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Abstract

We perform microwave spectroscopy on a single quantum dot using a compact pulsed spectrometer. Although DC transport
shows strong elastic cotunneling in the Coulomb blockade regime and inelastic tunneling in the single-electron tunneling
(SET) regime, these effects are suppressed under picosecond impulses whose energies are commensurate with those of the
dot. Instead, under non-zero bias we find excited-state resonances in the induced complex photoconductance as well as
strong deviations of the dot capacitance compared to equilibrium values, a signature of the effective relaxation times of SET.
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Structured quantum dots are few-electron systems
useful not only as models of atoms and molecules but
also in quantum computation [1]. The dots—droplets
of electrons—are usually electrostatically confined by
nanometer sized gates and coupled to leads, enabling
transport spectroscopy at DC [2]. Coherent superpo-
sitions of covalent molecular states of tunnel-coupled
quantum dots have been realized by applying contin-
uous microwaves [3,4]. Pulsed microwaves are de-
sired to control the superpositions of molecular states
[5], i.e. sampling of a quantum bit (qubit). On the
other hand, pulsed microwaves are expected to switch
qubits for simple quantum computing operations.
Characterizations of dynamic responses of electrons in
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quantum dots to the microwave pulses are thus es-
sential. Time-resolved measurements of Cooper pair
tunneling in coupled Josephson junctions by Naka-
mura et al. [6] have spurred interest in using temporal
information to study the electron dynamics of dots.
Recently, electron dynamics have been investigated
in single electrostatically defined quantum dots using
different techniques [7].

Here we present photoconductance measure-
ments on a single laterally gated quantum dot in
the few electron limit using a wideband, i.e. pulsed,
millimeter-wave spectrometer. The quantum dot is
first characterized by conventional transport spec-
troscopy, which is then compared to the photoconduc-
tance spectra. By downconverting the millimeter-wave
signal coherently via a beat note between two
microwave sources, the amplitude and phase of the
conductance can be determined. The spectrometer
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allows us to observe excited states of the quantum
dot and trace these states even at non-zero bias. It en-
ables us to reveal the time-dependent variation of the
quantum dot’s capacitance. Finally, since we detect
harmonics with a lock-in amplifier, we can perform
broadband spectroscopy on the dot system without
changing the heat load in contrast to conventional
tuned sources, such as Gunn diodes.

The spectrometer itself consists of two non-linear
transmission lines (NLTLs), generating trains of
short pulses with harmonic frequency content up to
400 GHz [8]. In contrast to an earlier version of the
spectrometer [9] we now have integrated both NLTLs
in a single brass box, which is mounted directly on top
of a cylindrical waveguide (lower cut-off at 80 GHz)
of the sample holder in a dilution refrigerator. Infrared
radiation is blocked by a black polyethylene window.
This allows us to probe complex photoconductance in
the 80—400 GHz range, corresponding to energies of
320 peV-1.6 meV. The typical charging energies of
small dots are in the order of 0.5—1.5 meV, while the
energies of the excited states in these dots are around
0.1-0.5 meV.

A top view is shown in Fig. 1(a): the NLTLs are fed
with two synthesizers (HP 83711A) connected on the
left and right ports. The output of the two sources is
then added by a power combiner and sent to a bow-tie
antenna. The combiner and antenna circuit are defined
by evaporating Au onto a Si substrate. The impedance
of the whole circuit is matched to the 50 €) antenna.
The superimposed radiation of the NLTLs is finally
emitted into the cylindrical waveguide through a sil-
icon hemisphere attached to the antenna on the back
side of the circuit (see Fig. 1(b)) [10]. A close-up of
one of the NLTLs is given in Fig. 1(c). The meander
shaped coplanar waveguide is intersected by voltage
tunable Schottky diodes, leading to the pulse-forming
response of the transmission line [11]. Although the
output power of the sources is low to minimize heat-
ing, we observe a well-pronounced photoconductance
signal.

