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We demonstrate that a two-dimensional electron system with a circular mesa and with quantum
point contacts along its periphery is an attractive device geometry for the resonant detection of
electromagnetic radiation in the millimeter and microwave region. Its operation relies on the
resonant excitation of edge magnetoplasmons and the quantum point contacts serve as rectifying
elements. The resonant response can be tuned easily across a broad frequency range, for instance,
by altering the magnetic field, the electron density or the radius of the disk shaped mesa. © 2005
American Institute of Physics. 关DOI: 10.1063/1.2035883兴
The frequency tunable detection of radiation in solids
commonly exploits elementary excitations and the ability to
externally control their properties. In quantum-well infrared
photodetectors1 and quantum-cascade-laser detectors,2 the
incident radiation stimulates electronic transitions between
the ground and excited electron energy levels. An external
applied electric field can alter the resonance frequency to
some extent. In recently proposed plasmon detection
schemes,3–6 radiation excites two-dimensional 共2D兲 plasmons in a submicron field-effect transistor4,5 or in a 2D electron system 共ES兲 with a grating.6 Rectification due to asymmetric boundary conditions at source and drain, for instance,
produces a dc photocurrent. Tuning the electron density
shifts the resonance frequency.
Both detection schemes based on electronic transitions
and plasmons face severe difficulties when reducing the operation frequency . Detectors based on interlevel transitions
rely on a substantial population difference between the levels
and, hence, only operate properly when the thermal energy
kT is much smaller than the photon energy ប. For frequencies of the order of 1 THz and less, this condition is only
fulfilled at temperatures well below 4 K. Here k and ប are the
Boltzmann and Planck constants. For plasmon detection, the
above condition is irrelevant and replaced with  Ⰷ 1 instead. The momentum relaxation time  drops rapidly with
increasing temperature. As a consequence, the successful
resonant detection of radiation using plasmons was so far
only reported for frequencies higher than ⬃0.6 THz and
temperatures of ⬃10–25 K 共Ref. 4–6兲.
Recently, it has been demonstrated7,8 共see also Ref. 9兲
that the use of a special type of plasma waves in the 2DES—
edge magnetoplasmons10,11 共EMPs兲—offers the opportunity
to extend the operation of plasmon based detectors to substantially lower frequencies as well as higher temperatures.
Irradiation of a Hall bar quantum-well sample with microwaves induced a photovoltage 共and a change of the longitudinal resistance兲, which oscillated as a function of an applied
perpendicular magnetic field B. The amplitude and the period

of these oscillations carried information about the incident
radiation power and its frequency. The edge magnetoplasmons are classical plasma waves observable at any value of
,12,13 as long as the cyclotron frequency exceeds the momentum relaxation rate, c Ⰷ 1. The operation of an EMPbased spectrometer was demonstrated at frequencies as low
as 20–50 GHz and for temperatures up to ⲏ80 K 共Ref. 8兲.
In this letter, we put forward another approach for frequency selective, resonant detection of microwave radiation
in a GaAs/ AlGaAs heterostructure and we also provide an
experimental proof of concept. It relies on the resonant excitation of EMPs and the downconversion of the ac fields to
a dc signal via rectification in so-called quantum point contacts 共QPCs兲.14
The starting point is a 2DES shaped into a disk with
radius R as shown in Fig. 1. Two leads are attached to the
disk on opposite sides via narrow constrictions or QPCs.
This sample is placed in a uniform and perpendicular magnetic field and is irradiated with microwaves. The incident
radiation induces charge density oscillations in the disk. Near
the boundary, e.g., at point A⬘ 共or B⬘兲 in Fig. 1, the ac electric
potential can be written as12,15 ⌺ᐉVᐉ共A⬘兲eiᐉ−it, with the
complex amplitudes
Vᐉ共A⬘兲 =

Vext
ᐉ
1 − L2 /共 + csgnᐉ + i/兲

.

共1兲

Here, L = ␣L共2nse2 / mR兲1/2 is the resonant plasmon frequency at B = 0, ᐉ is the angular momentum quantum num-
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FIG. 1. The sample consists of a disk shaped 2DES contacted with a source
and drain lead via constrictions with a lithographic width of 0.6 m. Two
in-plane gates control the width of each constriction. All dimensions are in
microns.
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ber, L = 兩ᐉ兩, ns is the 2D electron density,  is the dielectric
constant of the host semiconductor, and Vext
ᐉ ⬀ −RE0 is proportional to the amplitude E0 of the incident electromagnetic
wave. The numbers ␣L are of order unity and can be evaluated numerically.16 Consider now the disk geometry with two
QPCs attached to it 共Fig. 1兲. If a dc voltage is applied across
the ohmic contacts marked ⍀A and ⍀B, the current through
the system will be determined mainly by the current-voltage
共I-V兲 characteristics IAA⬘共VAA⬘ = VA⬘ − VA兲 and IBB⬘共VBB⬘兲 of
the QPCs, which we assume here to be identical for simplicity. Under radiation, the potential VA⬘ oscillates as a function
of time with the amplitude determined by Eq. 共1兲. The dc
current through the disk acquires an additional photocontribution
Iph ⬀

冏

2
L2
E20R2 d I共VAA⬘兲
1
−
兺
2
4
共 + csgnᐉ + i/兲
dVAA
ᐉ

⬘

冏

−2

,
共2兲

proportional to the microwave power and the second derivative of the steady-state I-V characteristic of the QPC. The
current Iph has resonances at frequencies

