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Determination of the complex microwave photoconductance of a single quantum dot
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A small quantum dot containing approximately 20 electrons is realized in a two-dimensional electron system
of an AlxGa12xAs/GaAs heterostructure. Conventional transport and microwave spectroscopy reveal the dot’s
electronic structure. By applying a coherently coupled two-source technique, we are able to determine the
complex microwave-induced tunnel current. The amplitude of this photoconductance resolves photon-assisted
tunneling~PAT! in the nonlinear regime through the ground state and an excited state as well. The out-of-phase
component~susceptance! allows us to study charge relaxation within the quantum dot on a time scale compa-
rable to the microwave beat period.
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Spectroscopy on quantum dots is commonly perform
either by nonlinear transport1,2 or by microwave
measurements.3–6 Ordinary linear transport, i.e., under
small forward biasVds between source and drain contac
and without microwave irradiation, only involves quantu
dot ground states. In the nonlinear case, by applying a fi
bias across the ‘‘artificial atom,’’7 also excited quantum do
states can participate in transport. Alternatively, in the pr
ence of a microwave field electrons can absorb or emit p
tons and thus reach excited quantum dot states otherwis
available in linear transport—a phenomenon known
photon-assisted tunneling~PAT!.8 In a combination of the
two methods described, we use two coherently coupled
crowave sources with a slight frequency offset and detect
complex photoconductance signal~microwave induced tun-
neling current! at the difference frequency. In this way, w
are not limited by the broadening of the conductance re
nances due to the finite bias and thus are able to resolve
in the nonlinear regime as well. Furthermore, the detec
photoconductance contains the in-phase part~conductance!
and out-of-phase part~susceptance!. The variation of these
two different responses indicates the different dynamics
the involved transport processes through the artificial ato

For the observation of PAT through excited states the s
of the quantum dot system is crucial: First, the dot has to
small enough to have a mean energy level spacingD̄ large
compared to the intrinsic or thermal broadening of the c
ductance resonances, i.e.,G,kBT,D̄52\2/m* r 2, whereG
denotes the intrinsic level broadening,T the temperature,r
the radius of the dot, andm* '0.067me the effective electron
mass. Second, the excited state must be attainable via
sorption of one or a few photons, i.e.,h f'D̄, wheref is the
microwave frequency. In order to form such a small latera
confined quantum dot, patterned split gates are adopte
selectively deplete the two-dimensional electron syst
~2DES! of an AlxGa12xAs/GaAs heterostructure. The sp
gates are fabricated on the surface of the heterostructure
ing electron beam lithography. A schematic drawing of t
structure is shown in the inset of Fig. 1. The gate struct
separates a small electronic island~with a lithographic radius
of about 100 nm! from the 2DES via tunneling barriers. T
0163-1829/2001/63~3!/035320~5!/$15.00 63 0353
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improve the shape of this island, a magnetic field of 1 T
applied perpendicularly to the plan of 2DES. The 2DES
self is located 50 nm below the surface of the heterostruc
and has a carrier density ofns'231011 cm22 and a low-
temperature mobility ofm'83105 cm2/Vs.

In order to characterize the electronic structure of the
tificial atom, at first standard direct current~dc! transport
measurements without high-frequency irradiation are p
formed. The measurements are conducted in a dilution
frigerator at 140 mK bath temperature, which is higher th
its possible minimum value of 20 mK. This is due to he
leakage through the coaxial lines used to couple the h
frequency radiation to our sample. In the tunneling regime

