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Observation of Photon-Assisted Tunneling through a Quantum Dot
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We have measured dc transport through a GaAs/AlGaAs quantum dot in the presence of a microwave

. signal of frequency f. We find features related to the photon energy hf whose positions in gate

voltage are independent of the microwave power buy vary linearly with frequency. The measurements

demonstrate photon-assisted tunneling in the mesoscopic regime. A comparison is made with a model
that extends Coulomb blockade theory to include photon-assisted tunneling.

PACS numbers: 73.40.Gk, 73.20.Dx, 73.50.Mx, 73.50.Pz

An electron that tunnels in the presence of a poten-
tial V cos(27ft) can exchange energy with this oscillat-
ing field. Such time-dependent tunneling can be divided
into a classical regime (hf < kgT) and a quantum regime
(hf > kpT). In the classical regime the energy exchange
appears to be continuous, but in the quantum regime the
discrete photon energy hf becomes observable. Elec-
trons can emit or absorb n photons when they tunnel
from an initial state &; on one side of the barrier to a
final state £; on the opposite side, where &5 — &; = nhf
and the integer n ~ eV /hf. Such photon-assisted tun-
neling (PAT) processes have been studied extensively in
superconducting-insulating-superconducting tunnel junc-
tions [1,2]. Recently, PAT has also been observed in su-
perlattices irradiated by a free-electron laser [3].

In mesoscopic structures, high-frequency potentials are
expected to yield new quantum effects due to the presence
of phase coherence and/or charge quantization [4-6].
Theoretical work has focused mostly on noninteracting
electron systems [4], but recently Coulomb blockade
structures have also been examined [5,6]. Experiments
with high-frequency signals in the quantum regime have
been undertaken on quantum point contacts [7] and
quantum dots [6]. The features observed by some of us
in Ref. [6] were consistent with a model that combines
PAT and Coulomb blockade theory. However, none of
the mesoscopic experiments show the hallmark of PAT:
transport features with a linear frequency dependence. In
this Letter we demonstrate PAT through a quantum dot
by the observation of microwave-induced features in the
current whose positions are proportional to frequency and
independent of power.

PAT through a quantum dot is illustrated in the
schematic energy landscape in Fig. 1(a). The addition of
an electron to the dot increases all levels by the charging
energy e?/C. Without radiation, Fig. 1(a) corresponds
to the Coulomb blockade of transport [8]. When the
conduction band bottom of the dot is varied by means
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of a gate voltage, transport is possible every time the
lowest energy state for adding an electron to the dot aligns
with the Fermi levels of the two reservoirs. The resulting
Coulomb oscillations in the current versus gate voltage
are a measure of the electron number in the dot; each
period AVé" *1 corresponds to a change of one electron.
In the presence of radiation, inelastic single electron
tunneling may occur due to the absorption or emission of
photons. An example is depicted in Fig. 1(a); an electron
can overcome the Coulomb gap and tunnel from the left
reservoir into the dot by absorbing a photon. If the next
tunnel event is from the dot to the right reservoir then
this sequence contributes to the current. The condition
for PAT involving a single photon is |&; — &f| < hf,
where &; is the highest possible initial state and &f is
the lowest possible final state. Experimentally, we an
vary |e; — &f| with a gate voltage and sweep through
the single photon crossover |e; — e¢| = hf. So, up to
a distance AVg" away from the center of a Coulomb
oscillation we expect curren%finduced by single photon-
assisted tunneling, where AV; /AV:’ L = nf/(e?/C).
Our measurements are performed on a quantum dot
defined by a combination of etching and metallic gates
in a GaAs/AlGaAs heterostructure [see Fig. 1(b)] [9].
The two-dimensional electron gas (2DEG) has a mo-
bility of about 10® cm?/V's and an electron density of
3.3 X 10" m~? after illumination at 4 K. The etching
defines a narrow wire with an etched width of 0.8 xm (es-
timated conducting width of 0.4—0.5 um) which widens
into source and drain 2DEG regions. The five metal-
lic gates can create five barriers (or four quantum dots)
in series. For the experiment discussed in this Letter
we use only gates 1 and 2 to define a single region of
localized electrons. This quantum dot contains roughly
100 electrons and is weakly coupled via tunneling to the
2DEGs in the source and drain regions. In addition to
applying dc voltages to gates 1 and 2, we can couple a
microwave signal (0-40 GHz) to gate 1 via a capacitor
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(a)

FIG. 1. (a) Energy diagram for a quantum dot in which the

charging energy e?/C dominates. Solid lines in the dot are
occupied levels while dotted lines are unoccupied. In the
presence of microwaves an electron can overcome the Coulomb
gap and tunnel into or out of the dot via absorption or emission
of photons (the oscillating arrow is an example). (b) Atomic
force microscope (AFM) picture of a narrow wire etched into
the 2DEG of a GaAs/AlGaAs heterostructure. Five metallic
gates cross the wire of which numbers 1 and 2 are used to
define the quantum dot. The etched wire width is 0.8 xm and
the distance between adjacent gates is 0.25 pum.

near the sample [10]. In this setup the microwave signal
couples only to electrons in the vicinity of the quantum
dot (within a region much smaller than a typical energy
relaxation length of several pm).