Under wideband millimeter-wave radiation, the di-
rect current through the dot is found to be increased
(data not shown). In contrast to the appearance of sin-
gle sidebands as found in photon-assisted tunneling on
quantum dots, we observe a broad increase of the di-
rect current, since about 50 harmonics of the 7.8 GHz
base frequency are emitted simultaneously. Hence,
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Fig. 1. (a) Top view of the heterodyne spectrometer circuit: the
circuit is in the center of a brass box with two SMA ports feeding
the two non-linear transmission lines (NLTLs). The NLTLs in
turn feed a power combiner, which is terminated in the apex of
the bow-tie antenna; (b) view of the silicon hemisphere on the
bottom of the box, which optically couples the radiation into free
space; (¢) magnification of one of the meander-shaped transmission
lines—the intersections are the position of the Schottky diodes.

a phase sensitive detection method is required to
select the appropriate harmonic excitation, given a
linear response. This is what the spectrometer pro-
vides: its two base frequencies of [, = 7.8 GHz are
offset by 6 f = | f2 — f1| =21 Hz (see Fig. 2(a)). This
allows selection of the corresponding harmonics with
conventional lock-in techniques; the reference for the
lock-in is taken from the beat note (8f) of the two
synthesizers. Phase locking the synthesizers enables
a coherent detection of the photoconductance. With a
two-channel lock-in amplifier we are able to monitor
amplitude (4), as well as the phase (¢) of the photo-
conductance at the corresponding excitation in the
gigahertz range.

The quantum dot used in this particular experiment
is realized in a GaAs/AlGaAs heterostructure by pat-
terning the surface with conventional Schottky gates
(split gates). The two-dimensional electron gas has
an electron density of ny = 1.7 x 10> m~2 (not illu-
minated) and a mobility of 40 m?> V~!s~!. The slopes
of the diamond in Fig. 2(b) are 6V,/0Vys = (Cr +
Cy)/Cq = 342 and 0V,/0Vy = —CL/Cy = —2.84,
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Fig. 2. (a) Schematic diagram of the setup: the two NLTLs are
driven by synthesizers and the resulting radiation is fed through a
waveguide onto the quantum dot sample and the photoconductance
is measured; (b) grayscale plot of the conductance vs. drain/source
relation of the quantum dot, measured with a conventional setup
at a lock-in frequency of 137 Hz. From the diamond shapes we
obtain the capacitances and the charging energy.

yielding a ratio « = Cg/(Cp + Cr + C,;) = 0.16, where
o gives the scaling factor which relates the gate volt-
age (V,) to an energy scale. The capacitances of
the dot to the left (Cp) and right (Cr) contact and
to the gate (C,) are denoted, respectively. From the

diamond we obtain a charging energy of Ec =
€?/2Cs = 482 peV (Cy being the total capacitance
of the dot). The varying size of the diamonds indi-
cates that the dot’s total capacitance changes upon
adding or removing a single electron—we estimate
the ‘electronic’ dot radius to be 150 nm. The operat-
ing temperature of the *He/*He bath in the dilution
refrigerator is 7y, = 35 mK, while the electron temper-
ature in these measurements remains at 7, = 150 mK
under irradiation. In the grayscale plot of Fig. 2(b),
hardly any fine structure indicating electron transmis-
sion through excited states is found.

In Fig. 3 two photoconductance spectra taken at
the 12th harmonic of the spectrum (corresponding to
93.6 GHz (a)) and the 18th harmonic (corresponding
to 140.4 GHz (b)) are given. The diamond shaped
Coulomb blockade (CB) regions can be clearly iden-
tified, but in contrast to the grayscale plot of Fig. 2(b),
which represents the conductance in the quasi-static
limit, the measured amplitude in Fig. 3 represents the
electron conductance induced by the millimeter-wave
radiation. In this way it is possible to selectively deter-
mine the induced conductance at 93.6 and 140.4 GHz.