FIG. 1. Bias dependence of the quantum dot conductance in
vicinity of a single resonance: The drain-source bias is varied fr
Vds521.6 mV ~bottom! to Vds511.6 mV ~top! in 120 steps. The
horizontal axis is the distanceDE52eaDVg from the zero-bias
ground-state resonance~see text!. The single resonance atVds50 is
split into two resonances separated byeVds . Additional resonances
stem from excited states of the quantum dotD1 andD2 above the
ground state, for positive and negative bias, respectively. The i
shows the gate structure that is used to define the quantum do
©2001 The American Physical Society20-1
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Vds50 the conductance of the quantum dot is normally z
due to Coulomb blockade~CB!.2 By tuning one of the gate
voltages, however, the potential of the dot can be varied
align a discrete quantum dot state with the chemical po
tials of the leads,9 which results in a conductance resonan
The gate voltage range over which the CB is lifted can
increased by applying a finite bias across the quantum
Changing gate and bias voltage simultaneously there
leads to a diamond-shaped conductance pattern in theVds-Vg

plane. The result is displayed in Fig. 1, where the differen
conductancedIds /dVds in the vicinity of a resonance is
shown as a function of forward biasVds and gate voltage
Vg . For convenience, the gate voltage is rescaled toDE5
2eaDVg , which is the energetic distance from the grou
state resonance atVds50. Here,a5Cg /C is the ratio of
gate capacitanceCg to the total capacitanceC and is deduced
from the slopes of the resonance lines in theVds-Vg plane.
The transformation toDE allows for a direct extraction o
excitation energies from the conductance plot.

From the zero-bias distance between adjacent con
tance peaks the total capacitance of the quantum dot is
termined to beC585 aF. The quantum dot radius is thu
estimated to ber 570 nm, i.e., the quantum dot contain
only about 20 electrons. As expected, for nonzero bias
ground-state resonance~markede in Fig. 1 for comparison
with the excited state resonancee* ) splits by eVds . For
Vds.0 an additional conductance resonance due to an
cited state at e* develops, which is D15(e* 2e)
5390 meV above the ground state. Correspondingly,
Vds,0 a resonance is detected at a distanceD25280 meV
from the ground state. These excitation energies are in g
agreement with the mean level spacingD̄'465 meV esti-
mated from the dot radius. Hence, two different excit
states take part in transport forVds,0 andVds.0. Further-
more, as we can see from Fig. 1, the ground-state reson
for DE.0 is almost suppressed forVds,0, whereas the
excited-state resonance forDE.0 is much stronger. The
origin of these ‘‘DE.0’’ resonances are the alignment
the dot’s ground state or the excited state with the chem
potential of the drain reservoir. The strength of these re
nances are related to the overlap between the wave func
of the corresponding quantum dot state and the wave fu
tions in the reservoirs. Hence, the variation in conducta
indicates that the coupling of the ground state to the dr
reservoir is much smaller than that of the excited state. T
phenomenon was also observed in Ref. 1. In our case
find that the coupling of the excited state to the reservoir
about 5.3 times the coupling of the ground state.

Two different techniques are applied to study the tra
port properties under microwave irradiation. For low forwa
bias Vds'0, the direct current through the dot is measur
using a single microwave source. Alternatively, we emp
two phase-locked microwave sources which are slightly o
set in frequency. This second technique allows to de
photon-induced transport also in the nonlinear regimeuVdsu
.0. Furthermore, the relative phase of the photon-indu
current with respect to the incoming microwave beat can
determined.
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Results obtained with the first technique are shown in F
2, where the current through the quantum dot for small b
ranging from219.3mV to 119.3mV is displayed under
microwave irradiation at frequencyf 536.16 GHz. To this
end, millimeter waves with frequency 18.08 GHz are gen
ated by a microwave synthesizer~HP 87311A!, then
frequency-doubled~MITEQ MX 2V260400! and filtered us-
ing a band pass filter~QUINSTAR QFA-3715-BA! with cen-
ter frequency at 32 GHz. The microwave signal is coup
into the cryostat using coaxial lines and irradiated onto
sample using an antenna formed out of a conducting lo
The coupling proved to be best at the chosen freque
36.16 GHz. For small positive bias the original main pe
from the ground-state resonance~M! as well as a sideband
~G! in a distanceh f'0.15 meV are detected. This sideba
in the current signal is due to PAT through the ground sta
Quite differently, for negative bias additional features in t
current signal are induced by the microwaves. These feat
can be attributed to photon-induced pumping~P! and reso-
nant tunneling through an excited quantum dot state (E).
The processes involved are schematically depicted in Fig
At low positive bias only the ground-state transition Fig. 3~a!
occurs. As found in the preceding paragraphs, the first
cited state for this bias direction is too far above the grou
state to be accessible by a one- or two-photon process.
other possible photon-induced ground state transition (DE
.0) shown in Fig. 3~b! is not detected in the low-bias cur
rent signal. However, it is resolved for larger bias valu
applying the two-source detection scheme~see below!. For
negative biasVds,0 the excited state ate* 5e1D2 can
participate in transport when the ground state is depopula
by a two-photon absorption process@Fig. 3~c!# (2h f*D2), a
process analogous to photoionization.5 Normally, this pro-
cess has a much smaller probability than the one- and t
photon PAT processes. In our case, however, since the
pling of the excited state to the reservoirs is more than f
times stronger than the coupling of the ground state,

