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ABSTRACT

The fabrication and investigation of single and multilayered structures have become an essential issue in the past
decades since these structures directly define valuable properties and efficiency of widely used terahertz (THz)
emitters and detectors. Since the development of molecular-beam epitaxy, as well as other crystal growth
techniques, a variety of structural designs has appeared and has been proposed. Since that, an enormous progress
has been achieved beginning from the pioneering work on photoconductivity in silicon toward different mul-
tilayered heterostructures. The last are now commonly utilized as base components in photoconductive THz
emitters/detectors, quantum-cascade lasers for pulsed and continuous-wave THz spectroscopic and imaging
systems providing critical fundamental and practical applications at the forefront of scientific knowledge
(sensors, flexible electronics, security systems, biomedicine, and others). This review summarizes the develop-
ments in different approaches and crystal growth techniques, emphasizing the importance of using single and
multilayered arsenides-and related III-V materials-based (phosphides, antimonides, bismuthides) structures to
accomplish the needs of modern and existing instruments of THz science and technology.

Introduction

The new THz era began with the pioneering Auston's research on
photoconductivity in amorphous silicon and radiation-damaged silicon

Since the first observations of THz radiation [1,2] the THz range of
electromagnetic spectrum attracts considerable attention due to the
specificity of THz wave — matter interactions: the THz dielectric re-
sponse contains information on low energy molecular vibrations and
structural features of media [3]. This allows for using the THz spec-
troscopy and imaging for solving numerous fundamental and applied
problems in condensed matter physics and material science [4-6], gas
sensing [7], chemistry and pharmaceutical industry [8-10], security
applications [11-13], biology and medicine [14,15].

on sapphire [16] followed by fast-developing progress owing to dis-
cover of low-temperature grown GaAs (LT-GaAs). The LT-GaAs allows
to generate and detect the THz waves thanks to its short photocarrier
lifetime < 1 ps and high dark resistance) [17,18]. Along with ion-im-
planted GaAs [19,20] the LT-GaAs became the most commonly used
photoconductive material for different THz spectroscopic systems that
operate with 800 nm Ti:Sapphire laser wavelength. The second era
started with Ing 53Gag 47As, which can efficiently operate with the tel-
ecom fiber lasers thanks to its narrow energy bandgap and allows
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fabricating cost-effective and portable THz devices. Importantly, the
aforementioned photoconductive structures for both wavelengths con-
sisted of a bulk semiconductor layer, and the following advancement in
THz researches, as well as a dead-end in the further improvement of
single-layer structures like LT-GaAs, Be-doped InGaAs or ion-implanted
GaAs and InGaAs, resulted in the necessity of new designs of the pho-
toconductive structures. In the pioneering work [21], M. Koch et al.
demonstrated that short-period GaAs/AlAs superlattices (SLs) exhibit
ultrafast response when excited by the Ti: Sapphire laser manifesting in
observation of photon echoes, which are the consequence of the in-
homogeneous broadening of the excitonic resonance. Further, the em-
ployment of multilayered structures, mostly based on arsenides- and
related III-V materials, revealed unprecedented design flexibility. For
instance, by using additional functional layers like heat-spreading AlAs
layer or distributed Bragg reflector (DBR) could either improve the
performance of conventional photoconductive layers [17,22] or create
fundamentally new structures as ErAs or InAs quantum dotted (QD) SLs
[23,24]. The utilization of these approaches allows not only to achieve
fast switching [23,25] or high-mobility [26-28] in photoconductive
structures with required energy bandgap (depending on optical pump
wavelength) but also utilize interband recombinations states [29,30],
tune the intraband quantization levels [31,32], relaxation times and
mobility [25,33,34], and others depending on assigned objectives.
Importantly, that valuable THz devices such as quantum-cascade lasers
(QCLs) or resonant-tunneling diodes (RTDs) are inherent multilayered.

The research on multilayer structures has provided a phenomenal
increase in the efficiency and sensitivity of contemporary THz emitters
and detectors. For instance, in [35], the authors demonstrated a 1.4 mW
radiated THz power using a large-area emitter based on the ErAs/GaAs
SLs, while in [27] it was reported of a 64 uyW THz power from emitter
based on high mobility InGaAs/InAlAs SLs (see Section I). The devel-
opment of heterostructures demonstrating suppression in various scat-
tering mechanisms led to a sufficient increase in the THz QCL operating
temperatures from 50 K [36] to almost 211 K [37] (see Section II). The
authors of [38] reported on a frequency above 1.9 THz, which was
emitted by the RTD (see Section III).

Despite the impact of a multilayer design on the THz component
base, most of the recent reviews have been dedicated predominantly to
device optimization [39-42] or bulk semiconductor materials [43].

This paper is organized as follows.

In Section 1 we summarize recent developments in the area of
semiconductor structures aimed at the enhancement of emission and
detection of the THz waves via photoconductive antennas (PCAs), as
well as the THz generation using p-i-n diodes. A brief comparison
with conventional bulk semiconductor structures is given and recent
studies that are focused on multilayer binary compounds with DBR
and complex-designed SLs including lattice-matched and strained
InGaAs/InAlAs structures, ErAs/GaAs and ErAs/Be:InGaAs layers, as
well as InAs/GaAs QD structures, and some others.

In Section 2 we cover the aspects of multilayer structures for THz
QCL growth and the approaches aimed at the modification of QCL's
active region designs.

In Section 3 we consider heterostructures for the RTDs operating as
THz emitters and the SL-based diodes that are mostly used as fre-
quency multipliers to convert external GHz signal to the THz one.

1. Multilayered structures for photoconductive devices

In this section, we mainly consider multilayered structures, in which
absorption of optical pulses leads to the appearance of photocarriers
which, are driven by internal or external direct current (DC) electric
field. The resultant time-dependent photocurrent is a convolution of the
instantaneous laser intensity with respect to the concentration of pho-
tocarriers and their drift velocity. The considered structures are used in
photoconductive devices (THz emitters and detectors) that operate at
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room temperature.
1.1. Structures for photoconductive antennae

1.1.1. Binary compounds

Amongst a variety of contemporary THz emitters and detectors, PCAs
have become the prevalent ones. They are currently widely used as key
elements in pulse and continuous-wave (CW) THz spectroscopic and ima-
ging systems thanks to their reliability, cost-effectiveness, relative ease of
fabrication, and flexibility of their design. Being used with femtosecond
lasers, the PCAs exhibit a broad spectrum up to 4.5 THz with a high dy-
namic range exceeding even 100 dB at room temperature [42]. One can
underline the desirable parameters for PCAs: high resistivity
(10°—107 Q X cm) of the photoconductive material that allows reducing
the dark current, yielding to a good signal-to-noise ratio (SNR) and pre-
venting unnecessary heating of the device [44,45], high breakdown electric
fields (~ 500 kV/cm) [46], ultrashort photocarrier lifetimes (~10-70 ps for
pulse PCA-emitter and ~ 0.5 ps for PCA-detector [47]) and sufficiently
moderate photocarrier mobility (200-1000 cm?/(V-s) [44, 46]. Note that
pulse THz emitters, in general, do not require ultrashort photocarrier life-
times as THz detectors [48], and can be successfully manufactured on or-
dinary single crystal structures [49]. The photoconductive THz photomixer
that is utilized for CW THz generation comprises an ultrafast photo-
conductor integrated with a THz antenna. Nevertheless, its operation
principle differs slightly and is as follows. When the photomixer is pumped
with two optical beams with a beating frequency in the THz range, the
photocarriers in photoconductor are drifted toward contact electrodes via
applied bias voltage. The induced photocurrent is fed to the THz antenna to
generate a CW THz radiation while the oscillation duty cycles would be
comparable with the photocarrier lifetimes. Therefore, the photoconductive
materials with very short photocarrier lifetimes and simultaneously mod-
erate drift velocities are highly recommended for the photomixers [50-52].

