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The rapid evolution of terahertz (THz) applications in imaging, material diagnostics, communication systems, etc. stimu-
lates an intensive search for new solutions in design and fabrication of compact emitters and receivers. The particular place
of THz range in the electromagnetic spectrum — between microwaves and the infrared one — defines the requirement to merge
together different concepts in the development of devices for THz electronics needs. The present overview covers several
new topics illustrating unprecedented possibilities of modern semiconductor nanotechnology to realize innovative compact de-
vices for terahertz electronics. We describe operation principles of quantum cascade lasers (QCLs) giving special emphasis
to the specifics of THz quantum cascade devices and obstacles in their development. As an illustration of successful conflu-
ence of different physical approaches, we report on semiconductor nanostructure-based THz sensors — nanometric field effect
transistors and asymmetric bow-tie diodes containing two-dimensional electron gas — which can successfully be employed for

selective / broadband detection of the THz radiation.
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1. Introduction

The frequency range between 10'' and 102 Hz
or the so-called THz (1 THz = 10'2 Hz) frequencies
(corresponding energies are 0.4—40 meV; the wave-
length range is 3000-30 pm or, in wavenumbers, 3.33—
333 cm~ 1) remains among the most undeveloped re-
gions in the electromagnetic radiation scale. A large
variety of potential applications in many fields — non-
invasive material diagnostics and broad bandwidth com-
munication systems; detection of chemical compounds
and biological agents; usage of THz imaging in medicine
and for security purposes, etc. —has stimulated an inten-
sive burst of research oriented to create compact THz
emitters and receivers. The lack of such electrically-
driven solid-state THz emission sources and relevant
sensors was the main obstacle preventing versatile prac-
tical implementation of the THz radiation. This compli-
cation is related to the specific place of the THz range
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in the electromagnetic radiation scale — it falls between
the millimetre waves and the infrared region. From
the point of view of device physics, a classical carrier
transport is employed in the millimetre waves, and the
cut-off frequency of these devices is mainly limited by
carrier transit time or parasitic RC' time constants. In
contrast to electronic devices, photonic devices avoid
these restrictions. However, since they utilize charge
carrier transitions, operation range is defined by an en-
ergy band gap of semiconductor. In frequency domain,
even for narrow-gap semiconductors, possible emission
frequency does not reach below 10 THz. Therefore,
new approaches should be applied to “bridge” the THz
range.

In 1989, academician Juras PoZela considered a di-
agram (Fig. 1) in which he predicted several different
mechanisms that can be used to cover the THz frequen-
cies using solid-state sources [1]. According to his
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Fig. 1. Main directions to cover the frequency band from 10! to
10'3 Hz by using solid state sources (according to Juras PoZela [1],
p. 248).

predictions, transistors and hot electron effects can be
used from the “red side” of the range, plasma phenom-
ena are the most suitable for the range around 1 THz,
meanwhile the laser approach, i.e. carrier transition
effects can be applied from the higher energy side —
the “blue side”. As the frequency range below 10 THz
cannot be generated using conventional semiconductor
diode lasers, new materials should be found or artifi-
cially fabricated to reach this aim.

Invention of molecular beam epitaxy (MBE) [2] has
opened unprecedented possibilities to make artificial
semiconductor materials with desired features. These
so-called materials by design consist of series of alter-
nating semiconductor nanolayers (quantum wells), and
their properties are defined more by the design of the
structure (layer thickness, doping profile, etc.) than
by the material itself. Such an approach allows one
to fabricate quantum mechanical systems in which the
energy levels can be designed and engineered to any
value. Consequently, devices based on intersubband
transitions (for instance, an electron emits or absorbs a
photon using transitions between subband levels within
the conduction band) can be fabricated for the THz fre-
quency range. However, as arule, any single approach —
e. g., quantum mechanical alone — does not help solv-
ing the problems in THz range, and, therefore, addi-
tional measures from other physical areas should be em-
ployed. For instance, to guide the radiation out of the
active quantum structure or to couple it into the device it
is necessary to use a waveguide or an antenna of a spe-
cial design. In other words, fabrication of devices of
THz frequencies requires confluence of different phys-
ical approaches and innovative engineering decisions.

In this paper, — via the specifics of design and oper-
ation of both emitters and detectors — we illustrate the
possibilities of modern semiconductor nanotechnology
together with waveguide and antennae approach to re-
alize innovative compact devices for terahertz electron-
ics. The article is organized as follows. Section 2 is
devoted to the description of quantum cascade lasers
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Fig. 2. Operation principles of interband and intersubband lasers.
In the first case, a photon is emitted as a consequence of electron
“jump” into the valence band; the photon energies are equal to or
greater than Fy. In the case of the intersubband laser, “jumps”
between the engineered energy levels in conduction band are em-
ployed, where one electron may emit multiple photons while cross-
ing multiple cascades of the active region (1 photon per cascade in
an ideal case).

(QCLs) and specifics in their development for THz fre-
quencies. In Section 3 we report on semiconductor
nanostructure-based THz sensors — nanometric field ef-
fect transistors employing plasma waves for selective
THz sensing, while in Section 4 we review bow-tie
diodes containing two-dimensional electron gas, fabri-
cated for broadband detection of THz radiation. In Con-
clusions we summarize the state of the art of the dom-
inating compact solid-state-based devices — both emit-
ters and detectors — in the context of the prediction dia-
gram by Juras PoZela made nearly two decades ago.

