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Abstract

Using both picosecond millimeter-wave impulses and continuous microwave radiation, we probe the electronic
structure and dynamic response of single-electron tunneling in structured quantum dots, essential for understanding
their applications as computational elements, emitters and detectors. Under pulsed microwave radiation, the dot’s
capacitance is greatly reduced compared to the equilibrium values. In contrast, the dot’s capacitance remains constant
under continuous microwave radiation. This phenomenological reduction of capacitance stems from the faster pumping
of electrons by pulsed microwave excitation as compared to the slow relaxation of electrons. © 2002 Elsevier Science

B.V. All rights reserved.
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Structured quantum dots are few-electron sys-
tems used not only as models of atoms and
molecules but also as building blocks for quantum
computers [1] and quantum emitters and detectors
of phonons or photons [2-4]. They are usually
electrostatically confined by nanometer-sized gates
and coupled to leads, enabling transport spectro-
scopy. Coherent superpositions of covalent mole-
cular states of tunnel-coupled quantum dots have
been realized by applying continuous microwaves
[5,6]. Pulsed microwaves are desired to control the
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coherent superposition of molecular states [7], i.e.,
realizing a quantum bit (qubit). On the other hand,
pulsed microwaves are expected to switch qubits
for simple quantum computing operations. Char-
acterizations of dynamic responses of electrons in
quantum dots to the microwave pulses are thus
essential. In fact, time-resolved measurements of
Cooper pair tunneling in coupled Josephson
junctions by Nakamura et al. [8] have spurred
interest in using temporal information to investi-
gate the electron dynamics of dots. Recently, some
aspects of electron dynamics have been investi-
gated in single quantum dots using different
techniques [9,10]. It was found that excited states
can have a relaxation time as long as a few ps,
which is attributed to slow spin relaxation
processes [10].
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Here, we study the dynamic response of single-
electron tunneling (SET) in a single quantum dot
in the few-electron limit upon pulsed and contin-
uous microwave radiation generated by micro-
wave spectrometers. We first characterize the dot
by DC transport spectroscopy, i.e., probing the
direct tunnel current and the differential conduc-
tance. Under microwave excitation, we monitor
the direct tunnel current and compare it to that
without microwave excitation. Furthermore, the
amplitude and phase of the alternating tunnel
current induced by microwave radiation (photo-
conductance) are determined by using a lock-in
amplifier.

The quantum dot (Fig. 1(a)) used in this
particular  experiment is realized in an
Al Ga,_,As/GaAs heterostructure by patterning
the surface with Schottky gates. The two-dimen-
sional electron system (2DES) is 90 nm below the
surface and has an electron density of 1.7 x
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Fig. 1. (a) A single quantum dot is formed by Schottky gates.
(b) Schematic diagram of the spectrometer. With NLTLs
connected in the circuit, pulsed microwaves can be generated. A
continuous flux of microwave photons can be generated with
NLTLs disconnected, as described in detail in Ref. [9]. (c) Top
view of the heterodyne spectrometer circuit in a brass box with
two coaxial connectors feeding the two NLTLs.

10 m~2 and an electron mobility of 80m?/Vs.
A quantum dot with a radius around 100 nm is
formed. The operating temperature of the
3He/*He bath in the dilution refrigerator is
35mK, while the electron temperature in these
measurements remains at about 7= 150 mK under
irradiation with the spectrometer.

The circuit of the spectrometer is schematically
shown in Fig. 1(b). At the heart of this spectro-
meter, two nonlinear transmission lines (NLTLs)
are fed with two highly accurate, phase-locked
microwave synthesizers (HP 83711A, faxfg =
Jp =78GHz, 6f = fg — fa =21 Hz). In contrast
to an earlier version [11] we have integrated the
spectrometer in a single brass box (Fig. 1(c)),
which is mounted in situ on a cylindrical
waveguide of the sample holder in the dilution
refrigerator at room temperature. Trains of short
pulses with harmonic frequency contents
(fixn x f,) beyond 400 GHz are generated by
NLTLs [12]. The NLTLs® outputs are then
combined and sent to a planar bowtie antenna
(Fig. 1(b)). The power combiner and antenna
circuit are defined by evaporating gold onto a
high-resistivity silicon substrate (Fig. 1(c)). The
superimposed pulse trains of the NLTLs are
radiated into the cylindrical waveguide through a
silicon hemisphere attached to the antenna on the
back side of the circuit (Fig. 1(c)) [13]. The
waveguide has a lower cutoff ~80GHz, and the
infrared radiation is blocked by a black poly-
ethylene window. Although the output power of
the spectrometer is low to minimize heating, we
observe a well-pronounced photoconductance
signal. Using a digital lock-in amplifier, we are
able to probe the amplitude and phase of the
photoconductance in a wideband from 80 to
400 GHz (10<n<50), corresponding to energies
of 0.3-1.6meV, which is comparable to the
charging energy and the mean level spacing of
the dot (see below). It is particularly important to
note that since we filter the induced photocurrent
spectrum with a lock-in amplifier, we can perform
broadband spectroscopy on the dot under a
constant thermal load, in contrast to conventional
tuned sources, such as Gunn diodes, whose power
variation with frequency complicates broadband
measurements. Without NLTLs, two phase-locked
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Fig. 2. (a) Logarithmic plot of Iy in the plane of Vi, — V,
(gray: Iys=>3nA, black: I4<1pA). The dashed lines for the
enclosed diamonds are obtained from the conductance (other-
wise not shown), where the diamond boundaries are better
resolved. The number of electrons in the dot is indicated by
N+1, N, N —1, etc. (b) Logarithmic plot of Ij measured
under pulsed microwave radiation (gray: Igs=>0.7nA, black:
145 <0.1 pA). The dashed diamonds are the same as those in (a).
The solid lines indicate the actual diamond boundaries.

