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Plasmonic detector/spectrometer of subterahertz radiation based
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(Received 16 November 2011; accepted 3 February 2012; published online 21 February 2012)

We demonstrate that the introduction of a defect in the form of an electron density step into a
two-dimensional electron system (2DES) locally rectifies the alternating potential of plasma waves.
The rectification mechanism is active at temperatures up to room temperature. We observe
photovoltage oscillations in a back-gated 2DES with a density defect, when tuning the density
under incident subterahertz radiation. The oscillations originate from the interference of 2D plasma
waves excited by subterahertz radiation. The period of oscillations depends on the radiation
wavelength. These phenomena can be exploited further to produce detectors/spectrometers for
millimeter waves. © 2012 American Institute of Physics. [doi:10.1063/1.3688049]

Detection and spectroscopy of millimeter and sub-
millimeter electromagnetic radiation (100 GHz-3 terahertz
(THz)) remain a challenging problem in applied physics. In
part, such interest is caused by the unique properties of THz
radiation, which predestine potential applications in the
fields of communication, imaging, medical diagnosis, and
chemical and biological sensing, as well as in security and
quality-control applications." The bandwidth of conventional
semiconductor transistors does not exceed 50 GHz, rendering
them unfit for THz applications. One approach to circumvent
this restriction in bandwidth is to transform incident THz
electromagnetic radiation into plasma waves propagating in
the transistor channel. Devices constructed using this
approach operate at much higher frequencies than conven-
tional transit-time limited devices, because the plasma waves
propagate much faster than electrons. Moreover, owning to
the classical nature of plasma excitations, plasmonic devices
may function even at room temperature. The main challenge
for plasmonic devices is to be able to efficiently rectify the
alternating potential of plasma excitation into detectable dc
photovoltage. One of the possible rectification mechanisms
involves using the hydrodynamic nonlinearity of plasma
waves restricted to a stripe of two-dimensional electrons
with different boundary conditions.>™ Another scenario
involves rectification by using the nonlinear behaviour of the
contacts.”® In this letter, we report on the efficient local rec-
tification of plasma waves by introducing a nonlinear defect
into a two-dimensional electron system (2DES). Devices
with such nonlinear elements can be used as plasmonic on-
chip detectors/spectrometers of subterahertz radiation.

All samples were fabricated from the commercially
available GaAs/AlGaAs heterostructures. We used two types
of heterostructures A and B for the experiments. The type A
of structure had an 18nm single quantum well located
135 nm below the crystal surface. A n™ GaAs back-gate was
grown in-situ at a distance d of 765 nm below the quantum
well. The electron density n; was tuned by applying a volt-
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age to the back-gate. The density was varied from 1 X
10" cm=2 to 5 x 10'"! cm~2 and the mobility ranged between
1 x 10°cm?/Vs and 5 x 10°cm?/Vs for these densities
(T = 4.2 K). Structures of the type B did not have a back-
gate. They comprised a single heterojunction with an
electron density of ny = 1.6 X 10 em=2 or n, =4.6 x
10" cm~2 and mobility of 1 x 10° cm?/Vs. The sample was
placed in an oversized 16 mm waveguide. A set of backward
wave oscillators operating in the frequency range of 40 to
200 GHz were used to illuminate the sample with continuous
wave radiation. The radiation was modulated at a frequency
of 1 kHz. The photovoltage was then detected at the modula-
tion frequency with a lock-in amplifier. The device consists
of a stripe of the 2DES with a length of 1.5 mm and width W
of 50 yum and terminates at each end in an ohmic contact
referred to as the source or drain (inset of Fig. 1). The stripe
was covered by two front gates G1 and G2, which define the
plasmonic resonator of length L. Devices with L of 100 and
20 um were investigated.