Since Auston et al. demonstrated the ability to generate and detect the
THz radiation using a silicon-on-sapphire photoconductive switch [53,54],
the first material with significantly better performance has become a low-
temperature grown GaAs (LT-GaAs) [55-58]. The appearance of the LT-
GaAs has opened a new era in the development of the THz systems. Since
that, the PCAs became among the mostly-used critical elements in the THz
time-domain spectroscopic setups operating with 800 nm fs-lasers [17,18].
Basically, the LT-GaAs is a GaAs layer grown by molecular-beam epitaxy
(MBE) on a GaAs wafer at the reduced growth temperature of 150 — 350 °C
in an excess arsenic flow (whereas an ordinary growth temperature for
GaAs with perfect crystal structure lies in the temperature range of
550-600 °C) that leads to the incorporation of non-stoichiometric arsenic
atoms into the GaAs crystal lattice. The post-growth annealing at the tem-
perature of 550 —600 °C leads to the formation of arsenic precipitates. The
lattice mismatch between the GaAs substrate and the LT-GaAs leads to a
plastic relaxation of the crystalline lattice, especially for the epitaxial films
grown below 200 °C. After reaching some growth-temperature-dependent
critical thickness during the MBE growth, the LT-GaAs continues to grow in
amorphous [59] or polycrystalline phases [60,61]. In the second case, the
pyramidal defects with polycrystalline cores surrounded by the micro twins,
stacking faults and other dislocations are usually formed [60]; however, the
stacking faults are apparent in both cases. The authors in [61] demonstrated
that strong depletion of Asg, antisites can result in a longer photocarrier
lifetime in the LT-GaAs featuring pyramidal defects or in the polycrystalline
LT-GaAs. At the same time, the highest photoresponsivity was obtained in
the layer with a density of pyramidal defects ~107-10% cm™ rather than in
the perfectly or completely polycrystalline LT-GaAs. The sub-picosecond
lifetime (~0.4 ps), nevertheless, can be achieved in the polycrystalline LT-
GaAs [62].

The alternative technique to reaching a short photocarrier lifetime,
as well as high dark resistance, which is much simpler, cheaper and
more reproducible compared to LT-growth, is the ion bombarding of
semiconductors. In general, there are two techniques to generate traps
and recombination centers in semiconductors for photocarriers, which
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are ion implantation and ion irradiation. During ion implantation, the
ions lose their energy through nuclear and electronic collisions and fi-
nally come to rest within the host material [19,20,63]. On the contrary,
during ion irradiation, the ions have sufficient initial energy to leave
the host crystal; hence, ion irradiation creates only intrinsic defects in
semiconductors without introducing of impurities that result in residual
absorption or modify dark resistivity of material [64]. The most im-
portant developments in the technology of THz PCAs fabricated on ion-
bombarded semiconductors are reviewed in [65]. Moreover, the ion-
bombarded GaAs shows some advantages over LT-GaAs. For example,
N-implanted GaAs photomixers show no evidence of output power sa-
turation that is typical for the LT-GaAs-based photomixers [19,20].
Also, the ion bombardment of semiconductors provides a spatial se-
lectivity that can be useful for the manufacturing of different photonic
devices on the same chip. Nevertheless, despite the ion concentration
and the properties of the implanted material can be precisely and re-
producibly controlled, the depth of the implantation is limited by at
least several hundred nm. Also, ion bombardment does not provide the
formation of sharp interfaces between thin layers of the multilayer
structures.

We thus can conclude that to date, the research on optimal growth
conditions has been already studied by many groups [43,66], and the
further progress in the improvement of properties in bulk semi-
conductors is almost inaccessible. Therefore, many different multi-
layered designs of photoconductive structures have been proposed
using various binary compounds and their combinations, notably AlAs
heat spreading layers, DBR, InAs or ErAs QDs incorporated in photo-
conductive layers. Recently it was shown [67], that incorporation of an
array of one-dimensional Sn-nanothreads channels situated along the
edges of the vicinal GaAs terraces into GaAs matrix can be used as the
sub-THz detector exhibiting the polarization sensitivity (i.e. selectivity)
to the in-plane polarized THz wave. The detection principle is based on
the two possible mechanisms, which are the bolometric mechanism due
to electron heating by the sub-THz radiation and the subsequent eva-
poration of the electrons from the potential wells formed by the Sn-
dopants and the mechanism related to the rectification of the decayed
plasmonic oscillations. The fabricated detector exhibits the peak re-
sponsivity of 1.3 A/W at 0.13 THz at 300 K [68].

The simplest approach to increase the performance of the bulk
photoconductive layer is to incorporate a wide bandgap isolation layer
AlAs between the LT-GaAs and the semi-insulating GaAs wafer. The
author of [69] demonstrated that this layer prevents the current dif-
fusion into the substrate thanks to a higher energy bandgap and thus
serves as an effective heat spreading layer. This approach was further
implied in different structures for photomixers [70,71], photodetectors
[72,73], pulse THz switches [74,75], etc. Since the AlAs layer is more
often used in combination with design modifications as DBR or ErAs/
GaAs SLs, it is inconveniently to estimate how this layer affects the PCA
performance. However, the authors in [17] stated the improvement in
the PCA's performance by using a 65 nm AlAs isolation layer. The layer
was utilized to increase the arsenic incorporation in the LT-GaAs thanks
to a larger lattice parameter compared to that for GaAs. Moreover, it
provided a 23% optical back-reflection and enhanced the THz emission
intensity. As a result, the LT-GaAs/AlAs-based PCA allowed obtaining a
4.5 THz bandwidth and a 75 dB SNR, whereas the same structure
without the AlAs layer demonstrated 3 THz bandwidth with a 65 dB
SNR.

Another efficient approach is related to the incorporation of a DBR.
The DBR comprises a multi-period SL consisting of the layers with
different refractive indexes located between the active photoconductive
layer and the substrate. The SL is transparent to the THz pulse but re-
flects the unabsorbed part of the optical pulse to the photoconductive
layer. This leads to an increase in an overall absorption of optical pump
pulse and augments the quantum efficiency of the photoconductive
structure. The DBR is mostly utilized as a standard technique to en-
hance the PCA's efficiency and is used in combination with various
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surface and structural modifications (for instance, with coating layers)
to reduce optical transmission. The DBR implementation in a PCA's
structure was first theoretically proposed in [76] to increase the output
power of THz photomixer. The optimized LT-GaAs-based photomixer
operating with a 0.85 pum optical pump included a 0.34 pm absorbing
layer with a dielectric mirror to induce a resonant-cavity absorption
near the surface where the gain is higher. The model has predicted ~ 7
times greater THz output power compared to the photomixer without
DBR. The first experimental study of DBR in THz emitter was demon-
strated in [77], where the authors used 12-period AlAs/GaAs resonant
cavity structures to enhance the LT-GaAs photomixer performance. The
THz emitter demonstrated the output THz power of 1 uW at 460 GHz.
Later in [78], the authors used a DBR consisted of 10-30 periods of
Alp »Gag gAs/AlAs layers that were grown via MBE below the LT-GaAs
layer. The THz emitter exhibited the 10-fold enhancement in the
emitted THz power compared to the emitter without the DBR. Among a
huge number of papers dedicated to DBR, we would underline several
works. The authors of [75] proposed photoconductive switches based
on either LT-GaAs or Be-doped InGaAs/InAlAs, which are both in-
tegrated with DBR to operate with 800 nm and 1550 nm optical pump,
respectively. The introduction of DBR twice increased the THz peak
signal as well as the photocurrent and doubled the optical-to-electrical
efficiency. The authors in [79] proposed the THz detector based on a
280 nm thick LT-GaAs with an array of sparse optical nanoantennas on
the top side of the layer and the GaAs/AlAs DBR at the bottom, which
form a hybrid cavity to trap optical pulses within the LT-GaAs layer.
The photon trapping effect was observed as an enhanced absorption at
the designed wavelength, which led to an over 50% increase in the
photocurrent. Later in [80], the LT-GaAs-based PCA with GaAs/AlAs
DBR, recessed nanoplasmonic grating and recessed electrodes has been
proposed. According to the author's simulation, the PCA resulted in a ~
54-fold photocurrent peak enhancement compared to the conventional
LT-GaAs based PCA. Besides, in [26], it was experimentally demon-
strated that the THz emitter including a nanocavity formed by the
undoped high mobility 190 nm thick GaAs photoconductive layer with
the plasmonic structure on its top, combined to a 25-period AlAs/
Alp 33Gag ¢7As 60/55 nm thick DBR at the bottom, can generate 4 mW
pulsed THz radiation under an average optical pump power of 720 mW
over the 0.1-4 THz frequency range. It was claimed to be the highest
ever-reported THz power obtained for the photoconductive THz emit-
ters. Also, a DBR could be used in structures in a femtosecond laser
cavity for highly efficient intracavity THz generation, where the pho-
toconductive layer serves as a saturable absorber [81-83].