FIG. 2. Direct current through the quantum dot for small b
values under irradiation with microwaves of frequencyf
536.16 GHz. Next to the main ground-state resonance~M! addi-
tional features (G,P,E) appear that can be ascribed to photo
assisted tunneling through the ground state, photon-induced pu
ing, and tunneling through an excited state~see text!. In the inset
the power dependence of these features is shown forVds5
25.1 mV. The output power of the microwave source is increas
from bottom to top in steps of 0.5 dBm.
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process might turn out to be comparable to the pure t
photon PAT in amplitude. This will be discussed in furth
detail below. Furthermore, a pumping current flows oppo
to the bias direction forDE.0, where the ground state ish f
above the chemical potentials in the source reservoir@Fig.
3~d!#. This only happens when the microwave absorpt
across the right tunnel barrier is larger than that of the
tunneling barrier. In this case, the ground statee is perma-
nently populated with electrons from the source cont
which then partly decays into the drain region. From t
power dependence~see below!, we confirm that this pump-
ing current results from PAT.

Photon-induced features similar to our results have b
reported before5 and explained theoretically using, e.g., no
equilibrium Green-function techniques.10,11 However, to en-
sure that the observed features are not adiabatic effects o
microwave irradiation ~e.g., rectification effects12! com-
monly both their frequency and power dependence are de
mined. The inset of Fig. 2 shows the power dependenc
the photon-induced features forVds525.1 mV. The output
power of the microwave synthesizers is changed in step
0.5 dBm from trace to trace. Over this wide power range
microwave-induced features do not change in position sh
ing that they are indeed induced by single photons. We
that the observed dependence of peak heights on microw
power roughly agrees with the Bessel function behavior: T
tunneling current induced by absorbing/emittingn photons is
proportional toJn

2(x), wherex5eVac /h f andVac is the mi-
crowave amplitude across the tunnel barriers. This beha
was theoretically derived in Ref. 8 and was experimenta
observed in Refs. 5 and 6. For even higher microwave p
ers the PAT-like features considerably broaden due to h
ing effects until they are finally completely washed out. D

FIG. 3. Schematic representation of the photon-induced p
cesses involved in Figs. 2, 5, and 6: In the case of positive bia~a,
b!, only photon-assisted tunneling through the ground state is
sible. ForVds,0, the excited statee* is approximately two photon
energies above the ground state and can be accessed by abso
of two photons~c!. Furthermore, due to the asymmetry in micr
wave absorption across the tunneling barriers, a pumping cur
can occur~d! for Vds,0 ~see text!.
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to the limited bandwidth of our high-frequency setup, we a
not able to study the freuency dependence to identify
photon-induced peaks. Studying the power dependence
is not sufficient to reveal the origin of peakE. By determin-
ing the complex photoconductance, however, we will sh
that the out-of-phase component indicates some aspec
the origin ~see below!.