2. Quantum cascade lasers

As it is known, in conventional lasers, the light is
emitted during the process of electron—hole recombina-
tion (Fig. 2(a)), while its wavelength is determined by
the energy separation between the semiconductor con-
ductance and valence bands. In QCLs, in contrast, no
carrier recombination processes are involved — one em-
ploys electron transitions between bound states of semi-
conductor heterostructure (Fig. 2(b)), i.e., a QCL is a
novel semiconductor laser in which only one type of
carriers is participating. This heterostructure is a semi-
conductor quantum well (QW) having the width com-
parable to the de Broglie wavelength. As a result, elec-
tron motion is restricted in perpendicular to the layers
direction, and only electron “jumps” between the states
with discrete energy levels of the heterostructure be-
come possible. In such system, laser wavelength be-
comes dependent on the thicknesses of the heterostruc-
ture layers and is not strictly defined by the semicon-
ductor band gap anymore. In addition, multiple photons



V. Tamosinnas et al. / Lithuanian J. Phys. 46, 131-145 (2006) 133

can be emitted by a single electron, since no recombi-
nation is employed, and the QW period can be repeated
hundreds of times during the growth.

The first quantum cascade laser operating in infrared
range was designed and fabricated by Faist and Capasso
at Bell Labs [3]. This invention has stimulated huge
burst of research in order to find optimal design and
materials for infrared lasing, to increase the emission
wavelength, and to use the QCLs for various application
purposes (see, e. g., reviews [4, 5]). It is worth mention-
ing several interesting approaches based on quantum
cascade scheme of operation such as quantum cascade
disk lasers [6], high power directional emission from
microlasers with chaotic resonators [7], single mode
surface plasmon lasers [8], and application of photonic
crystals to guide the emission modes through the sur-
face of the device [9]. The main challenge among the
variety of obstacles in QCL development has remained
to extend the operation to the far infrared (or THz)
range, i.e., below the Reststrahlen band which is be-
tween 8 and 9 THz in GaAs. There were three main
problems preventing the achievement of this goal:

o The first one was related to the energy level separa-
tion: it is rather small in the THz range — for ex-
ample, within 10-20 meV for corresponding 2.4—
4.9 THz frequencies — therefore the selective depop-
ulation mechanism based on energy-sensitive longi-
tudinal optical (LO) phonon scattering, which is suc-
cessfully implemented in infrared QCLs, is not suit-
able.

e The second problem was associated with the low
loss optical mode confinement, which is essential for
any laser action. In infrared QCLs, as a rule, con-
ventional dielectric waveguide confinement is used
which cannot be applied in the THz range due to
the large size of the optical mode (imposed by the
wavelength) extending to the order of several tens
of micrometres. Since the evanescent field pene-
tration is proportional to the wavelength, it is much
larger compared to the active gain medium — its size
in QCLs amounts to only several micrometres.

e Finally, it was necessary to overcome high intrinsic
optical losses induced by free electrons in the struc-
ture which scale as wavelength squared.

These obstacles were successfully overcome, and the
operation of the first THz QCL was demonstrated by the
Pisa group [10]. Before proceeding to the description of
the device, we briefly recall the principles of material
design usually applied in constructing devices based on
semiconductor quantum structures.

Energy levels (or electronic eigenenergies) of a QW
can be engineered by selecting the appropriate layer
thicknesses using modern band structure computation
techniques. In the most simple case, it requires a solu-
tion of a one-dimensional Schrodinger equation in the
envelope function approximation:

HQ: (@) VO] = Bt
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here z indicates the growth direction, ¢(z) is the slowly
varying envelope wavefunction, F,, is the eigenenergy
of the nth state, m(z) is an effective mass of the
electron, V(z) is potential, /i is the Planck constant.
A complete wavefunction also has an x, y-dependent
part exp(ik,z + ik,y) and a fast-varying Bloch part
uc(z,y, z), which “shares” the periodicity of the crystal
lattice:
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Equation (1) can relatively easily be solved for several
best known cases, such as square quantum well with fi-
nite/infinite barrier height or parabolic quantum well.
However, a more complex approach is required for the
case of an arbitrary potential V'(z). Luckily, this arbi-
trary potential can nearly always be approximated with
a sufficient precision by a stepwise constant potential if
z axis is subdivided into NV sufficiently thin layers, the
Jjth of which has a constant potential V;. In such case,
the Schrodinger equation for the jth layer becomes

R? d?
<_2m>7¢deQ + Vj) Dj(z) = E®4(2) 3)

with the well-known solution for z; 1 < 2 < z; range,

®;(z) = Ajexplik;(z — 25)] + Bj exp[—ik;(z — 2;)] ,

“)
and with the corresponding wavenumber
2m;

Boundary conditions for each “interface” between N
layers are obtained from the continuity requirement for
®(z) and 1/mg(2)-d®(z)/dz, giving two equations re-
lating A;, Bj and A1, Bj41. In addition, it is usually
assumed that wavefunctions in the regions 0 and NV + 1
must be decaying, leading to Ag = 0 and By+1 = 0,
and, therefore, a sufficient number of equations is ob-
tained for the solution on the personal computer.
Results of such computations for the first THz quan-
tum cascade laser [10] are presented in Fig. 3. The
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Fig. 3. Computed energy levels in THz quantum cascade laser of
type given in Ref. [10]. One cascade of the QCL consists of seven
coupled quantum wells: four wells form an injector stage, while
three wider wells — an active region. The photon emission occurs
when an electron “jumps” between two states with ~18.6 meV sep-
aration, while “the ladder” of closely positioned states (with typical
spacing of ~3-5 meV) ensures that electrons are quickly extracted
from the lower state of laser transitions and moved to the upper state
of laser transition of the next cascade.

lasing structure is composed of a four-quantum-well in-
jector part and a three-well active region. Such lay-
out ensures that energy levels in the injector are placed
closely enough to ensure a fast extraction of electrons
from the lower laser state of 18.6 meV transition and an
efficient “supply” into the upper level of the next cas-
cade segment. To maintain the necessary carrier popu-
lation inversion, Tredicucci and co-workers [10] dilated
the total carrier population over the 104 periods of the
quantum structures. In addition, it also allowed to re-
duce significantly the optical losses. This way, the gain
of such THz QCL becomes comparable to that of a con-
ventional laser diode. However, its value is two orders
of magnitude lower per period of the structure.