Theoretical predictions demonstrate that QDs [84,85] could also be
used to increase the performance of the THz devices. Here we consider
two main approaches that are based on ErAs and InAs QDs embedded
into the GaAs matrix. The pioneering study of ErAs layers was reported
by Sands et al. in [86]. The authors demonstrated that during the MBE
growth, the first monolayer (ML) of ErAs is not growing uniformly and
results in an island formation of ErAs with a height of 2 MLs. After
2 MLs of deposition, the regions between the islands fill in, and after
3 MLs a uniform layer can be seen (see Fig. 1). Such nucleation of ErAs
in GaAs volume occurs in the island growth mode driven by the surface
chemistry rather than by the strain (unlike the case of InAs self-as-
sembled QDs). As a result, one can obtain the self-assembled 1 — 3 nm
thick ErAs precipitates by choosing an appropriate concentration of Er-
dopants [87]. The precipitates induce the mid-gap states at the ErAs/
GaAs interface. These mid-gap states form very effective Shockley-
Read-Hall recombination centers for photocarriers; their lifetime de-
creases correspondingly with an increase of the concentration of Er-
dopants [33]. Besides, ErAs/GaAs layers demonstrate high resistivity,
which is increased when the concentration of Er-dopants increases.
Moreover, these layers can be grown at ordinary MBE temperatures
resulting in a good crystalline quality of the layers as well as moderate
photocarrier mobility compared to those for the LT-GaAs [88]. Thanks
to a larger lattice parameter of ErAs (5.7427 A) compared to GaAs
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Fig. 1. High-resolution transmission electron microscopic (TEM) images illus-
trating GaAs/ErAs/GaAs structures with 1 (a), 2 (b) and 3 MLs (c) of ErAs.
Adapted with permission from [86].

(5.6533 f\), ErAs/GaAs epitaxial films which are grown on GaAs wafer
are weakly compressively strained. For instance, the residual strain is
just 0.00042 even at a sufficiently high density of Er dopants ~
5 x 10" cm™

By using the GaAs-based SL with ErAs islands (see Fig. 2a), one can
control the photocarrier lifetime by changing the SL's period (see
Fig. 2b). The authors of [23,33] demonstrated the shortest photocarrier
lifetime of ~ 120E fs in a 20-period SL consisted of a 20 nm thick GaAs
layer separated by a 1.2 ML of ErAs. At the same time, for the uniform
ErAs precipitates distribution, the lifetime of photocarriers was ~
1.5 ps. The density and the size of the ErAs islands can be adjusted by
choosing the growth parameters: a higher growth temperature leads to
a larger size of the ErAs islands, and a higher ErAs deposition results in
a higher density of the ErAs islands. The subpicosecond response time
of the ErAs/GaAs SL together with a high breakdown field exceeding
2 x 10° V/cm [89] makes the SLs perfectly suitable for THz photo-
mixers. Although the photomixer in [23] based on the aforementioned
structure demonstrated similar performance to the LT-GaAs-based THz
devices, the maximum THz output power of the photomixer in [89] was
registered of 0.1 pW at 1 THz. Bjarnason et al. in [71] reported on the
fabrication and demonstration of ErAs:GaAs interdigitated photo-
mixer — a tunable THz emitter operating from 20 GHz to 2 THz with a
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peak output power of 12 uW around 90 GHz. Also, in [90] the self-
assembled ErAs:GaAs SL-based PCA was used to increase the THz de-
tection. The authors compared 3 PCA-detectors. The first was fabricated
on a 2 um thick LT-GaAs, the second utilized a 500 um thick radiation-
damaged silicon-on-sapphire, and the third used the ErAs:GaAs SL. The
SL comprised 80 periods each containing 1.2 MLs of ErAs nanoislands
and 25 nm of GaAs. The last SL-based detector demonstrated a strong
enhancement in the THz detection efficiency (291 times over the
second and 157 times over the first one), but its performance degraded
with the increase in optical power due to more rapid traps saturation of
the ErAs:GaAs.

The properties of LuAs precipitates in GaAs, as well as its MBE
growth parameters, are very similar to those for ErAs precipitates.
Nevertheless, LuAs is more transparent in the near-infrared window
around 1.3 pm [91]. The authors in [35] have investigated the impact
of LuAs and ErAs nanoparticle depositions in ErAs/GaAs and LuAs/
GaAs SLs, as well as the SLs period, on the THz emission using large-
area plasmonic photoconductive pulsed THz emitters. Since the major
portion of the generated THz emission from these emitters is due to
ultrafast THz photocurrent fed to the nanoantenna arrays, the higher
optical-to-THz conversion efficiency can be offered by layers with
higher drift velocities of photocarriers. While ErAs/GaAs and LuAs/
GaAs SLs with higher depositions of rare-earth arsenide (RE-As) de-
grade photocarrier drift velocities and, thus, the optical-to-THz con-
version efficiency, the SLs with lower depositions of RE-As can increase
both the drift velocity and optical-to-THz conversion compared to those
for LT-GaAs. The abovementioned materials can also apply to plas-
monic THz photomixers operating at a 780 nm laser wavelength as well
[92]. It was shown that ErAs or LuAs nanoparticle deposition, as well as
the SL's period, do not significantly affect the photocarrier lifetimes.
Nevertheless, the ErAs/GaAs and LuAs/GaAs SLs with low ErAs and
LuAs deposition respectively can offer a higher optical-to-THz conver-
sion efficiency compared to the LT-GaAs, in particular in low-frequency
region < 1 THz thanks to higher photocarrier drift velocity.

We can conclude that the parameters of the ErAs/GaAs SLs (re-
sistivity, charge carrier mobility, and their lifetime) are competitive to
those for the LT-GaAs. Thus, the ErAs/GaAs SLs have lost their attrac-
tion to excitation by 800 nm laser wavelength due to complexity in
their fabrication compared to the LT-GaAs.

It is important to note that Er-doped bulk GaAs can be used with
1550 nm fiber laser thanks to the mechanism of extrinsic photo-
conductivity [93, 94]. When the concentration of Er-dopants exceeds
7 x 10 em™3, they incorporate into the GaAs matrix and form ErAs
QDs. The extrinsic photoconductivity process is excitation and ultrafast
recombination of photoelectrons through mid-gap states associated
with the ErAs QDs. Recently ErAs/GaAs-based PCAs in conjunction
with a 1550 nm laser wavelength demonstrated ~ a 46 pW of the
emitted THz power as well as the optical-to-THz conversion efficiency
of 0.075% [29] and ~ a 117 uW of the emitted THz power with the
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Fig. 2. Schematic cross-section of ErAs/GaAs QD-structure with SL (a) and a time constant t; of the initial transient decay (photocarrier lifetime) as a function of the

SL period L. Adapted with permission from [23].
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0.18% efficiency [30]. High efficiency can be explained by Dicke su-
perradiance, which the ErAs QDs demonstrate at room temperature due
to cooperative spontaneous emission from the QDs optical dipoles [95].

Another approach is associated with InAs QDs formation on the
GaAs surface. It is known that highly mismatched heteroepitaxy leads
to the formation of self-assembled QDs [96,97]. Since that, the me-
chanisms of InAs QDs formation as a result of strain relaxation during
the InAs/GaAs heteroepitaxy were studied thoroughly. The QDs for-
mation is as follows. In the early stages of highly mismatched InAs on
GaAs heteroepitaxy, self-assembled QDs appear in a strain-driven
Stranski-Krastanov growth mode as soon as the coverage exceeds a
critical value [98,99]. As was shown, the QDs appearance is determined
by the preliminary growth of 2D platelets, which act as precursors for
the formation of 3D coherent islands [100] exhibiting a small disper-
sion in size and shape. Moreover, it is possible to control the size and
density of the QDs by choosing the respective growth conditions
[101,102]. Up to date, some reviews have already been published and
underlined the physics of InAs QDs formation [103] as well as their
applications in mode-locked semiconductor lasers [104]. In this review,
we will consider some of the recent results. We would mention that
InAs QDs were used to significantly enhance the THz emission com-
pared with the surface THz emission from bulk GaAs [105]. Moreover,
they demonstrated a 70% of the emitted THz power compared to p-type
InAs [24], which is the most intensive surface THz emitter. It was also
concluded that multilayer InAs QDs consisted of 8 layers of InAs layers
separated by 33 nm GaAs layers emit stronger THz radiation compared
to single-layer InAs QDs (Fig. 3). The authors ascribe this phenomenon
to huge strain fields at the InAs/GaAs interface. Since the QDs act as
recombination centers for photocarriers generated in GaAs layers
[106,107], the main advantages of using these structures can be ap-
plicable for PCAs. For instance, by using five 6 nm thick InAs QD layers
separated by 10 nm GaAs spacers, it is possible to decrease photocarrier
lifetime to ~ 1 ps [108]. The authors assume this is due to an increase
in the capture area of the QDs at applied bias voltage. In addition, we
note that first observation of CW-generation at 1.04 THz by using the
THz photomixer comprising 40 periods of InAs QD layers separated by a
5 nm InGaAs wetting layer and a 35 nm GaAs layer, was demonstrated
in [109].

