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Abstract: High-speed electronics is marching towards terahertz frequency regime in which electronics and
optoelectronics are merging into a new realm. Efficient solid-state terahertz emitters/oscillators and high-speed
high-sensitivity detectors are the most important active devices for terahertz applications. In the frequencies ranging
from 1 THz to 3 THz, both electronic and photonic devices become less efficient. As coherent collective charge
oscillations in the terahertz frequency range, plasmon in two-dimensional electron gas (2DEG) has long been
pursued for active solid-state terahertz devices, especially emitters. However, such emitters are not yet practical since
the conversion efficiency is yet lower than 1073. In this review, we present excitation and probing of localized
plasmon modes in grating-coupled and antenna-coupled field-effect transistors based on AlGaN/GaN
heterostructures. It is shown that the damping of plasmons remains the critical problem in developing practical
terahertz plasmon emitters. Nevertheless, non-resonant excitation of terahertz plasmons in antenna-coupled 2DEG is
enabling a technology for high sensitivity detection of terahertz electromagnetic wave at room temperature.
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1. Introduction

The advance of terahertz science and technology relies on the development of efficient
terahertz sources and high sensitivity detectors [1]. The physics of wave-particle interactions in
solid-state electronic system and the effective manipulation of such interactions are the key in
realizing efficient active terahertz devices. Unlike in vacuum electronics in which electrons could
be accelerated to a relativistic speed, the drift velocity of electrons in solid-state electronics is
limited by a saturation velocity due to strong scattering by phonons, impurities and etc. However,
electrons in solid-state devices can be well confined in a conduction channel and the interaction
with both terahertz electromagnetic wave and electrostatic field can be controlled by using
various methods, such as field-effect gate, antenna, grating coupler and terahertz cavity [2-6].
Many ideas of wave-particle interaction implemented in microwave/millimeter-wave vacuum
electronics could be borrowed for solid-state terahertz electronics [7, 8]. Especially when plasma
wave as a collective excitation in 2DEG instead of single-particle excitation is considered, the
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coupling between terahertz electromagnetic wave and plasma wave plays an important role in
facilitating the efficiency of terahertz emission and detection.
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Fig. 1 (a) Conduction-band diagram of an AlGaN/GaN heterostructure from a self-consistent calculation. The 2DEG
is formed in the GaN quantum well where

Plasmons in 2DEG have long been considered for active media of terahertz emitters. It was
proposed that plasmons excited by electron transport emit terahertz electromagnetic wave into a
free space by using a grating coupler or antenna [2, 3, 7-16]. The main hurdles for this approach
are two folds. The efficiency of plasmon excitation by drifting electrons is low since the required
drift velocity is close to or even higher than the Fermi velocity or the saturation velocity [14].
The other limiting factor is that the plasmons excited in 2DEG are highly dissipative due to the
scattering and the electrostatic coupling to the nearby electron gas. Similarly, such dissipation of
plasmons is the limiting factor for high sensitivity terahertz detection too. Hence, the engineering
of plasmon system is necessary to realize any efficient terahertz device. Here in this review, we
present preliminary results on the excitation and probing of terahertz plasmons in two different
types of 2DEG devices attempting to realize high efficiency terahertz emission and high
sensitivity detection.
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2. Experimental methods

The 2DEG utilized in this study is realized in an AlGaN/GaN heterostructure grown by
MOCVD method on a sapphire substrate. A self-consistent calculation shows that there are two
lowest sub levels are occupied by free electrons in the GaN quantum well at room temperature as
shown in Fig. 1(a). The electron density (n.) and the mobility () are 1X10' cm? and 1800