Later, Hu with co-workers from the Massachusetts
Institute of Technology (MIT) group has suggested a
new design [11] which enabled to use LO phonon emis-
sion to depopulate fast the lower state in the active re-
gion and “to engineer” thus the lifetimes in a suitable
for lasing manner. In this case, the active region is com-
posed of four quantum wells, while the inherent feature
of injector design is a much larger spacing between the
levels — it exceeds the optical phonon value of 36 meV
in GaAs.

To tackle the problem of waveguiding in THz QCLs,
the hybrid concept of “metallic microwave strip line”
and “surface plasmon waveguide” [12] — the approach
which works nicely in the infrared range — was imple-
mented. The generated THz mode is guided in a del-
icate manner — the highly absorbing layer of heavily
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Fig. 4. Emission spectra of the THz QCL of the design given in

Ref. [10]. The dashed line shows the emission spectrum of the QCL

operating below the threshold, recorded at 4 cm™* resolution using

FTIR spectrometer in a step scan mode with lock-in amplifier. The

continuous line depicts the emission spectrum of the QCL oper-

ating above the threshold, recorded at 0.125 cm ™! resolution in a
continuous scan FTIR spectrometer mode.

doped semiconductor separates the mode so that only
half of it remains in the active region, while the resid-
ual part is kept in a low-losses substrate [10]. Later, the
other method to waveguide THz modes delivered by the
THz QCL was developed — the same MIT group sug-
gested a double-sided metal-metal waveguide for mode
confinement, or the so-called double metal approach
[13]. This enabled them to achieve the mode confine-
ment factor close to 1 instead of 0.47 in the “surface
plasmon waveguide” [10]. Subsequently, the operation
of THz QCLs was strongly improved allowing one to
reach several records such as the lowest emission fre-
quency of 2.1 THz [14], first continuous wave THz QCL
operating above the important liquid nitrogen tempera-
ture [15], highest operation temperature in pulsed mode
[16], and realization of THz microcavity QCL [17].

Emission spectra of a typical THz quantum cascade
laser are presented in Fig. 4. A broad (~10 cm™!
wide) electroluminescence spectrum is observed when
the current is approaching the threshold, but that is still
insufficient for the laser operation (dashed line). Once
the threshold is achieved, emission intensity increases
by several orders of magnitude, while the emission line
width decreases below the resolution limits of the spec-
trometer.

System used in the emission experiments consisted
of a Fourier transform infrared (FTIR) spectrometer
(NICOLET Magna IR 850) equipped with a Si beam-
splitter and a 4.2 K Si bolometer as in Ref. [18]. A
4.5 THz QCL based on the active structure design pro-
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posed in [10] was used for the measurements. The de-
vice consists of 100 periods of the active structure sand-
wiched between two n-doped contact layers (the bot-
tom layer was d = 500 nm thick with n = 4-10'8 cm~3
doping, the top layer was d = 100 nm thick with n =
7-10'8 cm~3 doping) grown on a semi-insulating GaAs
substrate using the MBE technique. The laser de-
vices were processed as ridges of lateral dimensions of
130 pm by reactive ion etching through the active zone
down to the bottom contact layer. Metallic contacts
(15 nm/30 nm/14 nm/200 nm of Ge/Au/Ni/Au)
were evaporated for the bottom contact layer with ap-
proximately 10 pum separation from the ridge. Two
10 um wide contact stripes of the same composition
were evaporated on top of the ridge with 5 um separa-
tion from the side walls. The sample was then annealed
for 1 min at 430 °C to alloy the ohmic contacts. After-
wards, 10 nm /400 nm Ti/ Au layers were sputtered on
top of the ridge to finish the top contact and to provide
wave guiding. The sample was cleaved into 3 mm long
devices, soldered with indium onto a copper holder and
wire bonded.

In these devices the “surface plasmon waveguide”
concept was used. The physics behind the operation is
that the dielectric constant of the heavily doped n™" layer
can be made negative, but still comparable in modulus
to the dielectric constant of the surrounding semicon-
ductor by proper selection of the doping density. Once
the thickness of the n™ layer decreases, two surface
plasmons on interfaces with the outside semiconductor
actually merge into a single mode [10] with an inten-
sity maximum near the n™ layer and a rapidly decaying
intensity further from it. Therefore, a very tight con-
finement of the mode may be achieved once laser het-
erostructure is grown in between the two n ™ layers with
carefully selected parameters. Mode profiles for two
waveguide designs are depicted in Fig. 5. As one can
clearly see from this picture, larger electric field ampli-
tude in the active region and a faster amplitude decay in
the substrate are achieved, when a thicker top n™ layer
is considered, resulting in a larger confinement factor
and lower gain required for operation.

As a rule, ridge-shaped Fabry—Perot resonators are
the most common ones for THz QCLs. However, it
happens quite often that the gain of the active region
is insufficient to support a quite large energy loss when
light is reflected from two facets of the resonator. Par-
tially, this problem may be solved by reducing the thick-
ness of the substrate or even removing it and increasing
mode overlap with the active region (and the effective
modal gain at the same time). The key decision help-
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Fig. 5. Simulated mode profiles (plotted: normalized electric
field amplitude versus the distance from the upper contact) within
two QCLs operating at 3.5 THz. A finite-difference time-domain
(FDTD) simulation was employed to obtain these profiles. In both
cases “wide device” (in comparison to wavelength) approximation
was considered for two lasers with the same 13.8 pm thick ac-
tive region (gain maximum at 3.5 THz), the same bottom n ™ layer
(680 nm thick, 2-10'® cm™? doping), and two different top n™* lay-
ers (continuous line — 80 nm thick, dotted line — 200 nm thick, both
doped by 5-10'8 cm™3). As one can clearly see, thicker n* layer
on top of the structure can be employed to increase the confine-
ment factor (amplitude reduces faster in the substrate in the case of
200 nm layer), which means an increased effective gain.