The extensive study on InAs QDs structures was reported in [31].
The structures were grown via MBE in the Stranski—Krastanov growth
mode and comprised a 30 nm top layer of LT-GaAs grown above active
QD layer region of either 25 or 40 layers of InAs QDs immediately
beneath. The QD layers were each capped by a 4-5 nm Ing 15Gag gsAs
layer and separated by a 35-36 nm GaAs spacer layer, providing a total
active region depth between 1 um and 1.7 pm comprising either
twenty-five or forty 40 nm QD sections. An extra spacer layer of GaAs
was grown under the active photoconductive region (total thickness of
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the QDs) on an AlAs/GaAs DBR of either 25 or 30 layers. The QD
structures were integrated with a dipole PCA. Measured wavelength
dependencies of both QD THz emission obtained in the first experiment
(blue curve on Fig. 4a) and the QD-based PCA-detector photo-
conductivity in the second experiment (red curve on Fig. 4a) show
distinct peaks in the vicinity of the intra-dot electron transitions cor-
responding to the first and second excited state of the QDs. Hence, the
QD-based PCAs can be used in conjunction with semiconductor laser
pump sources operating in the 1.1-1.3 pm wavelength range. The ap-
parent demonstration of QD-based PCA operating more efficiently
when the more intensively it is pumped (Fig. 4b), can be explained by a
higher photocarrier mobility and comparatively high thermal con-
ductivity of the InAs:GaAs structures. Moreover, the increased effi-
ciency could also be coupled with the effect of photocarrier lifetime
shortening in QDs with an increase of optical pump power, similar to
that exhibited in QD-based semiconductor saturable absorber mirror
[106]. This phenomenon was studied in detail in the recent paper
[110], where the authors ascertained that photocarrier lifetime short-
ening in similar to the abovementioned QDs structures design but for
higher pump powers in the unbiased PCA is due to increased photo-
carrier capture via Auger relaxation.

The authors of [32] have demonstrated the generation of a tunable
THz signal from a room-temperature all-semiconductor InAs/GaAs QD
based setup, involving a QD based photomixer resonantly pumped by a
broadly-tunable dual-wavelength QD laser. The active region of the
laser chip contained 10 non-identical layers of InAs QDs grown on a
GaAs wafer by MBE in the Stranski-Krastanov growth mode. The PCA's
structure comprised 40 layers of InAs QDs, each capped by a 4-nm
Ing 15Gag gsAs and separated by 36-nm GaAs spacer layers, giving a
total of 1 pm depth active region. The CW THz generation was observed
at 0.83 THz and 0.74 THz with a maximum output power of 0.6 nW at
0.83 THz with the pump QD laser operating in the dual-wavelength
regime (1161.1 nm and 1157.4 nm with 89 mW and 83 mW optical
power, accordingly).

1.1.2. Ternary and quaternary compounds

The expansion of fiber lasers has developed a strong interest in
narrow-bandgap semiconductor-based materials that can efficiently
operate with longwave optical pumps of 1.03—1.55 um emitted by
fiber lasers and neodymium glass lasers allowing for fabricating of the
cost-effective and compact THz emitters/detectors for THz spectro-
scopic and imaging systems. The most commonly used photoconductor
has become Ing 53Gag 47As that has the energy bandgap of E; = 0.74 eV
(at 300 K) compared to E; = 1.508 eV at 300 K for the LT-GaAs
[111-113] and that can be used for both pulse and CW THz generation
[112,114]. Note that varying the indium content (x) in In,Ga;_,As, one
can adjust its energy bandgap to the wavelength of the fs-laser
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antenna from a 25 layer QD PCA pumped using 800 nm laser. Adapted with permission from [31]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

excitation [114-116]. Besides, we notice that via a metamorphic buffer
(MB) one can vary the indium content in a wide range of 0 — 100%
regardless of the type of the wafer (GaAs or InP) [115-117].

Basically, due to large difference in the diffusion coefficients of
electrons and holes, a bulk InGaAs can emit THz radiation as a result of
the boundary conditions on the carrier transport within a semi-
conductor due to the surface-field acceleration [118] and the photo-
Dember (PD) effect [119]. Since the THz power emitted by the PD-
emitters is quite low, the lateral PD-emitters (LPD) have been proposed
to increase the THz radiation efficiency [120,121]; it was shown that an
array of the LPDs could significantly increase the emitted THz power,
nevertheless still unable to compete with the biased PCAs [122,123].

The important fact is that thanks to high photocarrier relaxation
time combined with low resistivity of the photoconductive material, it
is impossible to fabricate the efficient PCA-emitter based on the bulk
InGaAs owing to high dark currents, which are detrimental for the
PCA's performance. Accordingly, various approaches have been pro-
posed to reduce photocarrier relaxation times of InGaAs, and most of
them are associated with multilayer designs and thus will be described
below. The others include different modifications of bulk InGaAs, for
instance Be-doped LT-InGaAs [124,125], Fe-doped InGaAs [126,127] as
well as heavy ion-implated [128,129] or ion-irradiated defects in In-
GaAs [130,131]. Recently, THz emission has been reported for InGaAs
nanowire arrays [132].

The pioneering works were dedicated to the heterostructure SLs
grown via MBE and consisted of Be-doped LT-InGaAs photoconductive
layers sandwiched between InAlAs barrier layers [133-135]. Note that
this design became the most effective approach to increase the re-
sistivity of LT-InGaAs thanks to the proximity of Asg, related energy
levels to the conduction band, which leads to high residual con-
centration of charge carriers [125,136]. The LT-InGaAs/InAlAs SLs
demonstrate advantages above the bulk LT-InGaAs since the LT-InAlAs
layers can provide deep trap states that are situated energetically below
the Asg, levels of the adjacent InGaAs layer [137]. In contrast, very
short photocarrier lifetimes allow fabricating efficient THz detectors or

photomixers operating at the telecom wavelength. The lattice-matched
Be-doped LT-InGaAs/InAlAs SLs can exhibit sub-picosecond lifetimes
(< 200 fs) and the resistivity ~ 107 Q/sq at the optimized combination
of doping and annealing temperature [138]. Using the Be-doped
Ing 53Gag 47As/Ing 55Alg 4¢As SL with a total thickness of 1 pm and a
photocarrier lifetime ~ 0.2 ps, the authors of [139] fabricated a THz
detector featuring a 90 dB dynamic range and a 6 THz frequency
bandwidth. Recently the record high dynamic ranges of 70 dB at 3 THz
and 55 dB at 4 THz, respectively have been demonstrated on the PCA-
detectors based on the InGaAs/InAlAs SLs with a localized Be-doping of
the InAlAs barrier layers allowing intensification of the electron trap-
ping [140]. These structures could be also used for THz photomixing at
the telecom wavelengths [141,142],.

Dietz et al. [34] proposed the Ings3Gag47As/Ings2Alg4sAs SL,
which is lattice-matched to InP wafer. The SL utilized the undoped
high-mobility Ing 53Gag 47As layers without the implementation of Asg,
defects. The electron mobility in such structures can reach
1500 —3000 cm?/(V-s). The layout of the InGaAs/InAlAs SL and the
band diagram illustrating its operation principle are depicted in Fig. 5.
The authors investigated the MBE growth of the InAlAs barriers and
settled up that formation of InAs and AlAs clusters is responsible for
alloy scattering of the photocarriers at the reduced growth temperature
of 300 —500 °C. The latter means the appearance of deep electron traps
states in the middle of the InAlAs energy bandgap [137], which is
crucial for the recombination of the excess photocarriers. Note that
TEM image of the SL grown at 400 °C via MBE illustrating clusters
segregation will be shown below in Fig. 7. The SL-based PCA has de-
monstrated the increase in optical-to-THz conversion efficiency up to
one order of the magnitude, featuring a 3 THz frequency bandwidth.

