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We demonstrate that a two-dimensional electron system fabricated from a GaAs/AlGaAs quantum
well in the presence of a magnetic fieldB possesses the ability to detect electromagnetic radiation
in a broad frequency range. Irradiation of the sample with microwaves produces a dc-photovoltage
which oscillates as a function ofB. The amplitude and the period of the oscillations are proportional
to the radiation power and the wavelength, respectively. Successful operation of such a detector/
spectrometer is reported for microwave frequencies up to,150 GHz and temperatures up to
,80 K. We do not anticipate any principal difficulties in extending the operation frequency further
into the terahertz region. ©2005 American Institute of Physics. fDOI: 10.1063/1.1856143g

Detection of millimeter and submillimeter electromag-
netic radiationffrequenciesf of 100 GHz to a few terahertz
sTHzdg remains a challenging applied-physics problem.
Schottky diodes,1 conventionally used in the microwave
range, are broadband detectors sensitive to the power of the
electromagnetic radiation, but insensitive to its frequency.
Their use for measuring the frequency requires complicated
schemes including gratings, moving mirrors, or similar ele-
ments. Selective and tunable infrared detectors, based on
electronic transitions in quantum wells,2–5 are free from such
disadvantages, but demand very low temperatures for their
operation. As they rely on a substantial population difference
between two energy levels, such detectors only work prop-
erly whenkT!"v. This impliesT.10 K in the infrared and
even lower temperatures in the THz and sub-THz frequency
ranges. Using not electron butplasmonresonances in semi-
conductor structures can help to circumvent this severe tem-
perature limitation, due to the classical nature of plasma ex-
citations. Voltage tunable detection of radiation by exploiting
plasmon resonances in gated submicron field-effect transis-
tors has been proposed in Refs. 6 and 7 and experimentally
demonstrated at sub-THz frequencies in Refs. 8–11ssee also
Ref. 12d. Unfortunately, the use of “standard” two-
dimensionals2Dd plasmons for the detection of radiation im-
poses another restriction on the operating conditions of the
devices. 2D plasmons are observable only whenvt.1 and
the momentum relaxation timetsTd essentially decreases
with increasing temperature. Hence, the detection of radia-
tion is possible only at sufficiently large frequencies and suf-
ficiently low temperatures. In practice, detection off
=600 GHz radiation was possible only atT=8 K.10,11 The
need for transistors with very short gate lengthss150 nm10,11d
represents another complication of the 2D plasmon detection
scheme.

In this letter, we report on the detection of radiation by
GaAs/AlGaAs quantum-well devices under the conditions
kT@"v andvt&1. The samples had the shape of standard
Hall bars with dimensions on the millimeter scale and with
several pairs of potential probes on each side of the channel.
They were placed in a perpendicular fieldB. Microwave ra-
diation s20 GHz& f &150 GHzd induced a dc voltage be-
tween any pair of potential probes on the same side of the
Hall bar sphotoresistance oscillations have been observed
too13d. This photovoltage was periodic inB. The oscillation
amplitude and period were proportional to the microwave
power and the wavelength, respectively. Hence, the effect
can be used for the detection and spectroscopy of electro-
magnetic radiation.

Operation of our devices is based on the excitation of a
special class of plasma waves in the two-dimensional elec-
tron systems2DESd: edge magnetoplasmonssEMPsd. A re-
cent review is found in Ref. 14. EMPs are plasma waves
localized near and propagating along the edge of the 2DES
in a direction determined by the orientation of the externalB
field. If the appliedB field satisfies the conditionvct.1,
they are observable at both large and small values ofvt15

sexperimental observation of EMPs atvt.10−6 has been
reported in Ref. 16d. Here, vc is the cyclotron frequency.
EMPs can be excited by microwaves in the vicinity of the
contactsfsee left inset to Fig. 1scdg or near any other “irregu-
larities” violating the translational invariance of a straight-
line edge, such as for instance indentations or protrusions
fright inset to Fig. 1scdg. The external ac electric field induces
an oscillating dipole moment near the contact, which serves
as an antenna emitting EMPs. Two or more contacts, sepa-
rated a distanceL apart, emit EMPs coherently. This results
in a complicated interference pattern of the EMP field inside
the device. Dependent on the parameterm=qL/2p, interfer-
ence may either be constructivefm=integer, Fig. 1sadg or
destructivefm=integer+1/2,Fig. 1sbdg, whereq is the EMP
wave vector. The EMP-field oscillations are then rectified by
nonlinear behavior in the contacts, so that in the end a dcadElectronic mail: j.smet@fkf.mpg.de
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voltage develops between different pairs of contacts. It oscil-
lates as a function ofqL. Since for EMPsq~vB/ns—Ref.
15 sns is the electron densityd, the photovoltage oscillates as
B is swept with a periodDB~ns/ fL sfor a more accurate
analysis of the periodicity see Ref. 13d. Figure 1scd shows
some examples of calculatedB-field dependencies of the
photovoltage for typical experimental parameters.