ing in this situation is the already mentioned “double
metal” QCL design [13]. In some cases, when (nearly)
total internal reflection is required, a completely differ-
ent design of QCLs is used. This may be efficiently
achieved in ring/ disk-shaped resonators, where the so-
called whispering-gallery modes are obtained. Electric
field amplitude for such mode within the disk-shaped
QCL of R = 100 pm radius is presented in Fig. 6. An
electromagnetic wave of this mode always reaches the
outer surface of the resonator at an angle exceeding the
angle of the total internal reflection, therefore only mi-
nor losses occur. Emission of such a mode is observed
mainly because of the surface irregularities of the res-
onator; therefore, it is not well suitable for direct ap-
plications requiring high output powers. On the other
hand, it can serve as a beautiful example when lasing
can be achieved in the low gain exhibiting materials.
Ending this section, it is reasonable to consider
whether the quantum cascade structures can be used for
the inverse task to the THz emission, i.e. for detec-
tion of THz frequencies. A study has shown [19] that,
in principle, QCL-like structures can be used for this
aim, however, their responsivity was found to be rather
low, only of about 50 pA/W at 9.3 um wavelength
at room temperature. In the THz range, the structures
can also be used as sensors [20], but their operation,
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Fig. 6. Distribution of electric field amplitude within (and near) the
200 pm wide and 14 pm thick “double metal” disk QCL resonator.
A finite-difference time-domain (FDTD) simulation was employed
to obtain this profile for a mode emitting at 2.748 THz. Disk centre
corresponds to coordinates (0;0). It is assumed that the disk is sur-
rounded by 70 pm of vacuum in each direction (with exception of
bottom metal surface), terminated by absorbing boundaries, which
permit a nearly non-reflecting propagation of outgoing waves. One
can clearly see that at this frequency a so-called whispering gallery
mode is formed, which “benefits” from low loss due to total inter-
nal reflections on the boundaries. Within this simulation, loss is not
exactly zero, since surface roughness with detail size of 2 um was
considered on the sidewalls and boundary of the top metal contact.

as in case of THz quantum well infrared photodetec-
tors (QWIP) [21], is limited below 50 K due to strongly
temperature-dependent nature of bound-to-continuum
transitions in these devices. For practical needs it would
be very important to find other solutions that can be free
from intersubband transition-based operation in emis-
sion/detection schemes. One of the possible options
can be excitation of plasma waves in two-dimensional
electron gas (2DEG).

3. Plasma waves in two-dimensional electron gas

In 1993, Dyakonov and Shur considered 2DEG un-
der gate (Fig. 7) in high electron mobility transistor
(HEMT) [22]. They have shown that 2DEG behave as
a fluid similar to a shallow water. The most impor-
tant, under certain boundary conditions — when con-
stant value of the voltage is applied at the source and
constant value of the current is fixed on the drain — the
2DEG flow should be unstable due to plasma wave exci-
tation and amplification because of the reflection from
the boundaries of the device. The Dyakonov—Shur the-
ory of “shallow water” instability gave several impor-
tant results vital for practical applications:

Photoresponse

Gate ?
! [ ] H

L
Fig. 7. Schematic view of the ballistic field effect transistor (ac-
cording to Dyakonov—Shur [22]). The gate length is much smaller
than the mean free path of electrons. Dashed lines show measure-
ment scheme: the photoresponse induced by incident THz radiation
is measured as a function of the gate voltage.

Gate voltageI

o firstly, the same device can be used either in emis-
sion or detection mode;

e secondly, depending on the parameters of the tran-
sistor, both the emission and detection can be either
non-resonant (spectrally broad) or resonant (spec-
trally narrow);

e thirdly, spectral features of the device can be tuned
by varying the gate voltage;

e and, finally, the operation of plasma wave-based de-
vices is free of any intrasubband transitions and is
not limited to low temperatures.

The latter feature, together with the convenience of
integration of the devices into electronic circuits of-
fers highly promising perspectives for various practi-
cal implementations: for instance, in a development of
compact THz spectroscopy, where usage of nanometric
transistors would allow to avoid gratings and moving
mirrors, i. e., the conventional means usually needed to
perform spectral analysis.

The experimental confirmation of the Dyakonov—
Shur theory via detection of sub-THz and THz radia-
tion by plasma waves in nanometric field-effect transis-
tors [23—-25] has stimulated an indefatigable impetus to
search for new solutions in design and fabrication of
plasma wave-based compact THz receivers and emit-
ters. The detection by plasma waves was successful in
GaAs/ AlGaAs-based structures — in double QW [26]
and single QW field effect transistors [27] and silicon
nanotransitors with 30 nm gate length [28]. Very re-
cently, experiments have shown the possibility to tune
the detection mode from non-resonant to the resonant
one [29] and to use it for detection of pulsed THz
radiation [30]. The nanometric transistors were also
found to be attractive sources of GHz—THz emission —
the frequency-tunable generation by plasma waves was
successfully demonstrated in AllnAs [31,32] and Al-
GaN/GaN-based devices [33].

In this work, we concentrate ourselves into investi-
gation of 50 nm gate length GaAs/ AllnAs HEMT. The
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motivation for the choice of the material can be easily
seen from the Dyakonov—Shur formula describing the
resonant plasma frequency [25, 34]:

= 1 Je(Vy— Vi)

4L m*
where L is the gate length, V; labels gate-to-source
voltage, Vi designates the threshold voltage, while m*
stands for the electron effective mass. Therefore, in or-
der to shift the plasmon resonances into higher frequen-
cies — up to now the maximum plasma resonant fre-
quency recorded in GaAs/ AlGaAs-based devices with
250 nm gate is 0.6 THz [24,25] — it is necessary to re-
duce the length of the gate and to find the material with
lower electron effective mass. Bearing in mind these
facts, GaAs/ AllnAs compounds seem to be a very good
option — the electron effective mass here is 0.042 m (m
denotes the electron mass), i.e. it is lower than in rel-
evant value in GaAs (0.067 m); additionally, facilities
of modern technology allow to produce this material-
based transistors with the gate length of 50 nm, i. e. sig-
nificantly smaller than in GaAs-based devices.