During the further studies of these structures in [27], the authors
determined the optimal growth temperature range of 350—-375 °C,
which is essential to reduce the photocarrier lifetime. However, the THz
emission intensity is decreasing with an increase of trap state density,
and the optimal growth temperature concerning the maximum THz
emission was fixed at 400 °C. Nevertheless, the 100-period
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Fig. 5. The layout of 100 periods undoped Ing 53Gag 47As/Ing 50Alg 4gAs SL with cluster-induced defects acting as electron traps (indicated by black circles) (a) and the
band-diagram in a real space with deep cluster-induced defect states illustrating an operation principle of the SL (b). Reprinted with permission from Roman J. B.
Dietz, Marina Gerhard, Dennis Stanze, Martin Koch, Bernd Sartorius, and Martin Schell, "THz generation at 1.55 um excitation: six-fold increase in THz conversion
efficiency by separated photoconductive and trapping regions," Opt. Express 19, 25911-25917 (2011) © The Optical Society. [34].

Ing 53Gag 47As/Ing 52Alp 48As (12/2 nm) SL grown at the optimized
growth temperature demonstrated a 64 uW of the emitted THz power at
a 32 mW of optical excitation. In other words, these results correspond
to the optical-to-THz conversion efficiency of 2 x 103, which is two
orders of the magnitude higher compared to that for the LT-Be-doped
InGaAs/InAlAs SL.

It is also important to note that special attention should be paid to a
proper choice of InAlAs barrier thickness, as it was shown in [143]. The
author has derived the probability densities for two electron wave
functions (WFs) in the first subband by solving the 1D Schrodinger
equation in a 30-period Ings3Gag47As/Ings2Alp4gAs SL. The band
diagrams of a pair of SLs with the same 12 nm thick Ings3Gag 47As
photoconductive layer sandwiched between the Ing s2Alg 4gAs barrier
layers with the thicknesses of 16 and 2 nm were compared (see Fig. 6).
It was demonstrated that when using relatively thin barriers, the elec-
tron WFs will strongly overlap with the trap states in the barriers
compared to the case with the thick barriers; this is since the fact that
the penetration depth of the electron WF is limited by the conduction
band offset between the Ing 5,Alg 4gAs and Ing 53Gag 47As layers, i.e. the
barrier height. Hence, the defect states situated deep inside the barriers
are not available for the electrons in the InGaAs photoconductive
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Fig. 6. Two electron wave functions of the first subband together with the
conduction band energies calculated for the lattice-matched Ings3Gag 47As/
Ing 52Alp 4gAs SL with a 12 nm thick Ing 53Gag 47As photoconductive layer and
Ing 50Alp 4gAs barrier layer with the thicknesses of 16 nm (a) and 2 nm (b).
Adapted with permission from [143].
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Fig. 7. Dark-field TEM-image of the nonstrained Ing 53Gag 47As/Ing s52Alp 48As
SL with layers thicknesses of 12 nm and 4 nm, respectively. The Ing 52Alp 45AS
sublayers, approximately of 1-2 nm thick, referred to defect levels formation,
are seen in the Ing s2Alg 4gAs barrier layers (indicated by horizontal arrows).
Courtesy by A.E. Yachmenev and D.S. Ponomarev.

layers.

The recent progress in high mobility multilayered heterostructures
has been demonstrated in [28], where the authors proposed a 30-period
LT-InGaAs/InAlAs strain-induced SL. The SL utilized the step-graded
MB consisted of 5 InAlAs layers of a 0.15 um thickness each with the
increase in the indium mole fraction by 10% in each consequent layer.
The artificial decrease of the indium content in the barrier layers up to
Ing 38Alg 62As (compared to Ing 52Alg 45As) lead to the residual strain in
the SL. The strained SL demonstrated a 3-fold reduction in the photo-
carrier lifetime compared to those for the lattice-matched SL thanks to
the additional scattering mechanisms caused by the residual strain (the
interface roughness and the micro alloy scattering) [28, 144,145]. Also,
the authors demonstrated a 10-fold increase in the emitted THz power
in the strained SL, since the residual strain provides a decrease in the
energy bandgap of the Ing 53Gag 47As photoconductive layer which as a
consequence, increases the photon excess energy of the photocarriers.

Similar to GaAs, the doping by Er atoms can be successfully im-
plemented to InGaAs to reduce the photocarrier lifetime. Nevertheless,
one should underline the critical difference between the ErAs/GaAs and
the ErAs/InGaAs structures. In the first case, the Er-doping results in
both high resistivity and sub-picosecond photocarrier lifetime in GaAs,
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while in the case of the ErAs/InGaAs, the photocarriers have a longer
lifetime. At the same time, the InGaAs demonstrates reduced dark re-
sistivity and a relatively low breakdown voltage. These are mostly since
the incorporation of Er atoms into the InGaAs shifts the Fermi level
close to or above the conduction band edge, and the ErAs/InGaAs
evinces n-type conductivity [146]. It should be noted that the dark
resistivity can be increased by compensating conductivity of the elec-
trons in the ErAs/InGaAs by p-type dopants, and thus the Fermi level
can be tuned toward midgap [147,148]. In [149], the authors have
studied SLs consisted of layers of semi-metallic ErAs nanoparticles
embedded into Ing s3Gagp 47As matrix, which were grown by MBE on
(100) semi-insulating InP wafers at a temperature of 490 °C. The time-
resolved optical measurements revealed that the photocarrier lifetime
decreases with both an increase in ErAs deposition and Be compensa-
tion doping as well as the decrease of SL's period. The shortest photo-
carrier lifetime was 0.3 ps in a sample with 0.8 ML of ErAs, 5 nm period,
and a Be delta-doping concentration of 5 x 10" em ™2, with thus de-
monstrating superior properties for PCA applications. As was shown in
[25], the photocarrier lifetime can be tuned from 0.22 to 6.3 ps by
changing the periodicity of ErAs:InGaAs SL from 5 to 100 nm, respec-
tively. Later Schwagmann et al. characterized ErAs:Ing 5s3Gag 47As SLs as
photoconductive THz emitters excited at 1.55 um wavelength [150].
The ErAs:Ing 53Gag 47As SLs were grown by MBE at 490 °C using a semi-
insulating (100) InP wafers with a 250 nm thick Ing 5,Al, 4gAs buffer
layer. The SL was fabricated by alternatingly growing layers of the self-
assembled ErAs islands and Ing 53Gag 47As spacers with the SL period
(L). Two sets of SLs were used: structures with L ranging between 5 and
20 nm comprise the SL with a total thickness of 500 nm, an amount of
ErAs per island layer equivalent to 0.8 ML and Be 8-doping with a
density of 5 x 10" ecm™2 in the immediate vicinity of this layer to
compensate free electron concentration. Structures with L ranging from
30 to 100 nm have a 1200 nm thick SL and 1.75 ML ErAs deposition per
SL period. A region extending 2.5 nm above and below the island plane
is uniformly doped with a local Be concentration of 1 x 10%° cm 3. The
structures then were combined to a bow-tie PCA. The definitions of the
investigated parameters are shown in Fig. 8a. As seen in Fig. 8b, a
variation in the electron lifetime from 0.2 to 6.3 ps (owing to L varying)
does not considerably influence the THz bandwidth (Af) of the emitted
radiation, and the Af does increase with increasing bias field (see
Fig. 8c).
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In [151] Preu et al. reported on a high power THz emission from
ErAs-enhanced Ing 52Alp 48As/Ing 53Gag 47As SLs operating at 1550 nm.
The photoconductive layer consisted of a 70-period SL comprising a
15 nm Ing s53Gag 47As layer, a 2.5 nm Ing s0Alg 4gAs layer, 0.8 mono-
layers of ErAs, and a 2.5 nm Ing 55Alg 4gAs layer. The ErAs layer was Be-
doped with an acceptor concentration of 5 X 10'® em ™2, A THz field
strength of 0.7  V/cm at 100 mW average optical power, as well as
emission up to about 4 THz were obtained.