All samples were processed from the same
GaAs/AlGaAs heterostructure into Hall-bar geometries with
a width W of either 0.4 or 0.5 mm and with a distance be-
tween adjacent potential probesL of 1.6, 0.5, 0.4, 0.2, or
0.1 mm. The electron concentration and mobilitysat 4 Kd
varied from 1.6 to 3.331011 cm−2 and 0.6 to 1.3
3106 cm2/V s, respectively. The sample was placed in an
oversized 16 mm waveguide at the maximum of the micro-
wave electric field. Microwave generators covered the fre-
quency range from 12 to 158 GHz. Further experimental de-
tails can be found in Ref. 13.

Figures 2sad and 2sbd display theB-field dependence of
the microwave induced photovoltage measured for micro-
wave frequencies of 40 and 55 GHz and distanceL
=0.5 mm. The amplitude of the photovoltage oscillations is
nearly insensitive to temperatureT in the range 1–20 K. A

further increase ofT up to 40 K suppresses the oscillation
amplitude by a factor 2–7, dependent onf and the dimen-
sions of the device. For smaller device dimensions, the os-
cillations were detectable even atT.80 K as illustrated in
Fig. 2scd for L=0.1 mm. Figure 3sad shows theT dependence
of the peak amplitude in the fast Fourier transformsFFTd of
the photovoltage, measured for a small-size devicesL
=0.2 mmd under 55 GHz radiation. AsDB~1/ f, the FFT
directly reveals the spectrum of the incident radiation. Figure
3sbd depicts FFT spectra of the photovoltage under mono-
chromatic and bichromatic radiation. These traces demon-
strate not only that the FFT-peak position on the 1/B axis is
proportional to the radiation frequency, but also that the
spectral resolution of these devices is approximately equal to
5 GHz. This is far better compared to other semiconductor
based spectroscopy techniquesse.g., using InSb Landau level
spectroscopyd. At frequencies between 50 and 100 GHz, the
effect was detectable down to an input power level of less
than 5 nWsat 4 Kd when using lock-in detection. In devices
having contact pairs separated by unequal distances, oscilla-
tions with several periods occur for monochromatic incident
radiation. At higherT and f, the larger period oscillations
associated with the contact pairs with shorter distances be-
come dominant. This observation is likely related to the re-

FIG. 1. Examples of the calculatedsad constructive andsbd destructive
interference of EMPs emitted by a pair of contacts placed at the edge of the
2DES sx=0d 1 mm apart along they axis aty=0 andy=1 mm. Here,f is
the EMP potential. The density and mobility of the 2D electrons arens

=2.631011 cm−2 andm=33106 cm2/V s; the frequencyf equals 53 GHz.
scd The calculated microwave induced dc voltage, which appears between a
pair of potential probes for various frequencies and a sample withns=2.5
31011 cm−2, m=1.63106 cm2/V s, L=0.5 mm, and a potential probe width
p=0.1 mm. It is assumed that there are three potential contacts along the
side of the Hall bar. The EMPs propagate in the direction from contact 1 to
contact 3. The dc voltageVj at the j th contact is taken proportional to
ufsx=0,yjdu2 and the voltageV3−V2, shown on the plot, develops between
contacts 2 and 3. Curves are shifted vertically for clarity. Insets schemati-
cally illustrate the distribution of microwave-induced charges near the con-
tacts where EMPs are emitted.

FIG. 2. Magnetic field dependence of the microwave induced photovoltage
for sad f =40 GHz andsbd f =55 GHz for two different temperatures and
300 mW incident power at the entrance of the microwave waveguide. The
electron density is 2.5531011 cm−2 andL=0.5 mm for both plots.scd Mi-
crowave induced photovoltageVxx vs B field at T=86 K for two different
frequencies andL=0.1 mm.
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duction of the EMP scattering length and requires further
studies.

In summary, we have demonstrated the existence of a
B-periodic microwave induceds20 GHz& f &150 GHzd
photovoltaic effect in GaAs/AlGaAs quantum well devices.
It can be exploited for measuring both the frequency and the
intensity of incident radiation. The magnetic field plays a
dual role. It is responsible for the existence of chiral edge
magnetoplasmons and causes the interference inside our
small device. Only a moderate magnetic field is needed and
it replaces more cumbersome and expensive external inter-
ferometric systems. There is no apparent principle difficulty
in extending the operating frequency by one order of magni-

tude up to 1 THz and beyond, although it calls for devices
with a ten times shorter distance between the contacts. As in
our devicesL was,0.1–0.5 mm, no submicron technology
is needed even atf ù1 THz.
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FIG. 3. sad Temperature dependence of the amplitude of the peak in the FFT
of the photovoltage for a device withL=0.2 mm andf =55 GHz.sbd FFT
spectra of the photovoltage when 23 GHz radiation is incident on the sample
sbottom curved or when bichromatic radiation of 23 and 53 GHz illuminates
the devicestop curved.
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