The design of the studied GaAs/AllnAs HEMTs is
given in Fig. 8 with relevant comments in the figure cap-
tion. The sample was mounted on a quartz plate to avoid
any parasitic interferences and reflections, and it was
then placed into closed-cycle helium cryostat behind
the THz-radiation-transparent high-pressure polyethy-
lene window. The incident radiation of 5—-10 mW (de-
pending on the emission line) was focused into spot of
about 1.2—-1.5 mm diameter which was much larger than
the gate length and the width of the device. No special
coupling antennas were used, and the incident radiation
was coupled to the device through the contact pads.

We have measured the photoresponse — THz-induced
dc voltage — on the drain as a function of gate voltage
under excitation by an optically pumped THz laser (the
measurement scheme is depicted by the dashed lines
in Fig. 7) by varying the temperature within 4-300 K
range and the excitation frequency within 0.5-3.1 THz.
To understand the motivation of such experimental ide-
ology one must recall the criterion separating the nature
of the resonant detection from the non-resonant one.
The criterion is defined by a quality factor, namely, w- 7,
where w = 27 f, were f is the excitation frequency, and
7 denotes the electron momentum relaxation time. If
the condition w - 7 < 1 is fulfilled, the plasma oscilla-
tions are overdamped, and, consequently, the response
is a non-resonant one, exhibiting smooth function of
frequency and gate voltage. In opposite case, when
quality factor becomes much larger than 1, the spec-

) (6)

/ Gate

source Drain
Cap layer
Barrier of Ing 50Alg4gAs
spacer of Ing s,Alg43As
Channel of Ings3Gag47ASs

Buffer layer of Ing s Alp4sAs

InP substrate

Fig. 8. InGaAs/AllnAs-based device with a T-shaped gate. The
heterostructure was grown by MBE; the T-shaped gate was defined
by electron beam lithography. The gate length is 50 nm, its total
width amounts to 50 ym. The cap layer is a 10 nm thick silicon-
doped (6-10'® cm™3) Ing 53Gag.47As; the thick line depicts a sil-
icon §-doping layer of 5-10*2 cm™2. The recess — the part of the
device that is not covered by the heavily doped cap layer — is of
100 nm length on both sides of the gate. The distance between the
source and the drain is 1.3 ym. The 2DEG concentration is about
310" em™? at4.2 K.

trally narrow plasmon resonance peak should be clearly
resolved.

One can note that the latter condition can be achieved
either by reducing 7 via lowering the temperature or by
increasing the excitation frequency. In what follows we
have applied both approaches to evidence plasma wave
related detection in two types of InGaAs / AllnAs-based
devices. The threshold voltage was 0.75 V for the first
type of devices and 0.47 V for the second one.

Figure 9 presents the results of the photoresponse
measured in InGaAs/AllnAs nanotransistors of the
first type. At room temperature no signal at 2.5 THz
is observed. However, as one can see, by lowering
the temperature below 100 K the signal around the
threshold voltage of the transistor appears and increases
reaching its maximum at 10 K. The observed photore-
sponse changes neither position nor spectral shape re-
maining spectrally broad, about 0.3 V of full width at
half maximum, in all studied temperature range. Ac-
cording to theoretical considerations [25], all these fea-
tures are inherent to non-resonant detection of the THz
radiation by plasma waves. In contrast, the photore-
sponse in InGaAs/AllnAs nanotransistors of the sec-
ond type depicted in Fig. 10 evolves differently with
temperature. As itis seen from the top plot, below 50 K,
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Fig. 9. Photoresponse in InGaAs/ AllnAs-based device versus the
gate voltage, illustrating the non-resonant detection of THz radia-
tion.

in addition to the temperature-independent peak around
the threshold voltage of —0.47 V (see bottom plot for
the full curve), a shoulder from the lower voltage side
in between —0.4 and —0.3 V becomes visible. Fur-
ther on, it develops to a clearly resolved temperature-
sensitive peak at 10 K. We attribute it to the plasma
resonance. Indeed, knowing that the electron mobility
is about 36000 cm? /(V-s) at 60 K corresponding to the
momentum relaxation time of 800 fs, one obtains the
quality factor at 2.5 THz equal to 13.4, i.e., the crite-
rion for the resonant plasma detection, w - 7 > 1, is
fully satisfied. To confirm the resonant origin of this
peak, we have recorded the photoresponse data under
excitation of different frequencies and compared the re-
sults with theoretical estimates obtained using formula
(6). The data are given in the bottom plot. One can see
that the photoresponse peak moves to the lower volt-
ages with the increase of the excitation frequency up to
3.1 THz. If one compares the experimental plasma res-
onance frequencies with the corresponding calculated
values (given in the inset), a reasonable agreement is
found. It is worth noting, however, that the theoreti-
cal values of the plasmon resonances are slightly higher
than those obtained experimentally. This peculiarity
can be related to the presence of the recess in the struc-
ture — the part of the device that is not covered by the
heavily doped cap layer — which was not taken into ac-
count. As concerns the temperature-independent peak
around the threshold voltage of —0.47 V, as in previous
case, we associate it with the non-resonant detection —
we therefore omit the full curve since its behaviour is
totally reproduced by the plot given in Fig. 9. Conse-
quently, the usage of 50 nm gate length GaAs/ AllnAs
field effect transistors allows one to shift resonant de-
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Fig. 10. Photoresponse in InGaAs / AllnAs-based device versus the
gate voltage. Top plot: change with temperature at 2.5 THz. For the
sake of clarity the curves are shifted in the vertical scale. The solid
arrow shows the peak attributed to the non-resonant detection; the
dashed line — a guide for an eye — is the evolution of plasmon res-
onance with temperature. Bottom plot: signal at different frequen-
cies of THz excitation. Inset shows calculated plasmon frequency
as a function of the gate voltage.

tection by plasma waves into the THz range, to the fre-
quency value of 3.1 THz [35].