Another high-power and broadband photoconductive THz emitter
utilizing a very short photocarrier lifetime in ErAs:InGaAs photo-
conductive layer was demonstrated in [152]. The emitting device
consisted of 1 um thick ErAs:InGaAs layer with a photocarrier lifetime
of 1.24 ps, which was grown via MBE on semi-insulating InP wafer, and
employed a two-dimensional array of plasmonic nano-antennas. The
authors showed radiation powers as high as 300 uyW over 0.1-5 THz
frequency range that is the highest ever-reported THz radiation power
from the photoconductive THz emitters operating at telecommunica-
tion wavelength.

Later Olvera et al. demonstrated CW generation and detection of the
THz waves using a photomixer based on ErAs:In(Al)GaAs SL [153]. The
SL-based detector comprised an intrinsic 10 nm thick InGaAs layer and
0.8 ML of a 8-p-doped semi-metallic ErAs. The band diagram of the SL is
illustrated in Fig. 9a. The SL was grown at the optimized growth tem-
perature around 490 °C for the InGaAs layer. A THz photoconductive
emitter had a slightly different design. In addition to the intrinsic In-
GaAs layer and p-doped ErAs, the authors included a 2.5 nm InAlAs
layer in the SL's structure to increase the breakdown field strength.

The schematic band diagrams of 1.5 period are illustrated in Fig. 9b.
The emitter demonstrated a breakdown field of 170 kV/cm. The sam-
ples were 8-doped with a concentration of 10*® cm ™2 The log-spiral
PCAs were fabricated on top of the SLs while the average pump power
of each fiber laser was 26 mW. To the knowledge of the authors, the
measured dynamic range 52 dB (31.7 dB) at 1 THz (2 THz) is the
highest dynamic range ever reported for a CW system operating at
1550 nm and using only photoconductive elements. Also, the extra-
polated bandwidth of 3.65 THz within peak dynamic range of 78 dB is
on the level of the largest bandwidths, which have been reported to
date with any 1550 nm CW THz system (see Fig. 10).

Alike for RE GaAs-based SLs, not only Er nanoislands can be used to
improve the InGaAs parameters. The InGaAs-based SLs involving
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Fig. 9. The schematic band diagrams of 1.5 period of (a) detector and (b)
emitter. Adapted with permission from [153].

compositions of LuAs, GdAs, and LaAs have been proposed and studied
[154]. Nevertheless, these compounds expose diversity in the electrical
properties of the InGaAs. For instance, LaAs:InGaAs was found to have
the highest dark resistivity of 0.18 Q x cm together with the lowest
electron mobility 1600 cm?/V s and photocarrier lifetime of 5.4 ps. The
GdAs:InGaAs demonstrated the shortest photocarrier lifetimes 1.7 ps
and the highest electron mobility 2400 cm?/V s. The SLs comprising the
LuAs nanoparticles embedded into Ing 53Gag 47As layers were studied in
detail in [155,156]. The SL structure consisted of a 150 nm InGaAs
buffer layer followed by 30 periods of InGaAs/LuAs grown at 490 °C. A
combination of the bismuth surfactant usage during the InGaAs growth
and lower LuAs growth rates of 0.01 ML/s (2.8 ML LuAs deposition)
have enabled a significant reduction in photocarrier lifetime to 1.6 ps
despite the large SL's period of 40 nm. However, all these materials are
rather exotic to be used for conventional PCAs.

Quaternary compounds can also be used for THz photoconductive
emitters although much less common compared to binary or ternary
compounds. For instance, in [157,158], the authors used a Fe-im-
planted InGaAsP layer which exhibited resistivity of 2.5 kQ X cm and
Hall mobility around 400 cm?/V X s. Later in [159] it was suggested to
use a Fe-doping of InGaAsP instead of ion implantation. Thanks to
better control over the Fe compensator distribution, the doping pro-
duces less damage to the crystalline structure. The authors used a 1 pm

80 T
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thick Fe:Ing;Gag 3AS0.s7P0.13 photoconductive layer with E, = 0.8 eV
and InP buffer/cap layers. Compared to the Fe-doped Ings3Gag 47As,
one has discovered the enhanced surface homogeneity and the in-
creased resistivity of the layer up to 10 k@ X cm, while the measured
THz power was about ~50 uW. In [160], the authors proposed bulk
quaternary alloy of GalnAsBi epitaxial layers with 6% Bi that was
grown by MBE on InP wafer. It has been found that 0.6 pm thick Gal-
nAsBi layers remain strained due to the relatively small lattice mis-
match with InP wafer compared to the similar layers grown on GaAs
wafer, which become entirely relaxed [161]. The authors demonstrated
the photocarrier lifetime of 3-4 ps and the resistivity of 5 Q X cm.
Thanks to their relatively small energy bandgap E, = 0.4 eV, these
photoconductive structures seem to be promising due to the possibility
of using optical pump pulses with wavelengths longer than 2 pm.

The comparison between material properties and PCA parameters
for different binary and compound multilayered semiconductors is
summarized in Table 1.

1.2. Structures with p-i-n design

In this section, we consider multilayer structures used for p-i-n
diodes to generate a pulse and CW THz radiation. The p-i-n diodes have
become among the promising devices for the THz photomixers that can
efficiently operate at room temperature.

At the beginning of the 90 s, the demonstration of the THz emission
using the p-i-n diodes based on silicon was reported in [162]. The au-
thors showed that in contrary to the PCA's photoconductive layer, the p-
i-n diode should provide a perfect crystalline structure of the intrinsic
layer, without any defects and impurities, allowing for ballistic electron
transport. In addition, the one more difference from the PCA lies in the
photocurrent of the p-i-n diode that is defined by vertical transport of
the photocarriers under built-in or external electric fields. Moreover,
the large-aperture p-i-n diodes can potentially demonstrate the stronger
THz emission at high optical fluences.

The first THz emission in the GaAs-based p-i-n structure under fs-
pulse excitation was registered in [163]. The structure comprised a
highly n-doped GaAs layer, a 1 um thick n*-GaAs buffer layer, a 0.3 pm
thick intrinsic GaAs layer, and a 20 nm p " -GaAs. It was found that the
THz emission can be enhanced compared to a similar structure on si-
licon.

Later, the theoretical and experimental study of the non-biased
GaAs structures revealed that the THz emission in the p-i-n structures
appears due to the incoherent plasma oscillations of the photocarriers
caused by oscillations of the built-in electric field. Such plasma oscil-
lations lie in the THz frequency range [164-166],. However, the
practical use of these structures is limited due to the low power of the
emitted THz waves. In [167], A. Reklaitis has theoretically demon-
strated that a low efficiency is due to the incoherent plasma excitations
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Fig. 10. The dynamic range of a CW THz spectroscopic system using only ErAs:In(Al)GaAs photoconductors. The insets show the used the electrode structure and the

spiral PCA. Adapted with permission from [153].
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Fig. 11. Design of one period of the structure (a) and illustration of band profile and photocarrier dynamics in the structure immediately after the photoexcitation

(b). Adapted with permission from [168].

that reduce the intensity of the THz emission. He suggested using the &-
doped multiperiodic AlGaAs/GaAs heterostructure for the coherent
plasma excitations. Using the Monte Carlo simulations, he demon-
strated that the efficiency of the THz emission exceeds the efficiency of
the surface THz emission and from the bulk p-i-n structure by 2 orders
of magnitude.

The experimental study of the proposed heterostructure was rea-
lized in [168]. The design of the heterostructure implied 5 periods of
the 100 nm undoped Al,Ga; 4As/Alg 45Gag ssAs layers. Alternating n-
and p-type 8-doped GaAs layers were inserted at the Al,Ga;_,As/
Alp 45Gag s5As interfaces; the thickness of these layers amounts to a
10 nm each with the exception for the first p*-GaAs layer which had a
thickness of 40 nm. The different Al mole fractions in the Al,Ga;_As
layers ranging from x = 0.08 on top in the first period to x = 0 in the
fifth period at its bottom were selected to ensure an equal average
electron and hole densities in each layer upon the photoexcitation. The
design of the one period of the considered structure and the schematics
of the photocarrier dynamics are depicted in Fig. 11. As a result, it was
shown that the emitted THz power from the 8-doped GaAs/AlGaAs p-i-n
heterostructure surface emitter is competitive with that from the In-
GaAs and p-InAs surface THz emitters.

Thanks to their relatively high efficiency and elevated THz power,
the p-i-n diodes featuring specific designs which will be discussed
below, have become among the promising devices for the THz photo-
mixing, in particular operating at the telecom wavelength. The THz
photomixing allows generating a CW THz radiation when two optical
pulses with a beating frequency in the THz frequency range are mixed
and incident on the photomixer [112].