A more subtle spectroscopic tool applied in this work
the two-source setup displayed in Fig. 4: Two microwa
synthesizers are phase-locked and tuned to slightly diffe
frequenciesf 1518.08 GHz andf 2518.08 GHz1d f with
d f 52.1 kHz. The two signals are added, frequency-doub
and filtered with a band pass as described before. Due to
band pass only microwaves with frequencies 2f 1 , f 11 f 2,
and 2f 2 are irradiated upon the quantum dot. As these f
quency components have a rigid phase relation, their su
position leads to a modulated microwave signal with mod
lation frequencyd f ~see upper inset of Fig. 4!. We have thus
produced a flux of photons with energy'2h f150.15 meV
whose intensity varies periodically in time with frequen
2.1 kHz. Electronic transport induced by these photons
be detected with a lock-in amplifier at the frequency of t
microwave beat. Thus, the detected signal is solely due to
irradiation and contains no dc contribution. It is therefo
possible to observe PAT even in the nonlinear regime, wh
the broadening of the ordinary conductance resonances
mally masks the photon-induced features. Another advan
of this technique is the possibility of heterodyne detect
which allows for determination of both the amplitude a
relative phase of the signal.13 This is not possible using a
single microwave source and a simple modulation techni
with a p-i-n diode.

With the lock-in amplifier the in-phase and out-of-pha
photoconductance signalsg0 and gp/2 with respect to the

-

s-

tion

nt

FIG. 4. Experimental setup for the two-source measurem
Two millimeter waves with a slight frequency offset generated
two phase-locked microwave synthesizers (f 1518.08 GHz andd f
52.1 kHz) are added, doubled and filtered. The resulting mo
lated signal is irradiated on the quantum dot by means of an
tenna. With a lock-in amplifier both the amplitude and the phase
the photoconductance are detected at the modulation frequencd f .
In the inset the microwave signal before and after modulation
schematically depicted.
0-3
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reference are measured. From these we obtain the total
toconductance amplitudeuAu5Ag0

21gp/2
2 and the relative

phaseF, which equals arctan(gp/2 /g0) for g0>0 and p
1arctan(gp/2 /g0) for g0,0, respectively. In Fig. 5 the pho
toconductance amplitude atf 52 f 1536.16 GHz andd f
52.1 kHz is displayed for the same parameter region as
dc measurement shown in Fig. 1. With respect to Fig. 1,
Vds.0 the conductance window is enlarged by 2h f . The
resonances are each shifted by the photon energyh f , which
can readily be explained by photon-assisted tunneling p
cesses as in Figs. 3~a! and 3~b!. This is also the case for th
DE.0 conductance resonances for negative bias. Howe
the resonance forDE,0 and small negative bias is clear
shifted byD2 , thus enlarging the conductance window
eVds1h f1D2 . The process involved is taken as the fin
bias version of the transition depicted in Fig. 3~c!: An elec-
tron leaves the quantum dot’s ground state for the sou
reservoir via absorption of two photons. Now, electrons c
either refill the ground state or tunnel through the exci
state as long as the ground state is depopulated. Tran
through the excited state stops when an electron decay
the ground state, or an electron enters the quantum d
ground state from the leads. WithDE,0 and larger negative
bias, the photoconductance peak is apparently broade
The broadening is partly due to other tunneling proces
possible at large bias, e.g., one-photon PAT through
ground state. In fact, even at small negative bias ther
small tunneling current in between the peaksM andE, which

FIG. 5. Amplitude uAu of the photoconductance measureme
obtained with the two-source setup of Fig. 4. The drain-source
is varied as in Fig. 1. The position of the resonances found in th
measurement of Fig. 1 are indicated with triangles. With respec
the dc resonances, most photoconductance resonances are s
by the photon energyh f , as can be expected for photon-assis
processes. The resonance forVds,0 and DE,0, however, is
shifted byD2 , indicating two-photon PAT through a ground sta
and the resulting tunneling through an excited state as sketche
Fig. 3~c!.
03532
o-

e
r

o-

r,

e
n
d
ort
to

t’s

ed.
s
e
is

is most probably the one-photon PAT. In our case, the t
neling process forDE,0 and negative bias is more intrica
than the ideal PAT.