We present measurements of the dc current / versus
the dc voltage V, on gate 1 at a small source-drain
voltage V,; = 10 uV. The voltage on gate 2 is fixed
such that the tunnel conductance through this barrier
is much smaller than e2/h. The data are taken in a
dilution refrigerator with a base temperature of 30 mK at
a magnetic field of 3.35 T, which corresponds to a filling
factor of 4 in the wide 2DEG regions. Similar results
have been obtained at zero and other magnetic fields.
The dashed curve in Fig. 2 shows a measurement of
Coulomb oscillations without microwaves. From standard
dc measurements [8] we obtain a charging energy e?/C =
0.33 meV (*5%) and an effective electron temperature of
approximately 100 mK. Finite V;, measurements did not
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FIG. 2. Current versus gate voltage on gate 1 at Vy, =
10 uV. Dashed curve is without microwaves and solid curves
are for increasing power in steps of 1 dBm at 27 GHz (higher
induced current corresponds to higher power).

resolve a splitting of the single particle states implying
that this splitting is smaller than a few times kg7T. The
solid curves in Fig. 2 show Coulomb oscillations for
different microwave powers at 27 GHz. The shape of the
broadened Coulomb peaks gradually changes from peak
to peak, but all the peaks contain a shoulder on the left
side. The location of the shoulder is independent of the
microwave power.

In Fig. 3(a) we show a similar set of measurements
for three different frequencies. The shoulders are more
pronounced at higher frequency, which illustrates the
diminishing effect of thermal smearing (at 36 GHz,
hf =015 meV and hf/kT =17 at 100 mK). Fig-
ure 3(b) shows the derivative of the current with respect
to the gate voltage. Shoulders now appear as addi-
tional maxima, indicated by arrows, on the left side
of each Coulomb oscillation. The location of each
microwave-induced maximum is independent of power
and shifts with frequency.
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FIG. 3. (a) Current / versus gate voltage V, on gate 1 at three
different frequencies. Dashed curve is without microwaves and
solid curves are for increasing power. (b) Derivatives 81/aV,
of the curves shown in (a). Arrows indicate the photon-induced
maxima. Different data sets are offset for clarity.
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This frequency dependence is plotted in Fig. 4 for
three different Coulomb peaks. The difference in gate
voltage Avgf is defined as the separation between the
center of the peak without microwaves and the location
of the microwave-induceg maxima in the derivative
curves. The plot of Ang converted into energy [8]
versus the photon energy hf shows that the positions of
the microwave-induced maxima vary linearly with fre-
quency between 9 GHz (the lowest frequency for which
we could distinguish a microwave-induced maximum)
and 36 GHz. This linear scaling indicates the PAT origin
of the microwave-induced current. The solid line is a fit
through the points corresponding to the peak centered at
V, = —31 mV. The dotted line is calculated and will be
discussed below.

To calculate the effects of PAT through a quantum
dot we use the ac model for Coulomb blockade devices
presented in Ref. [6]. This ac model encompasses the
Tien-Gordon theory [1] for PAT in a master equation from
the “orthodox” Coulomb blockade theory. The microwave
signal is modeled by two ac voltage amplitudes Vs and
V4 across the course and drain junctions. Figure 5 shows
a comparison between the measured photoresponse of a
peak taken from Fig. 2 and a numerical solution of the
ac model. The values for ¢2/C, T, f, and V,, used in
the calculation are taken from the experiment. The only
adjustable parameters are the ac amplitudes Vs and V.
By assuming a small asymmetry in the ac coupling V, =
0.85Vs we obtain good agreement between the measured
and calculated photoresponse [11,12]. The photon energy
hf on the theoretical gate voltage scale of Figs. 5(c) and
5(d) is indicated by the arrows. We find from such
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FIG. 4. Horizontal axis: Photon energy hf. Vertical axis:
AV} is the difference in gate voltage between the location
of the photon-induced maxima [i.e., arrows in Fig. 3(b)] and
the zero crossing of the dashed curve (without microwaves).
AV} is multiplied by the charging energy ¢*/C = 0.33 meV
and divided by the period AVY*! = 1.4 mV of the Coulomb
oscillations to convert it into an energy. AV} is determined
for three different Coulomb peaks (A is centered around V, =
—36 mV, @ around -31 mV, and * around —28 mV) from 9
to 36 GHz. The solid line is a fit through the @ points. The
dotted line is calculated (see text).
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FIG. 5. Comparison between measurement and calculation.