The experimental data reported here show that the
semiconductor nanotransistors can serve as compact
and gate voltage tunable sensors for broad band (non-
resonant) and selective (resonant) THz detection.

Sometimes, the integration of compact solid state-
based sensors in semiconductor circuits requires other
approach: it is very convenient in certain cases to use
passive detectors instead of an active detection scheme.
We further show how a confluence of semiconductor
nanotechnology and antennae concept can help to de-
sign a new type of a sensor — the so-called 2DEG bow-



V. Tamosinnas et al. / Lithuanian J. Phys. 46, 131-145 (2006) 139

tie diode — which is well suited to detect GHz—THz fre-
quencies at room temperature.

4. 2DEG bow-tie diodes based on GaAs/AlGaAs
modulation-doped structures

Bow-tie antennae [36,37] are very attractive ingre-
dients in many sensing systems due to a relatively sim-
ple design and broad band impedance. In THz fre-
quencies, such antennae can successfully serve as ef-
fective couplers of the incident radiation in various
types of structures, for instance, like in GaAs/ AlGaAs-
based resonant tunnelling diodes [38] and high temper-
ature superconductor-based bolometric detectors [39];
bow-tie antennae fabricated on low-temperature-grown
GaAs can effectively be implemented for the coherent
generation and detection of ultra-broadband THz ra-
diation with frequency components extending to over
15 THz [40].

In this work, we describe a new type of approach us-
ing the bow-tie antennae ideology: we have designed
and fabricated a bow-tie-shaped sensor with 2DEG
layer as an active component — so-called 2DEG bow-
tie diode. Its shape and design are presented in Fig. 11.
As one can see, it represents the bow-tie antenna with a
broken symmetry: one of its leaves (the upper) is met-
allized (dark coloured), while the other one (the lower)
contains the 2DEG layer. The role of the two parts of
the device is different: the first leaf acts as a coupler
of the incident radiation, whilst the second, lower leaf,
is the active part, where the two-dimensional electrons
are heated non-uniformly by the radiation. As a result,
a voltage signal over the ends of the diode should be
induced without application of any bias voltage.

To prove the principle of the operation and to under-
stand the physics behind, we have studied two 2DEG
bow-tie diodes of a different design. The main idea
of this approach was to vary the 2DEG mobility as the
electron heating is proportional to this parameter. The
variation can be achieved by changing the spacer thick-
ness or altering the temperature of the sample [41].

Initially, the devices were tested in a microwave field
of 10 GHz frequency. The samples were placed in the
rectangular waveguide and illuminated with pulsed ra-
diation of 2-5 us duration and a repetition rate of 40 Hz.
The signal was recorded by an oscilloscope.

The results are depicted in Fig. 12, where voltage—
power dependences of the bow-tie diodes 2DEG-A and
2DEG-B at room and liquid nitrogen temperatures are
given. It is seen that the signal in all investigated de-
vices behaves linearly over two orders of magnitude of

20 nm i-GaAs

80 nm
;| n"-AlGaAs

' 45 nm
1-AI§ iaAs < 2DEG

1000 nm
i-GaAs

SI GaAs
substrate

(a) (b)

Fig. 11. (a) Schematic view of the 2DEG bow-tie diode. The de-
vices are processed into mesas by wet etching. The length of the de-
vice is 500 pm, the width is 100 pm, while the length of the active
part amounts to 50 pm, L = 300 pum. The structures are produced
using a standard optical (when apex d size is 12 um, mesa depth is
2 pm) and an electron beam lithography (when apex d size is 3 and
2 pum, the mesa depth is 300 nm). Dark colour shows metallized part
made by rapid annealing of Au/Ge/Ni alloy. (b) The shape of a
conventional bow-tie antenna is also presented for comparison. In-
set depicts the schematic design of the active part (light colour). Ex-
act structure of the active part (from the top) for the studied differ-
ent 2DEG-A and 2DEG-B diodes, respectively (bold font is used to
underline the main differences in design): 20 nm ¢-GaAs cap layer;
80 nm Si-doped (10*® cm™3) layer of Alp 25Gag.75As and 60 nm Si-
doped (2-10'® cm™3) of Alg 3Gag.7As; undoped spacers, 45 nm
Alp.25Gap.75As and 10 nm Alg 35Gag 7As; 1000 nm and 600 nm
of i-GaAs; twenty and six periods of 9 nm AlGaAs/ 1.5 nm-GaAs
layers; 0.5 pm and 0.6 um of ¢-GaAs; semi-insulating substrate.

the microwave power. At powers exceeding 50 mW,
the non-monotonical character of the detected signal at
77 K has been observed in 2DEG-A diode witha 12 ym
apex (similar behaviour is also found in all other sam-
ples, these data are omitted). We attribute it to the real-
space transfer effects of hot electrons from the quan-
tum well formed in GaAs at the interface to AlGaAs
into the adjacent AlGaAs layer and vice versa. The de-
crease in temperature greatly increases the sensitivity
of the device: it is around 0.3-0.4 V/W at room tem-
perature, while it reaches 20 V/W at 77 K for 12 ym
apex diodes, i.e. the factor of increase is about 50.
Comparing this number with the relative increase in
the electron mobility with temperature, one can infer
that the latter effect is mainly responsible for the
observed rise in the signal [42]. As a further confirma-
tion of the effect, one can compare the devices having
different spacer thickness, 45 nm (2DEG-A) and 10 nm
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Fig. 12. Voltage—power characteristics of bow-tie diodes with
12 and 2 pm apexes placed in 10 GHz frequency radiation at
room and liquid nitrogen temperatures. Sheet electron densi-
ties and mobilities at 300 and 77 K are, respectively: diode
2DEG-A — 5.5-10"* cm™? and 4700 cm?/(Vs), 1.9-10*" cm™2
and 190600 cm?/(Vs); diode 2DEG-B — 5.6-10* cm™2 and
8000 cm?/(V's), 4.3-10" cm™2 and 116000 cm?/(V s).