Figure 1(a) shows typical traces of the photovoltage sig-
nal as a function of the electron density for three different
subterahertz frequencies. The photovoltage is measured
between the source and the drain contacts for the device with
the plasmonic resonator length L=100 ym when the 2DES
region under Gl is partially depleted to the density
ny =1 x 10" cm~2. The traces have been offset vertically
for clarity; the arrows indicate the zero signal level in the ab-
sence of radiation incident on the sample. In each trace, a se-
ries of oscillations are observed. We assert that the maxima
originate from the constructive interference of plasma waves
with wave numbers ¢ = Nn/L. The plasma waves are re-
stricted by gates G1 and G2 to the plasmonic resonator
region. Here, N is an odd integer. According to the dipole
approximation, homogeneous incident radiation can only
excite modes with odd values of N.” The subterahertz radia-
tion couples to the metallic gates and triggers plasma waves
in the 2DES. The 2DES regions near the gates represent a
step in the plasmon dispersion, providing a strong reflection
of plasma waves. This efficiently confines the plasma waves
to the plasmonic resonator. By applying a depletion voltage
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FIG. 1. (Color online) (a) Photovoltage signal as a function of electron den-
sity in the presence of 68, 104, and 160 GHz radiation. The curves are offset
vertically for clarity. (b) Photovoltage oscillations for f = 87.5 GHz when a
depletion voltage is applied to gate G1 (top curve) or gate G2 (bottom
curve). The inset shows a schematic view of the device geometry. (c) De-
pendence of dc-photovoltage amplitude on density step at the rectification
defect. The device temperature was T = 4.2 K and structure type A.

to one of the gates, we introduce a defect into the 2DES in
the form of an electron density step. This defect rectifies the
ac plasmon potential from one side of the resonator to dc-
photovoltage. This outlined device operation picture is corro-
borated in the remainder of the manuscript.

Plasma waves in the 2DES, sandwiched between an
AlGaAs layer of thickness d; at the top and an AlGaAs layer
of thickness d followed by a conducting back-gate at the bot-
tom, have the following plasma spectrum in the limit of
gd < 1 and qd; < 1:*?

ne’d ,

q. (D

2
wp(q)” = €€
Here, n; and m* denote the density and the effective mass of
the two-dimensional (2D) electrons, whereas ¢y and ¢ denote
the permittivities of the vacuum and GaAs, respectively. The
densities at which maxima occurred in the photovoltage
(Fig. 1(a)) are precisely described by Eq. (1). The photovolt-
age oscillations in Fig. 1(a) vary with the frequency of the
incident radiation. We found that their periodicity A(1//ny)
is inversely proportional to the subterahertz frequency f.
Hence, the device may serve as a “spectrometer-on-a-chip.”

Figure 1(b) shows how the position of the defect with
respect to the plasmon resonator influences the device
response. The upper curve corresponds to the case when only
defect G1 is present, that is, a depletion voltage is applied
only to gate G1. This voltage corresponds to an electron con-
centration of n; = 1 x 10''em™2 in the defect region. The
bottom curve corresponds to the case when a depletion volt-
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FIG. 2. (Color online) Photovoltage oscillations when sweeping the mag-
netic field measured from different pairs of potential probes connected to
various parts of the device. Depletion voltage is applied to gate G2. The data
were recorded for the structure type B with n, = 1.6 x 10'' cm~2. The plas-
mon rectification spatially occurs at the defect electron density step. A
sketch of the device under study is shown. The inset demonstrates that noni-
deal contact characteristics do not contribute significantly to the observed
photovoltage.

