(N) of the quantum dot, with Ua(N) the ground-state energy
of the N electron QD and Uc(N + 1) the ground-state energy
Nano Lett., Vol. 7, No. 2, 2007

of the N + 1 electron QD, respectively, has to be aligned
within the bias window, in order to get transport via groundstate tunneling between N and N + 1 electrons. Transport
via excited states can occur if the corresponding ground state
is not occupied and the electrochemical potential µad(N +
1) (or µbc(N + 1)) is aligned within the bias window.
At the ad peak, tunneling with tunneling rate Γad occurs
between the N electron ground state and an N + 1 excited
state at µad(N + 1) ) Ud(N + 1) - Ua(N) > µac(N + 1) and
therefore at higher electrochemical potential than the main
Coulomb resonance. The energy difference to the main
resonance is δad(N + 1) ) µad(N + 1) - µac(N + 1) )
Ud(N + 1) - Uc(N + 1) ) 70(7) µeV (compare Figure 3).
In the case of the bc peak, tunneling occurs between an
N-electron excited state and the N + 1 ground state. The
corresponding resonance has a lower electrochemical potential than the main Coulomb resonance, because µbc(N +
1) ) Uc(N + 1) - Ub(N) < µac(N + 1). The distance to the
main resonance is δbc(N) ) µbc(N + 1) - µac(N + 1) )
-Ub(N) + Ua(N) ) -83(7) µeV. Such a PAT peak
(involving an N-electron excited state) has, to our knowledge,
never been reported in PAT experiments on GaAs single
quantum dots.
For better understanding of the power dependence of the
excited states, we compare our data to the simulation of a
model system. In the following, we describe the model and
give the equations used for the simulation before showing
the results.
In a photon-assisted tunneling (PAT) experiment, an ac
voltage drop Vac ) V cos(2πνt) over a tunnel barrier modifies
the tunnel rate ΓPAT(E) ) ∑n Jn2(R) Γ (E + nhν)19 analogous
to the theory for a junction between two superconducting
leads.27 Jn2(R) is the nth order Bessel function of the first
kind with R ) eV/hν. ΓPAT and Γ are the tunneling rates
with and without microwave irradiation.
We use a model28 with four states as in Figure 4, because
in our device the charging energy EC is much larger than all
other energies involved EC . hν, δ, kBT, VSD. If we neglect
level broadening and relaxation, the current through the
quantum dot in a certain configuration χ (χ ) a,b,c,d) can
be described by the probability Pχ that the dot is in a
297

Figure 5. (a) Comparison between measured current (solid line) at voltage source amplitude Vac ) 178 mV and simulated current (dotted)
at R ) 0.635 and ν ) 40.8 GHz. (b) Comparison of simulated current at the different peak positions (solid lines) with data (symbols).
Comparing the factor R of the simulation with the rf source amplitude, the overall attenuation of the system is found to be -63.4 dB.
Attenuators put in the lines add up to -33 dB. Thus, the coaxial lines and reflection at the connection to the sample reduce the signal by
additional 30.4 dB for this frequency.

particular configuration, together with the tunnel rates
through a single barrier29
in
in
in
I ) e[Pa(Γin
l,ac + Γl,ad) + Pb(Γl,bc + Γl,bd) out
out
out
Pc(Γout
l,ac + Γl,bd) - Pd(Γl,ad + Γl,bd)] (1)
in(out)
Here, Γl,j
is the tunnel rate into (out of) the dot via
transition j, through the left barrier

in
Γl/r,j
(j) ) Γl/r,j

∑n J2n(eV/hν)f(j - (Cg/C)eVg nhν - 0.5VSD;kBT)

out
Γl/r,j
(j) ) Γl/r,j

∑n J2n(eV/hν)[1 - f(j - (Cg/C)eVg nhν - 0.5VSD;kBT)] (2)