The parameters ¢?/C = 0.33 meV, f = 27 GHz, T = 100 mK,
and Vs, = 0.01 mV in the calculation are taken from the experi-
ment; the only adjustable parameters are the ac amplitudes Vs
and V,;. We have taken V, = 0.85Vs, Vs = 0, 34, 47, 66, 92,
and 129 uV [11]. The conversion of the gate voltage scale to
energy in units of Af is indicated by the arrows.

calculations that, independent of the precise parameter
values, our definition of Avgf is a good measure of Af.

With the same parameter values of Figs. 5(c) and 5(d)
we obtain the dashed line in Fig. 4 for the calculated
frequency dependence. Note that neither the experimental
nor the theoretical line goes through the origin. The
reason for this offset is that a difference in Vs and
V, can shift the center of a Coulomb oscillation in a
similar fashion to a nonzero dc source-drain voltage. In
contrast to this parameter-dependent offset, the slope is
parameter independent and equal to 1 for the theoretical
line in Fig. 4. The slope of the experimental dashed
line is 0.87. This 13% discrepancy can be resolved by
assuming a charging energy e2/C = 0.38 meV instead of
the experimental value 0.33 meV. Whether this means
that the dc charging energy cannot directly be used to
analyze high frequency experiments is unclear.

The data in Figs. 2 and 3 show a microwave-induced
broadening mainly to the left of the Coulomb peaks. We
found that this broadening can be shifted to the right or
made almost symmetric by varying the magnetic field or
frequency. Figure 2 shows that the photoresponse also
gradually changes from peak to peak. Apparently, the
asymmetry between Vs and V, increases when V, is made
more negative [negative current regions occur when Vs —
V4 exceeds the asymmetry set by V,,; [6]]. Regardless
of the precise shape of the broadening, however, we find
that, for f > 10 GHz, the photon structure always scales
with frequency and does not shift with power. The fact
that the observed photoresponse depends on the dc gate
voltage and the magnetic field implies that the relation
between V and Vs, V, depends on the local potential
landscape. A detailed study of this relation would be
interesting in connection with the recent theoretical work
on mesoscopic admittances [13].
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FIG. 6. Current versus dc gate voltage on gate 1. Dashed
curve is without microwaves and solid curves are for increasing
power at 20 GHz. The central peak shows a photoresponse
that cannot be explained with the ac Coulomb blockade model
of Ref. [6].

The comparison in Fig. 5 suggests that the photon struc-
ture is somewhat more pronounced in the measured data
than in the calculation. This is often the case, especially at
higher frequencies. Occasionally, very pronounced photon
structure is observed; an example is shown in Fig. 6. The
photoresponse of the peak in the middle contains a deep
minimum between the central dashed peak and the photon-
induced maximum. We find that the distance between the
two maxima scales linearly with frequency, as expected for
PAT. A lineshape with such a deep minimum, however,
does not follow from the ac Coulomb blockade model and
remains unexplained [14].
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The assumptions of the model in Ref. [6] are (1) con-
tinuous single particle density of states, (2) a frequency f
much larger than the tunnel rates through the two barriers,
(3) complete relaxation in the dot between tunnel events,
and (4) ac amplitudes V4, Vs which are independent of
dc gate voltage. We checked that the excitation spectrum
is continuous and that there is no detectable phase sepa-
ration of the Landau levels in the dot, which rule out a
violation of condition (1). Moreover, the current level of
order pA gives an average tunnel rate of 10—-100 MHz so
that condition (2) is also satisfied.



FIG. 1. (a) Energy diagram for a quantum dot in which the
charging energy ¢’/C dominates. Solid lines in the dot are
occupied levels while dotted lines are unoccupied. In the
presence of microwaves an electron can overcome the Coulomb
gap and tunnel into or out of the dot via absorption or emission
of photons (the oscillating arrow is an example). (b) Atomic
force microscope (AFM) picture of a narrow wire etched into
the 2DEG of a GaAs/AlGaAs heterostructure. Five metallic
gates cross the wire of which numbers 1 and 2 are used to
define the quantum dot. The etched wire width is 0.8 um and
the distance between adjacent gates is 0.25 pm.