(2DEG-B), and therefore resulting in electron mobili-
ties of 4700 cm?/(V's) and 190600 cm?/(V s) for the
first type and 8000 cm?/(V's) and 116000 cm?/(V s)
for the second one in room and liquid nitrogen temper-
atures, respectively. One can see that the voltage sen-
sitivity behaves similarly to the temperature variation
case — its value is proportional to the mobility. More
specifically, the ratio of electron mobilities in 2DEG-
B/2DEG-A structures at room temperature is about 1.7,
while the relevant sensitivity ratio differs by a factor of
1.875 (0.6 V/W t0 0.32 V/W). The same trend remains
also at 77 K (see Fig. 12).

The values of voltage sensitivity at room temperature
are of particular interest for the direct applications. In
order to increase the sensitivity of the diode, we have
chosen the design 2DEG-B (due to the higher value of
the sensitivity at room temperature) and reduced the
size of the apex down to 2 um keeping the other geo-
metrical dimensions the same. One can note that in this
case the detected signals are significantly larger than for
the 12 pym apex diodes at room temperature, and the
sensitivity amounts to 2.5 V /W, which is nearly one or-
der of magnitude higher compared to the diodes of with
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Fig. 13. Voltage sensitivity as a function of frequency within GHz—
THz range for the 2DEG-A bow-tie diode. Dark circles denote ex-
perimental data, solid line shows the fit using the phenomenologi-
cal approach ([43] and references therein). Inset: distribution of the
amplitude of electric field in the active part of the diode exposed to
radiation of 0.75 THz and 1.6 THz frequencies. Calculations are
made using three-dimensional FDTD method. Distance is taken
from the narrowest part of the apex. The background of the inset is
decorated schematically as the shape of the device.

12 pm apex where it is about 0.32 V/W. The decrease
in temperature down to 77 K allows one to increase the
sensitivity up to nearly 40 V/W, i.e. close to a factor of
14.5 which corresponds to the change of 2DEG mobil-
ity. It is worth noting, however, that further decrease of
the apex size down to 1 ym—800 nm gives no increase
in the sensitivity (data are not given here). We suppose
that this can be associated with a weaker coupling of the
microwave field into the active structure in this range of
the apex width.

For practical implementation needs, it is very use-
ful to know the detection bandwidth of the 2DEG bow-
tie diodes at room temperature. To reach this aim the
devices were studied using various sources of emis-
sion: magnetron/klystron generators (10-37 GHz),
backward wave oscillators (78-118 GHz), and an op-
tically pumped molecular THz laser (0.584-2.52 THz).
In the latter case the signal was recorded by a lock-in
amplifier. In all the experiments the incident electric
field £z was oriented along the diode.

The voltage sensitivity as a function of frequency is
presented in Fig. 13. One can see that the detector ex-
hibits very broad detection bandwidth ranging from mi-
crowaves up to terahertz frequencies (in this measure-
ment between 10 GHz and 0.8 THz) with nearly con-
stant voltage sensitivity of around 0.3 V/W. The fre-
quency plateau ends above 0.8 THz, at higher frequen-
cies the sensitivity monotonically drops to the value of
3-1073 V/W at 2.52 THz. It is evident that experimen-
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tal data below 1 THz fit well with phenomenological
calculations ([43] and references therein) given here by
the solid line. At higher frequencies the voltage sensi-
tivity decreases, and the difference between the exper-
iments and the theory appears. In case of phenomeno-
logical calculations, the decrease in the sensitivity value
is defined by the carrier momentum relaxation time. It
is seen that the experimental data are below the theo-
retical estimate. We suppose that the so-called antenna
effects due to weaker coupling of the THz radiation to
the active part of the device at higher frequencies are re-
sponsible for the observed peculiarity. The support for
this attribution can be easily understood from the in-
set of the picture presenting distribution of the electric
field amplitude in the diode. The simulations are done
by three-dimensional FDTD method under illumination
of the diode at 0.75 and 1.6 THz frequencies. The dis-
tance is taken from the narrowest part of the apex, and
the background of the inset is decorated schematically
as the shape of the device. One can see that the electric
field is concentrated in the apex of the diode, and its
amplitude decreases with the increase of the THz fre-
quency.

One should note that the induced voltage signal de-
pends linearly on the incident radiation power at all
the studied frequencies illustrating the suitability of the
diode for power measurements [44].

In the remaining part of the paper, we will focus our-
selves to the sub-THz-THz part. As was demonstrated
above, the inherent feature of the bow-tie devices is the
plateau in voltage sensitivity versus frequency at 300 K.
The broadband sensing is still an issue in THz electron-
ics, and, therefore, exploration for possibilities to in-
crease the sensitivity at room temperature is of particu-
lar importance. We have applied the same ideology like
in the previous case, i. e. we have reduced the apex size
down to 3-2 pum and modelled the device operation us-
ing the same two, the phenomenological and the FDTD,
approaches. The results of voltage sensitivity of 2DEG
bow ties with apexes of 12 and 3 pm [45] are given in
Fig. 14. It is seen that the diode with the 3 ym apex
has the sensitivity by a factor of 1.5 larger compared to
the 12 pm apex device with the same geometry. The in-
crease in sensitivity correlates with the modelling of the
distribution of the electric field amplitude performed at
0.75 THz frequency (see inset of Fig. 14) —in the 3 ym
apex diode the amplitude of the field in the apex is larger
by a factor of 1.6 than that in 12 um apex diode. Note
that the electric field strength in the apex is almost 10
times higher than that away from the apex, and the same
tendency is observed in both samples. Therefore, one
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Fig. 14. Voltage sensitivity as a function of frequency within the
THz range for the bow-tie 2DEG-A diodes having different sizes of
the apex. Circles and diamonds denote experimental data, solid line
shows the fit using the phenomenological approach ([43] and refer-
ences therein). Inset depicts distribution of the amplitude of electric
field in the active part of the diode exposed to radiation of 0.75 THz
frequency for diodes with different sizes of the apex. Calculations
are made using three-dimensional FDTD method. Distance is taken
from the narrowest part of the apex. The background of the inset is
decorated schematically as the shape of the device.