with j the electrochemical potential of transition j (with j )
ac, ad, bc, bd), f(E;kBT) the Fermi function at temperature
T, Vg the gate voltage, Cg the gate capacitance, C ) C1 +
C2 + Cg with C1(2) the capacitance of the left(right) barrier,
and source-drain voltage VSD. The factor 0.5 is used to
describe an equal voltage drop over the left and right barrier.
The factor R ) eV/hν gives the coupling of the microwaves
to the barriers.
In order to find the occupation probabilities Pχ, we
calculate the stationary solution of the rate equations for the
four-level system (see Supporting Information), using eqs
2. The results are inserted in (1) to calculate the current for
different microwave-coupling coefficients, R. The sourcedrain voltage is taken as in the experiment VSD ) 50 µeV,
and tunnel rates Γj are obtained from a measurement of
Coulomb diamonds, yielding Γac ) 0.17 GHz, Γad ) 0.28
298

GHz, and Γbc ) 0.16 GHz, respectively. (However, this gives
only the total tunnel rate and for comparison with the data
we assume that the barriers are equal, and therefore Γl/r,j )
2Γj).
In Figure 5, we compare the result of the simulation (solid
lines) with the data (dashed lines). Note that we cannot
calculate the actual factor R, because of the unknown
reflection at the sample holder and at the bonding from the
chip carrier to the sample. Thus, R is chosen such that the
current is matched best (see Figure 5a as example).
We find good agreement for the main resonance (black),
the bc peak (blue), and the peak of ac + hν (green) with
transition rate between the two excited states Γbd ) 0, and
relaxation rates Wba ) Wdc ) 0 while assuming a small
asymmetry in the coupling of the microwaves to the barriers
(Rl ) 0.95Rr). The functional dependence of the peak ad
(red) on the microwave power R is the same in the simulation
as in the data. However, the current is strongly enhanced
compared to the simulation. A similar behavior has been
observed for GaAs quantum dots as well and was explained
by intradot excitations.26
Such a scenario could be responsible for the enhanced peak
ad measured here. We note that peak bc, on the other hand,
is very well reproduced by our model without assuming
intradot excitation, which could indicate that the microwaves
are not efficiently creating intradot excitations in the Nelectron case. A more detailed model is required to verify
these assumptions.
Introducing energy relaxation Wba, Wdc (compare Figure
4) faster than about a GHz into the simulation changes the
curve shapes and shifts the peak slopes with respect to each
other in a way that cannot be compensated by adjusting R.
Thus, we can say that the model involving four levels
Nano Lett., Vol. 7, No. 2, 2007

describes the measurements without assuming relaxation (in
the order of nanoseconds) for the first excited states b and
d.
In conclusion, we have shown photon-assisted tunneling
in a carbon nanotube quantum dot. We use aluminum for
source and drain electrodes to ensure small tunneling rates
at low temperatures. With this setup, we observe the expected
peak splitting under high-frequency irradiation, and even twophoton processes are visible. We also observe frequencyindependent peaks related to excited states in the quantum
dot. Simulations of a four-level model show good agreement
with the data, although one of the peaks is strongly enhanced.
This has been observed in GaAs quantum dots as well and
can be explained by intradot excitation. The second peak
related to another excited state has, to the best of our
knowledge, not been reported for GaAs.
These observations are the first steps toward highfrequency control of carbon nanotube quantum dots, which
is vital for using spin in nanotubes for quantum information
processing.
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(3) Sazonova, V.; Yaish, Y.; Üstünel, H.; Roundy, D.; Arias, T. A.;
McEuen, P. L. Nature 2004, 431, 284.
(4) Yu, Z.; Burke, P. J. Nano Lett. 2005, 5, 1403.
(5) Pesetski, A. A.; Baumgardner, J. E.; Folk, E.; Przybysz, J. X.; Adam,
J. D.; Zhang, H. Appl. Phys. Lett. 2006, 88, 113103.

Nano Lett., Vol. 7, No. 2, 2007

(6) Schoelkopf, R. J.; Wahlgren, P.; Kozhevnikov, A. A.; Delsing, P.;
Prober, D. E. Science 1998, 280, 1238.
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