cm?/Vs at 300 K, respectively. At lower temperatures below 77 K, the mobility is increased up to
15,000 cm?/Vs while the electron density is kept fairly constant. The choice of AlGaN/GaN
instead of AlGaAs/GaAs which could provide an even higher electron mobility has three aspects.
First of all, the electron density in AIGaN/GaN is usually one order of magnitude higher than that
in AlGaAs/GaAs heterostructures. Plasmon in AlIGaN/GaN 2DEG can thus be tuned in a wider
frequency range (up to 6 THz), as shown in Fig. 1(b), either by varying the electron density or by
defining the geometric dimension (e.g., the gate length W) of the 2DEG. Secondly, the 2DEG in
AlGaN/GaN is much closer (d =25 nm) to the surface than that (typically more than 45 nm) in
AlGaAs/GaAs. Such a close distance to the surface on which field-effect gate and grating coupler
are made helps to enhance the terahertz near-field strength and hence the coupling strength
between the 2DEG and the terahertz electromagnetic wave. It is the strong spontaneous
polarization in AlGaN/GaN heterostructure that results in high electron density and high mobility
without the need of intentional doping in the AlGaN barrier layer. Finally, the tunneling current
between the gate and the 2DEG can be manipulated. It can be suppressed by inserting a dielectric
layer such as Al.Os grown by atomic-layer-deposition between the heterostructure and the gate.
On the other hand, it can be enhanced by defects and impurities in AlGaN barrier layer so that
injection of electron from the gate into the 2DEG for plasmon excitation becomes possible.
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Fig. 2 (a) Schematic and (b) micrograph of the grating-coupled field-effect transistor. (c) Schematic and (d)
micrograph of the antenna-coupled field-effect transistor.
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Two devices namely the grating-coupled field-effect transistor and the antenna-coupled
field-effect transistor are designed and fabricated. The grating-coupled device is designed so that
a large-area field-effect 2DEG allows for probing of plasmons excited by an incident terahertz
wave. The device also allows for probing any possible terahertz emission from the 2DEG in
which plasmons are excited by an injection current. The grating-coupled field-effect transistor is
schematically shown in Fig. 2(a) and the micrograph is shown in Fig. 2(b). Each gate has a length
about W =2.7 um and the grating gates have a pitch distance of L=4 um. By applying a

negative gate voltage V,, the electron density under the grating can be modulated periodically

and individual plasmon cavities are thus defined. Similar devices have been studied by using
2DEG from AlGaAs/GaAs heterostructures and others which have the advantage of higher
electron mobility [2, 3, 12, 16, 17]. The area of the grating-coupled 2DEG is 4 mm by 4 mm. The
device was mounted on two different chip carriers. When it is mounted on a chip carrier with a
central orifice with a diameter of 4 mm, the device can be characterized by measuring the
terahertz transmission spectra at different gate voltages. On the other hand, terahertz plasmon
emission spectra can be measured when the device is mounted on a gold-plated chip carrier
which provides a reflective mirror on the backside of the sapphire substrate. The antenna-coupled
field-effect transistor consists of two antenna blocks each of which is of a dipole antenna, as
shown in Fig. 2 (c, d). One of the antennas provides a central gate G; with a gate length of 150
nm and the other provides two gates (G2 and Gs, both have a length of 100 nm) surrounding gate
Gi. The inner distance between G2 and G3 is 330 nm. Only gate G is applied with an external
gate voltage V. Other two gates are connected to ground, as shown in Fig. 2(d).
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Fig. 3 Schematic of the setup allowing for measurement of the transmission, emission spectra and photocurrent
response
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Fig. 4 Transmission spectra at different gate voltages obtained from the grating-coupled field-effect transistor
cooled down to 8 K. The spectra were measured using a terahertz time-domain spectrometer (THz-TDS).
Refer to Ref. 18 for the same measurement setup. Similar transmission spectra (worse signal-to-noise
ratio comparing to the THz-TDS data) were obtained by using setup shown in Fig. 3.

To probe any possible plasmon excited in the gated 2DEG, terahertz transmission spectra,
emission spectra and terahertz photocurrent (i, ) at different gate voltages (i.e., different electron

densities/plasmon frequencies) are experimentally studied. For these purposes, a cryogenic
vacuum chamber was designed and constructed allowing for cooling the devices down to 7 K. As
shown in Fig. 3, the chamber offers two terahertz windows made of transparent
polymethylpentene (TPX) so that terahertz wave can be transmitted through the device under test.
Also the setup allows for testing the terahertz emission from and the photocurrent in the device.
To detect and analyze the terahertz electromagnetic wave emitted from or transmitted through the
device, a Fourier-transform spectrometer equipped with a liquid-helium-cooled silicon bolometer
is used. Both in the emission and transmission experiments, the gate voltage applied to the
grating-coupled device is in a square-wave form whose high level is fixed at 0 V while the low
level (also termed as V) is continuously tunable from -25 mV to -5 V. The duty cycle is fixed at

50% and the frequency is fixed at 317Hz. A lock-in amplifier following the silicon bolometer
reads out the terahertz power. In the photocurrent experiment (setup not shown in Fig. 3. Refer to
Ref. [19-22] for details), a tunable coherent terahertz source is used to excite the device and the
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induced photocurrent or photovoltage is amplified and measured. In this case, the terahertz
source can be modulated either externally by a mechanical chopper or internally by a TTL signal.
The same lock-in amplifier is used to read out the photoresponse which is amplified first by a
low-noise current preamplifier or a low-noise voltage preamplifier.