microwave sources are combined to generate a
continuous microwave flux for spectroscopy on a
similar single quantum dot [9].

We measure both the direct tunnel current (Z45)
and the differential conductance (g = dlys/dVys)
of the dot. In Fig. 2(a), the direct tunnel current is
plotted in a linear grayscale presentation. The
dashed lines obtained from the conductance
measurement reveal Coulomb-blockade (CB) dia-
monds. Within the diamonds, electron transport is
blocked by the charging energy Ec = ¢ /ZCZ,1
according to the “orthodox model” of Coulomb
blockade [14]. The tunnel barrier connecting the
dot with the source contact (thus source-related) is
tuned to be less opaque than the drain-related
barrier, i.e., I'4 <T, as schematically shown in the

'The charging energy Ec = ¢?/2Cs is required to add an
additional electron onto a quantum dot with a total capaci-
tance Cy.
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Fig. 3. (a) At positive drain-source bias, the effective electron
number in the dot is increased by pumping electrons into the
dot. (b) At negative drain-source bias, the effective electron
number in the dot is reduced by pumping electrons out of the
dot.

level diagrams in Fig. 3. Consequently, the upper-
right and the lower-left Coulomb diamond bound-
aries (along which the dot energy is aligned with
the chemical potential in the drain, thus drain-
related) are sharper and higher than the upper-left
and the lower-right source-related boundaries. The
varying size of the diamonds indicates that the
dot’s total capacitance (Cyz = Cyq+ Cs+ Cy)
changes upon adding or removing single electrons
in the few-electron limit. The capacitance of the
dot to the drain (Cq~98aF) and source
(Cs~67aF) lead and to the gate (Cy~25aF) are
denoted, respectively. We estimate an average
charging energy of Ecx0.4meV for the two
Coulomb-blockade diamonds from V, = —307.5
to —295mV (Fig. 2(a)). The drain- and source-
related slopes of the diamond are s; = 6V, /0 Va5 =
1+ C/Cy =3.66 and s, =0V,/0Vys = —Cq/C,
= —3.93, respectively. The slopes yield a scaling
factor o= C,/Cy = 1.3 x 107! that relates the
gate voltage (V) to an energy scale
(AE = —eaAV,). Although no DC transport
through excited states is resolved in the SET
regime (Fig. 2(a)), we determine the mean level
spacing of the dot Ag*~200 peV using photocon-
ductance measurements under pulsed microwave
radiation (see below).

Pulsed microwave radiation changes the slopes
of the diamond boundaries in Fig. 2(b) compared
to those in Fig. 2(a). We find that the drain-related
slope s is decreased to 3.30, and the source-related
slope s, to about —0.45 (corresponding to the
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upper-most diamond in Fig. 2(b)). Taking the
“orthodox model’, the tunnel barrier capacitances
Cq and C are reduced by 89% and 18%,
respectively. The reduction of C, is only 3%.2
Although the slopes under higher gate voltages are
closer to the ones in the DC limit, the capacitance
of the drain-related barrier C4 maintains a clearly
different response under pulsed radiation.

This reduction in slopes arises from the fast
pumping by pulsed microwave radiation. For the
source-related resonance under a positive bias, the
level diagram can be illustrated as in Fig. 3(a).
Without microwave radiation, electrons tunnel
into the ground state from the source lead at a
rate of I'y and escape out of the dot at a rate of ['y.
The total tunneling rate through the dot is found
4T /(Tg + T's)<4 GHz. When pulsed microwave
radiation is present, electrons in the source lead
are excited and pumped into excited or virtual
states in the dot at a rate of about I', = f;,. Since
the I'y<8 GHz<I's and then I'y <I',, the average
electron number (N ) ocT4I's/(Tq + T's) in the dot
is increased compared to the static value. This
increase in the electron number 0<{ N > results in
an upward shift of each quantum state J0F =
e’6{ Ny /Cs. Furthermore, it is expected that
0<{ N increases with Vg, since I'y becomes larger
and larger compared to I'y. Correspondingly,
a downward shift of gate voltage oV, =
—ed{N ) /C, is required to match the original
position of the resonance, i.e., the diamonds’
slopes are reduced. Similarly, the average electron
number in the dot is reduced in the case with a
negative bias under radiation (Fig. 3(b)), which
requires a higher gate voltage to compensate the
downward energy shift. In turn, the slopes are
reduced as well. Hence, the slope change observed
reflects the dynamic pumping of electrons by
pulsed radiation and the connected relaxation
processes which can be characterized by the
electron’s dwell time in the dot. Furthermore,
since the source-related tunnel barrier is more
transparent than the drain-related one and the dot