In the pioneering work [169], the authors have designed and fab-
ricated a 0.460 THz photomixer (optical-to-electrical power converter).
The InP-based waveguide structure of the p-i-n detector consisted of the
p-doped InAlAs cladding layer on the top, a 100 nm InGaAs absorbing
layer, InGaAsP passive core layer, and n-doped InP cladding layer at the
bottom.

One of the first approaches aimed at the improvement of the emitted
THz power compared to the conventional p-i-n structure implied a uni-
traveling-carrier photodiode (UTC-PD). The operation principle of the
UTC-PD is as follows: when the optical pulse falls, the photoelectrons in
the neutral absorption layer diffuse into the depleted collection layer.
Thanks to the quasi-neutrality of the absorption layer, the photo-gen-
erated holes respond very fast within the dielectric relaxation time by
their collective motion. Therefore, the photoresponse of the UTC-PD is
determined only by the electron transport in the whole structure that
severely differs from that for the conventional p-i-n-PD where both
electrons and holes contribute to the response current, and low-velocity
hole-transport predominantly determines the performance of the de-
vice.

11

The authors in [170] proposed the design of the UTC-PD which
active area consists of a 90 nm thick p-type narrow bandgap absorption
layer comprising a p-InGaAs layer, a thin p*-InGaAs, and an undoped
InGaAs layers and a 282 nm thick undoped (or slightly n-doped) wide
bandgap depleted carrier-collection layer comprising a thin undoped
InGaAsP layer, a thin undoped InP and n™-InP layers and slightly n-
doped or undoped InP layer. Thin InGaAsP layer provides a step-graded
bandgap profile and is required to suppress current blocking at the
absorption/collection layer interface. The heterostructure was grown
on a (100)-oriented semi-insulating InP wafer via a low-pressure
MOCVD using C and Si as donor and acceptor dopants, respectively.
The fabricated device exhibited an output power of 300 uW and 2.6 pW
at 0.3 THz and 1.04 THz, respectively, depending on a type of the
coupled antenna. Later in [171], the authors demonstrated the output
power of several mW by using the UTC-PD in the sub-THz range up to
300 THz. The layout of the UTC-PD is depicted in Fig. 12.

Another concept for the THz photomixers is based on a ballistic
transport of the photoelectrons in a stack of nanoscale p-i-n diodes in-
stead of a single p-i-n-diode. The first theoretical analysis of this ap-
proach was carried out in [172], while the experimental confirmation
of the ballistic transport in the n-i-p-n-i-p SL-based photomixer was
demonstrated by S. Preu et al. in [173]. The basic idea is to use the SL
stacks consisting of several p-i-n diodes instead of the single p-i-n diode.
Each p-i-n diode is optimized to minimize the carrier transit time that
can be achieved by a sufficiently short intrinsic layer allowing for

diffusion block layer

X X X TS
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o i Vi U O o
p-contact Y NN
C.B.

InGaAsP

absorption layer
(InGaAs)

/

/ V.B.

n-contact layer

carrier collection layer
(InP)

Fig. 12. Band diagram illustrating operation principle of the UTC-PD. Adapted
with permission from [170].
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ballistic transport and thus has no significant transit-time roll-off at the
desired THz frequency [172,112]. The authors demonstrated the
emitted THz power of 1 uW at 0.4 THz in the CW regime using the two-
period InGaAs photomixer with the incorporated log-periodic PCA.

Alternatively to the CW generation, the authors in [174] studied the
n-i-p-n-i-p SL-based structure in the pulse THz regime. The design of the
SL comprised a 3-period n-i-p-n-i-p SL photomixer with an intrinsic layer
consisted of a 150 nm long linear Al-grading from Ings3Gag 47As to
Ing 53Alp.08Gap 30As towards the n-contact, followed by a 50 nm
Ing 53Alp.08Gap 30As transport layer. The majority of the carriers are
generated in the first 50 nm of the graded layer. At the interface of the
diodes, a quasi-metallic ErAs-layer is implemented in order to provide
direct tunneling of electrons and holes into the ErAs layer and thus
increase the recombination current [112]. The authors demonstrated
that the n-i-p-n-i-p SL photomixers are efficient THz emitters for both
CW and pulse operation and comparable to a large-area InGaAs-based
photoconductive THz emitters operating with the telecom wavelength
[175].

2. Multilayered structures for THz QCL

In this section, we consider the technique of the MBE growth and
optimization of multilayered heterostructures for THz QCL, as well as
the impact of the active region (AR) designs on lasing characteristics.
Nowadays, THz QCL is a high power THz source exceeding a peak
power of 2 W [176] and CW output power of 200 mW [177]. Moreover,
THz QCLs cover a wide frequency range from 1.2 [178] to 5.4 THz
[179] and demonstrate a high operating temperature up to 210 K [37],
enabling to cool them thermoelectrically under the Peltier effect [180].
Despite significant improvement of the above-mentioned THz QCL
parameters, it is necessary to enhance the crystalline quality of het-
erostructures and develop more efficient designs of AR for advanced
THz QCLs.

Basically, contemporary THz QCLs rely on the principle suggested in
[181], where the authors have demonstrated the first mid-IR QCL with
AR consisting of a multi-period SL with ~ a 100-200—period repetitions
(the so-called cascades). Each cascade includes one gain region emitting
THz photons and collector/injector regions for the accumulation of
electrons from the previous cascade and injecting them into the fol-
lowing one. The necessity of multiple cascade schemes is associated
with a small optical gain (g) of intersubband emitters, which is pro-
portional to the product of the dipole matrix element for optical tran-
sition (z) and a lifetime of the initial state ().

Typical g values for cascade based on intersubband transitions are ~
50-100 cm ™! at low temperatures for polar semiconductors with non-
radiation lifetimes t~1 ps due to the fast electron-optical-phonon
scattering [182]. It is worthwhile to note that THz QCL waveguides
demonstrate high propagation losses because of the strong absorption
of the THz radiation by free carriers, which is proportional to the square
of the wavelength [183]. Thus, to achieve the threshold conditions for
lasing gmI'=oy+ap,, one should need the high mode confinement
factor I, as well as low waveguide propagation a,, and mirror oy, losses.
To reduce a,, below 20 cm ™! at 4.2 K [184], the AR thickness should be
more than 10 pm that corresponds to ~ 1000-2000 of individual layers.

The operation principle of THz QCL with a cascade based on three
QWs is schematically illustrated in Fig. 13. There are three character-
istic states associated with an alignment of electron levels in AR under
the applied electric field [185,186],. The first alignment occurs, when
the lower injector level 1 and the upper injector level 4’ of the next
cascade are aligned, which leads to resonant tunneling of electrons
through the lasing double-QWs without THz photon emission followed
by a subsequent electron relaxation to the lower injector level 1’ of the
next cascade by resonant LO phonon emission (Fig. 13b). As the bias is
increased, the laser gain overcomes the total losses that lead to the laser
threshold. The second alignment of the lower injector level 1 and the
upper laser level 3 occurs, which corresponds to the maximum output
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power of THz QCL (Fig. 13c). The third state associated with the mis-
alignment of electron levels at further increased bias leads to the end of
THz QCL lasing (Fig. 13d).

Since the first demonstration of THz QCL based on GaAs/AlGaAs
heterostructures [36], a wide variety of materials such as InGaAs/In-
AlAs [187], InGaAs/GaAsSb [188] and InAs/AlAsSb [189] have been
successfully employed for these lasers. The advantage of a low effective
mass (m) materials is the higher optical gain due to z>~m™ and t~m™"/
2, then g~m /2, Nevertheless, the technological challenges regarding
the growth of the abovementioned materials do not allow for de-
termining the most promising materials for THz QCL, and the evalua-
tion of a material system for these lasers is still under discussion [190].
To date, the most commonly used materials for THz QCLs are multi-
layered structures based on GaAs/AlGaAs, which will be discussed in
this section.

2.1. MBE growth of GaAs/AlGaAs multilayered structures

The operation of THz QCL is strongly dependent on the reproduci-
bility of the QWs and barrier layers with specific thicknesses
throughout the epitaxial growth of the AR [191]. Considering the ty-
pical MBE growth rate as ~ 1 pm/h [192], the growth time of THz QCL
structures exceeds 10 h. This emphasizes the importance of the strict
control of the growth rates and the stability of Si and III group effusion
cell fluxes during the growth [193,194]. Note that it is necessary to
provide a deviation of the AR thickness of less than *1% in order to
achieve emission frequency within +0.5 THz [195]. The thickness
tolerance for lasing heterostructure should be minimally above 2%,
while structures with a thickness deviation of 4.3 and 6.5% are not
lasing [196].