3. Plasmon excitation in a grating-coupled 2DEG

Plasmons excited in AlGaN/GaN 2DEG is examined in the grating-coupled field-effect
transistor by measuring the terahertz transmission spectra at different gate voltages, as shown in
Fig. 4. Rich features are observed. Strong suppression in terahertz transmission are marked by 5
dashed curves corresponding to the first 5 plasmon modes (m=1,2,3,4 and 5) controlled by the
gate voltage, i.e., the localized plasmon modes under the grating gates. These discretized plasmon
modes can be well described by the dispersion relation [3]

n.e’
o, = S , 1
o \} 2m*g,g @

where, @,, and q,=mz/W are the angular frequency and the wave number of the plasmon

mode, e is the elementary electron charge, m*=0.2m, is the effective electron mass for
AlGaN/GaN 2DEG, ¢, and g are the vacuum permittivity and the relative permittivity of the
2DEG. The gate controlled electron density can be approximated as n, =C; (V, —V;)/e, where
Ce ® &ncay /A1 0.34 pF/cm? is the gate capacitance per unit area, V;~-4.4V s the
threshold gate voltage to deplete the 2DEG, &g, =9.7 and &, =9.5 are the relative
permittivity for GaN and AlGaN, respectively. For the grating-coupled 2DEG, the relative

permittivity £ can be approximated by taking into account the 2DEG areas screened and
unscreened by the grating gates
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As shown in Fig. 4, strong transmission can be found at a few equally-spaced frequencies
(marked by k =1,2,3,4,5) corresponding to the eigen modes of the sapphire Fabry-Péot cavity

C
2% :k% (3)
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where, k=1,2,3,... is the cavity mode number, c is the speed of light in vacuum, n=3.0
and D =238 um are the effective refractive index and the length of the cavity. A pair of
strongly coupled terahertz cavity mode and plasmon mode hybridizes into an upper (e,,) and a

lower (@, ) plasmon-polariton state [18, 19]

N + @5, ] 1 -
a’k_m:a)k 2 P _%(yc+]/P)i§\/(8w)2+4Vk$n_(7C_7/P)2_21(7C_7P)8w' (4)

where dw=a, —a,, Is the detuning of the plasmon mode from the terahertz cavity mode, V,,
is the coupling strength, y, is the linewidth of the plasmon mode, and y. is the linewidth of
the terahertz cavity mode. The solid curves in Fig. 4 are calculated plasmon-polariton modes
based on Eq. 4 and agree well with the experiment data.
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Fig. 5 (a) Emission spectra at different gate voltages. (b) A single emission spectrum at Ve=-1.22 V. Obtained from a
grating-coupled field-effect transistor with the sapphire substrate thinned down to 91 um. The device was
cooled down to 8 K.
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The same grating-coupled field-effect transistor is found to be able to emit terahertz wave
when it is either biased with a source-drain voltage or controlled by a gate voltage. The detailed
mechanism yet needs to be further investigated. However, it is confirmed that such emission
originates from plasmon excitation driven by an electrical current injected from the leaky grating
gates to the 2DEG instead of a direct source-drain current. As shown in Fig. 5, emission spectra
from a similar grating-coupled field-effect transistor at different gate voltages exhibit two bright
emission modes (0.85 THz and 1.30 THz) corresponding to two Fabry-Pé&ot cavity modes
o =(2k-Dzc/2nD with k=12,3,.. and D~91um. These terahertz cavity modes are

different from Eq. 3 since a reflective mirror is placed on the backside of the sapphire substrate as
shown in Fig. 2 (a). A single emission spectrumat V, =-1.22 V is extracted from Fig. 5(a) and

is plotted in Fig. 5(b). The full-width-at-half-maximum of the emission peak at 1.37 THz is
limited by the quality factor (Q. ~11.5) of the Fabry-Pé&ot cavity. Apart from the two bright

modes, weaker emission modes are observed from Fig. 5(a). All emission modes are induced
from the resonance between the plasmon modes and the Fabry-Pé&ot cavity modes.