can infer that the reduction of apex size is one of the
possible ways to increase the voltage sensitivity of the
device. To continue with the studies of the sensitiv-
ity improvement in THz/subTHz range, we have tested
the devices of 2DEG-B design with 2 pm and 800 nm
apexes previously used in 10 GHz studies. As well as in
microwaves, the sensitivity, for instance, at 0.693 THz
is found to be around 2 V/W [46], and it is independent
of the apex size. At frequencies above 1 THz, unfor-
tunately, these diodes operate rather poorly. We relate
this fact to a weak coupling of the THz radiation into
the devices. To overcome this obstacle, one can, for ex-
ample, mount the device on a silicon lens — this work is
in progress now.

Finalizing this section, it is worth noting that some
innovation in fabrication of the 2DEG bow-tie diodes —
removing the metallization of the leaf — allows pro-
ducing a sample which is asymmetrically-necked and
having a shape resembling the bulk silicon and ger-
manium specimen used in the study of the bigradient
effect [47,48]. Indeed, the experimentally obtained
I—V characteristics of asymmetrically-shaped struc-
tures with 2DEG at low temperatures, 4-100 K, are
asymmetric, and this observation can be explained by
the emergence of the two-dimensional bigradient effect
[49].
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5. Conclusions

In this paper, we have reviewed three approaches
demonstrating impressive possibilities of modern semi-
conductor nanotechnology to fabricate new generation
of compact devices for terahertz electronics needs.
Firstly, as an example of compact emitter, we have de-
scribed the principles of operation of THz QCLs and
their specifics underlying the necessity to merge quan-
tum mechanics in design and waveguiding to manage
emission modes and to couple them out of the cavity.
Further, we have presented two different types of sen-
sors realizing compact THz detection schemes, also il-
lustrating the need of unconventional confluence of dif-
ferent fields of physics by using semiconductor nano-
structures — nanometric field effect transistors on the
one hand, and asymmetric bow-tie diodes containing
two-dimensional electron gas on the other one. The
physics behind the first type of the detector — as an ex-
ample of joining of plasma and semiconductor nanos-
tructure physics — is the excitation of plasma waves by
the external THz radiation, and these detectors can suc-
cessfully be used for selective THz sensing tunable by
the gate voltage. The second type of devices, the bow-
tie diodes — an example of a combination of semicon-
ductor nanostructure physics and antennae approach —
relies on the non-uniform 2DEG heating in external
high frequency fields and can be fruitfully employed for
broadband detection in GHz-THz frequencies.

The state of the art of the dominating compact solid
state-based devices — both emitters and detectors — is
summarized in Fig. 15. To illustrate the explicit insight
and prevision by Juras PoZela, his diagram, made nearly
two decades ago, is also given for comparison.
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Santrauka

ApZzvelgiamos trys naujos terahercinés elektronikos kryptys, su-
sijusios su mazy matmeny prietaisy kiirimu, pasitelkiant Siuolaiki-
nés puslaidininkinés nanotechnologijos galimybes.

Teraherciniy (1 THz yra 102 Hz) daZniy ruozas, apimantis daz-
niy juosta nuo 0,1 iki 10 THz, elektromagnetiniy bangu skaléje
gladi tarp mikrobangy ir infraraudonosios srities, t.y. tarp klasiki-
niais krivininky pernasos désniais apraSomos elektronikos ir kvan-
tinés mechanikos taisyklémis grindZiamos fotonikos. Taigi, §i sritis
yra tarsi savotiSkas , tiltas”, jungiantis klasikinj ir kvantinj fizikos
pasaulius, ir butent tai daro terahercinés elektronikos prietaisy ku-
rima gana savita ir subtily, nes reikia ieSkoti labai savity fizikiniy ir
technologiniy sprendimuy, talpinanciy ir derinanciy gana skirtingas
fizikines koncepcijas.

Pateikiami ir apraSyti trys tokiy netradiciniy sprendimy pavyz-
dZiai, sukurti panaudojant Siuolaikinés molekulinés epitaksijos, fo-
tolitografijos bei elektroninés litografijos pasiekimus. Pirmasis ju,

kvantinis kaskadinis lazeris, skirtas THz spinduliuotés emisijai,
jungia savyje kvantmechaniniais skai¢iavimais pagrista sluoksniy
sandarg bei bangolaidZiy fizikos principais paremta emisijos mody
sklidimo reguliavima bei jy nuostoliy rezonatoriuje maZinima. Ant-
rasis prietaisas — puslaidininkinis lauko tranzistorius su submikro-
ninio ilgio sklende — yra tarsi plazmos fizikos bei puslaidininkiy na-
nostruktiry fizikos ,,lydinys”; pademonstruota, jog jis gali buti sék-
mingai pritaikomas atrankiai (selektyviai) THz spinduliuotés de-
tekcijai, kurios dazniné charakteristika gali bati kei¢iama sklendés
itampa. TrecCiasis itaisas — peteliSkés formos asimetrinis diodas su
dvimaciais elektronais — ,,atstovauja” puslaidininkiy nanostruktiiry
fizikos ir antenos principy ,,sujungimo” koncepcijai ir yra skirtas
placiajuostei GHz-THz dazniy ruoZo detekcijai kambario tempe-
ratiiroje.

Taip pat pateikiami bei palyginami ir Kiti naujausi jvairiais fizi-
kiniais principais veikian¢iy THz dazniy ruoZo kietaktiniy emiteriy
bei jutikliy duomenys.