2This small reduction in gate capacitance indicates that the
microwave field induces only slight changes in the size of the
quantum dot and in the capacitances connecting to the drain
and source contacts. However, the tunneling rates can be varied
greatly.

can be filled or emptied by electrons from the
source, the drain-related resonance experiences a
smaller change by pulsed excitation. By varying
the pulse repetition rate f, and measuring the slope
change, it is possible to obtain the tunneling rates
through the tunnel barriers. In contrast, earlier
work on a similar single quantum dot [9] showed
that the slopes of the diamond boundaries are not
shifted when the applied microwave radiation is
continuous rather than pulsed.

In the absence of microwave radiation, hardly
any fine structure indicating electron transmission
through excited states is found in the SET regime
(Fig. 2(a)). As the dot is strongly coupled to the
contacts, strong inelastic tunneling at finite bias
masks tunneling peaks from excited states. Under
pulsed radiation, since the spectrometer emits
about 40 harmonics of the fundamental micro-
wave frequency simultaneously, possible sidebands
from photon-assisted tunneling (PAT) are exten-
sively overlapped. We can, however, select or filter
the dot’s response to a given harmonic using a
phase-sensitive detection method, given the linear
response, which we verify by checking the dot’s
proportional response to slight changes in spectro-
meter power [11]. The dual-source spectrometer as
shown in Fig. 1(b) allows us to probe the response
at different harmonics. The spectrometer emits
picosecond pulses that have a beat frequency f,, =
n x of (Fig. 1(d)), since it is driven by two phase-
locked synthesizers with f5 g~ f, = 7.8 GHz offset
by df = 21 Hz. This allows filtering of the dot’s
response at harmonics (f,) with a digital lock-in
amplifier whose base reference is §f. With a two-
channel lock-in amplifier we are able to monitor
the complex in-phase and out-of-phase (X and Y)
components of the photoconductance resulting
from the corresponding millimeter-wave harmo-
nics (fy,).

Thus, in contrast to the total-induced current
under radiation of Fig. 2(b), two photoconduc-
tance spectra (of the Y component)® taken at
the 12th harmonic of the beat frequency
(fiz=93.6GHz (a)) and the 18th harmonic

*The Y component reveals features similar to the X
component and the amplitude 4 = /X2 + Y2, but in this case
had better resolution.
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Fig. 4. Linear plot of the Y component of the high-frequency
conductance at the 12th (a) and 18th (b) harmonic
(fi2 = 93.6 GHz, fis = 140.4GHz). The plotted data is in
arbitrary units: White represents negative values and black is
positive. In (a) and (b), the dashed lines indicate the diamonds
as shown in Fig. 2 (a). The solid lines show the actual diamond
boundaries. Two solid triangles mark resonances from excited
states of the dot under negative bias. In (c) and (d), the blue
solid lines trace the ground-state resonances, while the dashed
lines represent the excited-state resonances as shown in (a) and
(b). The traces in (c) and (d) are extracted from (a) and (b) at six
specific gate voltages, respectively.

(fis = 140.4 GHz (b)) are given in Fig.4. The
diamond-shaped Coulomb-blockade regions re-
semble those observed in Fig. 2(b), i.e., slopes of
the diamond boundaries are reduced. Further-
more, additional features are observed in the SET

regime. We extract single traces from Fig. 4(a) and
(b), as shown in Fig. 4(c) and (d), respectively. The
solid lines indicate the ground-state resonances
corresponding to the CB diamond boundaries in
Fig. 4(a) and (b). The dashed lines reveal fine
structure from excited-state resonances in the
SET region. We find the mean level spacing
Ac* =200 peV. The ability to resolve excited states
under pulsed microwave excitation benefits from
the fact that only the response of a single harmonic
is detected by the lock-in amplifier.

The phase signal obtained reflects the sign
change of the photon-induced tunnel current
(otherwise not shown). In general, when the time
scale of the slowest tunneling process is compar-
able to the offset frequency Jf, it is possible to
deduce this time scale from the phase signal. As
studied in Ref. [9], when a continuous microwave
flux is applied the phase signal reflects the slow
charge relaxation processes between the excited
and ground states in the dot.

In summary, we used a pulsed microwave
spectrometer for probing the dynamics of electrons
confined in quantum dots. We found deviations of
the dot’s capacitances under pulsed excitation
compared to the equilibrium values, a signature
of the effective relaxation times of single-clectron
tunneling. This setup also allows us to determine
the high-frequency conductance in a wideband
fashion similar to the quasi-static limit. We
observed excited electron states in the quantum
dot at finite bias, which are otherwise not
observable in the absence of microwave excitation.
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