4. Plasmon excitation in an antenna-coupled 2DEG

Plasmon excitation upon incident terahertz electromagnetic wave is probed in the
antenna-coupled field-effect transistor as shown in Fig. 2(c) by monitoring the photocurrent at
different gate voltages and terahertz frequencies (850, 861, 907 and 940 GHz). The channel
conductance (G =dl,/dVy) as a function of the gate voltage is shown in Fig. 6(a). The

threshold gate voltage is about -4.2 V and the maximum of transconductance (dG /dV, ) occurs at

-4.0 V. Upon coherent terahertz irradiation, a direct photocurrent is induced and is tunable by the
gate voltage. As shown in Fig. 6(b), two different types of photo response are observed. One of
them have a fixed peak position of -4.0 V at which the transconductance is maximized. The peak
location of the other response depends on the terahertz frequency. The higher the terahertz
frequency, the lower the peak gate voltage, i.e., the higher electron density. The photo responses
at -4.0 V originate from the non-resonant plasmon excitation while those frequency-dependent
responses come from the resonant plasmon excitation. The overall photocurrent can be expressed
as a sum of both responses and agrees well with the experiment (solid curves fit well with the
experiment data in Fig. 6(b)). The non-resonant plasmon response has been modeled as
self-mixing of the incident terahertz electromagnetic wave in the gated 2DEG [20-23]. The
resonant plasmon frequency agrees well with the plasmon cavity defined by G2 and G3, as
marked by the red area in Fig. 2(c). Such a cavity size (L, =330 nm) is larger than the length

(Lg =150 nm) of G1 indicating the plasmon mode is not confined under G1. Instead, the

plasmon cavity seems to be defined by G2 and G3 as the boundaries. Such boundaries aren’t
sharply defined in current device. By extracting the quality factor (Q, ) of the resonant plasmon
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responses as shown in Fig. 6(d), the effective plasmon lifetime (7, ~ 0.52 ps) is about 30% of the

momentum relaxation time (z, = um*/e ~1.8 ps) of the 2DEG indicating the existence of extra

damping. It has to be noted that the magnitude of the non-resonant response is much stronger
than the resonant response. Since the antenna-coupled field-effect transistor is designed so that
the antenna and the gates are symmetric, both resonant and non-resonant responses are
suppressed intentionally. However, the fact is that the non-resonant response survives at room
temperature while the resonant response dies out quickly when the temperature is increased to
about 120 K. This fact infers that plasmon in gated 2DEG suffers from strong damping not only
from inelastic scattering but also from the leaky boundaries. Once the plasmon cavity is
engineered so that the quality factor is lifted up to a few hundreds, one would expect the resonant
response becomes the dominating photoresponse and the efficiency of terahertz plasmon
emission could be increased too.
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Fig. 6 Resonant and non-resonant plasmon detection in the antenna-coupled field-effect transistor. (a) The channel
conductance as a function of the gate voltage VG1. (b) The photocurrent as a function of the gate voltage
VG1 at different terahertz frequencies. (c) Extracted resonant frequency as a function of the gate voltage. (d)
Extracted quality factor of plasmon modes. The device is cooled down to 77 K.
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5. Conclusions

In conclusion, terahertz plasmon excitation in AlIGaN/GaN 2DEG has been realized both in
grating-coupled and antenna-coupled field-effect transistors. Resonant terahertz absorption and
electrically-pumped terahertz plasmon emission have been demonstrated in grating-coupled
field-effect transistors. Both resonant and non-resonant detection of terahertz electromagnetic
wave have been observed in an antenna-coupled field-effect transistor. In both types of devices,
plasmons excited no matter by an incident terahertz electromagnetic wave or by electrical power
injection are localized plasmons controlled by the gate voltage and hence the local electron
density. Furthermore, the damping of localized plasmon modes remains the main hurdle for
realizing high-efficiency terahertz devices due to the rather open boundaries of plasmon cavities
and the limited carrier mobility at room temperature. The efficiency of terahertz plasmon
emission and the sensitivity of resonant terahertz plasmon detection could be greatly improved by
engineering the boundaries to enhance the quality factor. Terahertz active devices including
emitters, detectors and modulators are expected to be realized based on AlGaN/GaN and other
high-quality 2DEG materials.
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