In general, we have to separate the response of
the quantum dot into three different classes. Firstly, a
bolometric response is found: a non-resonant pump-
ing of electrons through the dot. Hence, we obtain
in Fig. 3 CB diamonds similar to those in Fig. 2(b).
Secondly, and most importantly, we observe fine
structures in Fig. 3(a) and (b) in the single-electron
tunneling regime. These are not present in the
quasi-static conductance data of Fig. 2(b), and are
related to microwave-induced resonant transitions
through quantum dot states. These induced states are
aligned parallel to the boundaries of the CB diamond,
and hence are the ground states of the corresponding
N-electron or (N + 1)-electron system. Comparing
the excitation at 93.6 GHz~ 388 peV in Fig. 3(a)
to the charging energy Ec, we find that the first
microwave-induced transition opens a channel for the
ground state of the (N + 1)-electron system (marked
by the arrows at 4 f, =h93.6 GHz in Fig. 3(a)). Vary-
ing the gate voltage further we find two additional
resonant states N}, N, which can be attributed to
excited states of the N-electron system. This scheme
is repeated for the next diamond, although in this case
only one excited state is detected ((V — 1)7). Chang-
ing the frequency leads to a shift of the ground state
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Fig. 3. (a) Grayscale representation of the high-frequency conductance G at the 12th harmonic, f = 12 x 7.8 GHz = 93.6 GHz (black:
G > 58S, white: G =0 pS). Drain/source bias is varied from —2 to 2 mV. The diamond pattern represents the DC charging from Fig. 2
for comparison, while the excited states are indicated by the arrows on the right-hand side; (b) grayscale plot of the photoconductance at
the 18th harmonic, an excitation frequency of f = 18 x 7.8 GHz = 140.4 GHz (black: G > 5 uS, white: G = 0 uS).

resonance as seen in Fig. 3(b), where a microwave
energy of hfp = h140.4 GHz = 581 peV lifts this
state to exceed Ec. The excited states N;*, N;* remain
fixed in position relative to the ground states. It is
important to note that this method allows microwave
spectroscopy at finite bias. According to the capac-
itive coupling of the induced resonances, electrons
absorb photons in the source contact. Variation of the
gate voltage results in a shift of the discrete states in
the quantum dot with respect to the source/drain bias.
First the (N + 1)-ground state is excited, followed
by the excited states of the N-electron system. The
asymmetry of the tunneling barriers is revealed in
the occurrence of excited states on only one side of
the spectrum in Fig. 3.

The third effect of microwaves irradiating the dot
is the shift of slopes of the diamond boundaries
compared to the plot in Fig. 2(b). We find for the
right-hand barrier a slope of only —0.54, and for the
left-hand barrier 2.58 (upper-most diamond in Fig.
3(a)). Similar values are obtained for the signal at
140.4 GHz. Although for the following diamonds the
values for both harmonics are closer to the ones in
the quasi-static limit, we note that the capacitance
of the left contact C. shows a clearly different re-
sponse in the photoconductance measurements. The

left-tunnel barrier is more transparent than the right
one (see grayscale plot in Fig. 2(b)), hence we can
assume that the radiation pumps the electrons out of
(into) the dot through the right-tunnel barrier. Since
these emptied (occupied) electronic states in the dot
require a certain time to be reoccupied (emptied), the
capacitance of the photoconductance measurements
should be lower than the DC value. For the Coulomb
diamonds below the first one, the tunnel coupling is
obviously increased, leading to faster transfer rates
of the electrons. The important time scale of this
process is the repetition rate with which the pulsed
microwave excitation induces transitions in the dot.
Here this value is f, = 1/7.8 GHz = 128 psec, i.e. the
radiation at 93.6—140.4 GHz excites electrons into
energetically higher positions with an effective pump-
ing rate of ~130 psec. Hence, the pulse repetition
rate allows the determination of the effective electron
pumping rates. This also agrees with the effective
time constant T~1/RC: Assuming C = Cy = 166 aF
and a DC-resistance R ~ 1 Mf2 of the tunnel barriers,
we find a corresponding frequency of under 6 GHz,
which is lower than the pulse repetition frequency.
In summary, we used a broadband millimeter-wave
spectrometer for probing the dynamics of electrons
confined in a quantum dot. This setup allowed us to
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determine the high-frequency conductance in a fash-
ion similar to the quasi-static limit. We found strong
deviation of the dot’s capacitances at millimeter-wave
frequencies compared to the equilibrium values:
a signature of the effective relaxation times of
single-electron pumping. Moreover, we were able to
monitor excited electron states in the quantum dot at
finite bias.
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