age is applied only to gate G2. The asymmetry of the curves
with respect to zero signal level indicates that we can inde-
pendently control the plasmon rectification on each side of
the resonator. The amplitude of the observed photovoltage
oscillations depends strongly on the defect density step
(ny — ny). Figure 1(c) shows the photovoltage amplitude
recorded as a function of the density step for a fixed resonator
electron density of n;, = 2.3 x 10" cm~2 and a radiation fre-
quency of f = 87.5 GHz. The high-frequency nonlinearity of
the defect starts from zero at n; = n, and reaches the maxi-
mum for n; &~ 0.7 x 10" cm~2, when the region under the
rectification gate is totally depleted. We found that the
observed plasmon nonlinearity can be caused by any local
inhomogeneity in the physical properties and topology of the
electron system, as well as in its dielectric environment.'®!!
Nonlocal measurements were conducted to determine the
exact position of the rectification of the ac plasmon potential.
Potential probes in the form of 2DES narrow 5 um-wide stripes
were applied to different parts of the device under investiga-
tion. Subsidiary experiments have shown that the probes do
not disturb the plasmon potential distribution in the plasmonic
resonator. These experiments were conducted in a perpendicu-
lar magnetic field. Sufficiently far away from B =0, the plas-
mon branch, whose frequency decreases with increasing B,
may be regarded as edge magnetoplasmon (EMP). Its velocity
is proportional to the Hall conductivity o, o< n, /B."? For the
interference of the EMP to occur, ¢ should be an integer multi-
ple of ©t/L, where L is the total length of the plasmonic resona-
tor. At a fixed density and fixed incident radiation frequency, a
B-periodic oscillatory photovoltage is expected with a period
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FIG. 3. Temperature dependence of the photovoltage response for a device
type B with L = 20 um and f= 80 GHz. Temperature diapasons of different
cooling systems are separated by dashed lines.

of AB  ny/Lf. These dependences are indeed confirmed in
the experiments (Fig. 2). Figure 2 shows the photovoltage as a
function of B, when the 2DES region under G2 is partially
depleted to the density n; = 0.5 x 10" cm~2. The measure-
ments were conducted on the type B of structure with ng =
1.6 x 10" cm™ and central plasmonic resonator length
L=100 um. The photovoltage is measured from different pairs
of potential probes along the device length. Signals between
the probes 3-2, 2—1, and 3-4 are almost zero, indicating that
the plasmon rectification near gate G1 does not contribute to
the device response. Signals between the probes 54 and 6-5
exhibit B-periodic oscillations. The oscillation with period
AB(5 — 4) =~ 0.3 T corresponds to the EMP interference in the
central plasmonic resonator with L=100 um.” Oscillations
with AB(6 —5) = 0.1T arise from the EMP interference in
the plasmonic resonator formed by gate G2 and the source
contact (/ = 300 um). The data suggest that the rectification of
the plasma potential is localized near the density step induced
by the potential of gate G2. The inset of Fig. 2 shows that for a
plasmonic resonator of length / = 300 um, the plasmon rectifi-
cation on the contacts is negligible.

Figure 3 displays the temperature dependence of photo-
voltage measured for the device type B with L = 20 um at
f=80GHz and fixed electron density n, = 4.6 x 10! cm~2.
The device under study had a rectification defect in the form
of an electron density step. Our measurements show that the
room-temperature responsivity of the device is equal to 10
V/W. The observed temperature behaviour is determined by
two factors. The first factor accounts for temperature depend-
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ence of the standing plasma wave amplitude in the plasmonic
resonator. The second factor arises from the temperature
degradation of the defect rectification efficiency. The ampli-
tude of the plasma wave, which reaches the rectification site,
is determined by the ratio of the plasmon coherence length
to the resonator length.'*'* Tt was shown that the plasmon
coherence length L, equals 10 um at room temperature for a
used high-quality 2DES." For the device under investiga-
tion, the length of the plasmonic resonator (L) was selected
as L = 20 um, which is comparable to the plasmon coher-
ence length at room temperature. Our results substantiate the
fact that submicron technology is not needed for producing
plasmonic devices with embedded rectification defects.

In summary, we have introduced a class of GaAs/
AlGaAs quantum well plasmonic on-chip detectors/spec-
trometers of subterahertz radiation. They can be used for
measuring both the frequency and the intensity of radiation
at temperatures of up to 300 K. The device operation relies
on the excitation of plasma waves by incident radiation with
subsequent rectification of the ac plasmon potential by a
nonlinear defect. The defect may represent any local inho-
mogeneity in the physical properties and topology of the
2DES. The device fabrication technology is compatible with
standard semiconductor cycles. Therefore, the integration of
detectors into a large-scale matrix for use in THz imaging
applications does not involve any major difficulty.
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