In Fig. 6, phase traces as well as their respective am
tude signals are displayed for small positive and nega
bias (Vds5110 mV and Vds5230 mV, respectively!, cor-
responding to the central region of Fig. 5. ForVds.0 the
phase signal remains approximately constant atF50 which
means that the out-of-phase photoconductancegp/2 is equal
to zero. The response of the quantum dot to the microwa
is similar for both of the tunneling processes (G). In fact, the
two peaksG in the amplitude signal stem from ground-sta
resonances as depicted in Figs. 3~a! and 3~b!. The situation is
considerably different forVds,0, where a strong pumping
signal~P! is observed that is caused by a process as show
Fig. 3~d!. At the position where the photocurrent changes
direction, the amplitude drops to zero and the phase chan
trivially by p ~this corresponds to crossing zero in th
g0-gp/2 plane!. The second peak~E! stems from the photon
induced tunneling through the excited state as shown in
3~c!. Moving away from this second resonance to more ne
tive DE, the phase continuously returns to its original valu

This continuous phase change shows that this trans
process results in a finite out-of-phase signalgp/2 . In con-
trast to the other transport scenarios described above~only
the ground state is involved!, photon-induced tunneling

t
s
c

to
ifted

in

FIG. 6. Phase and amplitude of the photoconductance signa
Vds5110 mV ~top! and Vds5230 mV ~bottom!. For positive
bias, photon-assisted tunneling through the ground state~G! is ob-
served, as schematically depicted in Figs. 3~a! and 3~b!. The phase
signal remains constant on either side of the resonances. For n
tive bias, pumping~P! and tunneling through an excited state~E!
are induced@cf. Figs. 3~d! and 3~c!#. Vanishing of the amplitude
signal betweenP andE is accompanied by a trivial jump ofp in the
phase signal. Finally, for more negative values ofDE the phase
signal continuously falls back to its original value.
0-4
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through the excited state is not a purely conductive trans
process but also has capacitive and inductive contributio
This behavior is due to the complicated charging dynam
of the quantum dot for this particular process. The proces
involved are PAT from the ground state to the source re
voir, resonant tunneling through the excited state, recharg
of the ground state by the drain reservoir, and relaxat
from the excited state to the ground state. All these proce
have different time constants that additionally depend on
gate voltage~i.e., DE!. The interplay of these processes r
sults in the observed phase lag. Thus one has a metho
hand to determine the admittance of a mesosco
system14–16 in the PAT regime that is related to the avera
relaxation time of the system. In the current setup, forVds
,0 the ground-state broadening, due to the coupling to
drain reservoir, is about 400 MHz, while the level broade
ing from the coupling to the source reservoir is around
GHz. The broadening of the excited-state coupling to
reservoirs is found to be of the same width of 2 GHz. Hen
the bare tunneling time through the ground state, exclud
other time constants, would be less than 2.5 ns. However
inverse modulation frequency 1/d f '500 ms, which is the
time separation between two microwave beat minima
much larger than the tunneling time. In the few-electr
limit, this indicates that it takes the electron a much long
time to relax within the dot than to tunnel through the bar
ers. An extension of the measurements to modulation
quencies on the order of 10–100 MHz, corresponding t
time scale of 10–100 ns, would therefore be desirable. W
a shorter microwave beat period we will be able to pro
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both the fast tunneling event and the slow relaxation proc
We conclude that with the frequencyf the photon energyh f
for the photon-induced process can be adjusted, wherea
modulation frequencyd f determines the time scale on whic
the electronic dynamics of the quantum dot is probed.

In summary, we have presented complex photocond
tance measurements in the nonlinear transport regime
few-electron quantum dot using phase-locked microwa
sources. The electronic structure of the dot is first charac
ized by conventional conductance measurements without
crowave radiation. Photon-assisted tunneling through
ground state as well as through excited states of the syste
observed. The two-source method allows to perform P
measurements even in the nonlinear transport regime. M
importantly, the relative phase of the photocurrent with
spect to the incoming microwave beat signal can be obtai
from the two-source measurement. This phase is relate
the susceptance of the quantum dot at very high frequenc
Nontrivial values for this quantity can be attributed to t
long charge relaxation times in the quantum dot. In futu
work this can be exploited for an accurate determination
the relaxation times of excited quantum dot states.
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