ᐉ共B兲 = 冑L2 + 共c/2兲2 − csgnᐉ/2,

共3兲

for which the edge 共ᐉ ⬎ 0兲 and bulk 共ᐉ ⬍ 0兲 magnetoplasmon
modes in the disk are excited. Hence, these resonance positions can be controlled by the applied magnetic field, the size
of the disk or, more conveniently, the electron density.
Experiments confirm this straightforward qualitative picture. The device geometry depicted in Fig. 1 was implemented on a GaAs/ AlGaAs heterostructure with a dark electron density of 1.6⫻ 1011 cm−2 and a mobility of 6
⫻ 105 cm2 / V s. The 2DES was patterned into a disk shape
and contacted via narrow constrictions with a width of
0.6 m to source and drain leads on opposites sides. The
conductance of each QPC was tuned with two in-plane gates.
These in-plane gates were also formed out of the 2DES, but
were separated from the disk and the leads by fully depleted
trenches. The sample was placed in an oversized 16 mm
waveguide near the maximum of the microwave electric
field. Microwaves were produced with a backward wave oscillator with an output power up to 5 mW at the entrance of
the waveguide. The microwave power was modulated at a
frequency of 1 kHz. The measurements were carried out in
liquid helium at 4.2 K.
The solid curves in Fig. 2 show dc I-V characteristics of
the device, measured for two different gate voltages: Vg = 0
and −7 V. At Vg = −7 V and small source-drain voltages Vsd,
the QPCs are pinched off as the one-dimensional 共1D兲 subbands of both constrictions are located above the electrochemical potentials of the disk and the leads.17 The threshold
source-drain voltages Vsd at which current appears are
⬃−0.35 and +0.6 V. The differential conductance rises from
zero to hundreds of S as the electrochemical potential in
the source and the disk coincides with the bottom of the
lowest 1D subband of the left and right constriction,
respectively.17
Irradiation of the device with microwaves modifies the
I-V characteristics especially near these threshold voltages
共the dashed curve in Fig. 2兲. At Vg = −7 V, the microwave
radiation decreases the threshold voltage. The photocurrent
reaches a large absolute value near Vsd ⯝ −0.35 V and Vsd

FIG. 2. dc I-V characteristics measured for different gate voltages Vg = 0 and
−7 V without 共solid curve兲 and with 共dashed curve兲 microwave irradiation
共40 W兲. Inset: The difference between the microwave induced and dark
currents as a function of the source-drain voltage.

= + 0.55 V 共inset to Fig. 2兲. In the vicinity of these source
drain voltages, the device displays the largest sensitivity to
the incident microwave radiation. The amplitude of the
microwave-induced photocurrent depends resonantly on the
frequency and the magnetic field, in accordance with Eq. 共2兲.
Figure 3 displays the B-field dependence of the photocurrent
for different microwave frequencies at Vg = −7 V and Vsd
= −0.35 V. The Iph curves show several pronounced maxima
that move to lower magnetic fields upon increasing the microwave frequency. The positions of the resonances are insensitive to the gate voltage in the range from Vg = −10 to
−5 V and are plotted in Fig. 4 共symbols兲. Different symbols
correspond to different values of the gate voltage Vg. The
solid curves represent the magnetic field dependence of the
EMP modes ᐉ共B兲 with ᐉ = 1, 2, and 3 as calculated from Eq.
共3兲. The calculations were carried out as described in Ref. 16
with ns = 1.6⫻ 1011 cm−2, R = 100 m, and  = 共GaAs + 1兲 / 2

FIG. 3. Magnetic field dependence of the photocurrent Iph at several microwave frequencies. The gate and the source-drain voltages were Vg = −7 V
and Vsd = −0.35 V, respectively. CR marks the position of the cyclotron resonance. The index to each resonance peak Rᐉ refers to the angular momentum
quantum number ᐉ of the excited EMP.
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tromagnetic radiation in the millimeter/terahertz region.
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FIG. 4. Photocurrent resonance positions in experiment as a function of
magnetic field. Different symbols correspond to different values of the applied voltage to the in-plane gates controlling the width of the constrictions:
Vg = −7 V 共open circles兲, −6 V 共open squares兲, and −8 V 共closed circles兲.
Curves show the calculated dependencies, Eq. 共3兲, for ᐉ共B兲 with ᐉ = 1, 2,
and 3.

= 6.9. The B = 0 plasmon frequencies, L / 2, are equal to
39.2, 52.6, and 63.1 GHz for L = 1, 2, and 3, respectively
共␣1,2,3 = 1.05, 1.41, and 1.69兲. Note that no photoresponse
resonance at frequencies corresponding to the bulk magnetoplasmon modes ᐉ⬍0共B兲 has been observed. The QPC detection scheme is sensitive mainly to the ac field near the
boundary of the device 共at points A⬘ , B⬘ in Fig. 1兲. Hence, it
is more susceptible to the edge modes than bulk modes.
We conclude, based on the excellent agreement between
experiment and theory, that the observed photocurrent resonances are intimately related to the excitation of the three
lowest EMP modes. We emphasize that the EMPs, activated
when applying a moderate magnetic field, enhance the performance of plasmon based resonant detection techniques as
their damping is not governed by the condition  Ⰷ 1. The
device presented here as well as the device reported in Ref.
8, which is also based on EMPs, can be operated at temperatures up to at least 80 K. Both devices exhibit a comparable
sensitivity of the order of 100–1000 V / W, but the present
device excels in terms of its spectral resolution, in particular
at frequencies below 20 GHz. Easy tunability of the resonance frequency, with the help of a backgate or by changing
the disk geometry, contributes further to the attractiveness of
this EMP-QPC technique for the resonant detection of elec-
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