To ensure the growth of THz QCL structures with an epitaxial
window of 1%, accurate calibration of the growth rate and the stability
of the effusion cell fluxes during the long growth are essential. For
accurate calibration of the growth rate, the X-ray diffraction of short-
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Fig. 14. Dynamics of temperature changes of Al and Ga cells in a series of
sequentially grown THz QCL structures using Riber 412 MBE. Adapted with
permission from Yu. Sadofev.

period SL grown before THz QCL is highly preferable [196,197]. In
[193,198] the authors have demonstrated the accuracy even better than
1% using the in-situ optical measurements of growth rate during the
THz QCL growth.

The investigation of the stability of effusion cell fluxes is performed
in [191], where the drift of growth flux for VG Semicon VG80H MBE is
less than —0.6% for the gallium cell and less than —0.8% for the
aluminum cell during a 12 h growth. In [193] the Ga cell temperature is
increased with +0.113 °C/um to maintain a GaAs constant growth rate
while the Al cell temperature is remaining nearly constant due to a
variation in AlAs growth rate, which could be neglected. Using such a
growth rate compensation technique, the two nominally identical
structures exhibiting approximately 10 pm AR thickness have been
found to demonstrate a thickness difference of ~1%. However, it is
essential to note that the compensation temperature coefficient is un-
ique for each MBE system. In Fig. 14 the variation of Ga and Al cells
temperatures is demonstrated in order to obtain the desired growth rate
in a series of sequentially grown THz QCL structures using Riber 412
MBE. It is clearly seen that the required change in Ga cell temperature is
non-monotonic and differs from the abovementioned value. Thus, ca-
libration procedures and accurate analysis techniques become crucial to
provide the required 1% accuracy of the MBE growth for THz QCLs.

Moreover, to control the growth rate and stability of effusion cell
flux, it is necessary to take into account the effects of shutter transients.
When the mechanical shutters are moving from “open” to “close” po-
sitions during the epitaxial growth, a temperature gradient occurs
[199]. The latter affects the amount of material flow from the cell and is
crucial for the growth of very thin layers. Therefore, one should mini-
mize this effect to improve the quality of THz QCL heterointerfaces.

The influence of interface roughness of GaAs/AlAs QWs grown by
MBE on their optical properties was studied using photoluminescence
spectroscopy [200]. In order to compare different correlation lengths of
the in-plane disorder potential, the QWs were grown with growth in-
terruption at each interface. It is demonstrated that the growth inter-
ruption increases the correlation of the monolayer-island structure on
the surface, which, consequently, gives rise to a long-range interface
roughness after overgrowth. Moreover, when the correlation length of
in-plane disorder potential is larger than the exciton localization length,
the exciton spectrum splits up into discrete peaks. These peaks are as-
sociated with different regions distinguished by an integral number of
monolayers. In [201], the authors discuss the influence of the in-band
and intersubband scattering caused by interface roughness on the
characteristics of the GaAs/AlGaAs-based THz QCLs. It is shown that
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Table 2
The influence of growth interruption time on intersubband transition linewidth
for normal GaAs/AlGaAs and inverted AlGaAs/GaAs heterointerfaces.

Growth interruption time, s 0 30 60 120
Linewidth, meV GaAs/AlGaAs interface 8.2 8.8 9.1 9.0
AlGaAs/GaAs interface 7.3 7.7 7.3
Both interfaces - - 7.7

the introduction of AlAs barriers as well as using of Alj30Gag 70As
barriers with thin QWs (<30 monolayers) leads to a drastic increase in
the linewidth broadening from ~0.66 meV to ~2 meV. Additionally,
QWs thinner than 35 monolayers are necessary to suppress thermally
activated leakage into the continuum, which has a detrimental effect on
THz QCL due to the formation of a negative differential resistance re-
gion on a current-voltage characteristic.

It is important to note that the heterointerfaces GaAs/AlGaAs
(AlGaAs-on-GaAs) and AlGaAs/GaAs (GaAs-on-AlGaAs) are none-
quivalent. Precisely, the inverted interface AlGaAs/GaAs is rougher
than normal interface GaAs/AlGaAs, which refers to the diffusion and
segregation of atoms towards the growth direction. To achieve
smoother interfaces of the inverted AlGaAs/GaAs, one should provide
the growth interruption. However, this can have a negative effect on the
GaAs/AlGaAs interfaces due to the accumulation of impurities on GaAs
surfaces. The authors of [202] investigate the 87-period {GaAs/
Alp 33Gap ¢7As} 8.3/20 nm thick MQWs grown by MBE on semi-in-
sulating GaAs substrate. In fact, a narrowing of intersubband transition
linewidth occurs in the structures with interruptions at AlGaAs/GaAs
interfaces, and, conversely, a linewidth broadening appears in the
structures with interruptions at GaAs/AlGaAs interfaces, as it is shown
in Table 2. It should be noted that the same asymmetry of hetero-
interfaces InAlAs/InGaAs and InGaAs/InAlAs has been demonstrated
earlier in the heterostructures for mid-infrared QCL [203]. Never-
theless, the given effect for InAlAs/InGaAs THz QCLs has not been
studied properly yet.

A typical image of a cross-sectional dark-field scanning TEM (DF
STEM) for two lasing QWs of THz QCL structure based on a resonant-
phonon design [186] [204], is depicted in Fig. 15. The interface
roughness for this complex heterostructures is about 1 nm, which might
be crucial for thin barrier layers. The experimental investigation of the
interface profile of GaAs/Aly5GagsAs and GaAs/AlAs THz QCL
structures was carried out in [205]. This was the first attempt to
quantify the composition profile of THz QCL structures with high Al
content in barriers using a combination of Fourier-transform-based si-
mulations and DF TEM. The authors have observed a significant de-
crease of the Al content in the Alj,5Gag7sAs and AlAs barrier layers
compared to the nominal value, which is of great importance for the
development of novel design strategies toward a room-temperature THz
QCL.

2.2. Designs of active region

There are several approaches to achieve population inversion in
THz QCLs using different mechanisms of electron injection and ex-
traction. The following mechanisms are used for depopulation of the
lower laser level: (1) an electron-electron scattering between the tightly
energy-coupled states (bound-to-continuum design, i.e. BTC [206]) and
(2) a resonant electron-longitudinal-optical-phonon (LO) scattering
(resonant-phonon design [207]). In both designs, resonant tunneling is
used to inject electrons into the upper laser level. In the scattering-
assisted design [208], the injection of electrons to the upper laser level
is based on resonant emission of an optical phonon. It should be noted
that there are several excellent reviews dedicated to the AR designs
[209-211]; thus, we will consider the following different approaches
aimed at the modification of the already known AR designs:
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Fig. 15. DF STEM image of two lasing QWs of one cascade of GaAs/Aly 15Gag gsAs THz QCL structure.

i) The variation of AR thickness

The variation of AR thickness can be used for tuning of the emission
frequency. In [198], the authors reported on two THz QCLs based on
nominally identical Alg;5Gag gsAs/GaAs multilayered heterostructures
that emit at different frequencies of 2.59 THz and 2.75 THz due to
unintentional small deviations in GaAs and AlAs growth rates (4% and
1.6%, respectively). Later it was demonstrated a ~60 GHz blue-shift of
the QCL emitting at 2 THz with a 3% thinner AR compared to the re-
ference structure [212]. The other example of AR thickness variation
was associated with the calibration error of the Ga flux rate in [174].
This leads to a shift of the gain maximum from 4.8 THz toward 5.3 THz
due to a -5.4% thickness deviation of AR as compared to the nominal
design. Importantly, the frequency tuning under the increase/decrease
in the AR thickness depends on the AR design. Therefore, one should
vary the thickness of the cascade layers of the reference design to tune
the frequency of THz QCL.

The variation of AR thickness has a great impact on the electrical
properties and performance of THz QCL [195]. To minimize the per-
formance degradation of THz QCL, a two-step approach has been pro-
posed [213]. It is based on the scaling of QWs thickness in order to
achieve the desired frequency and the modification of barrier layer
thickness. The given methodology allows improving the output power
characteristics and the maximum operating temperature of THz QCL
with a thicker AR. Experimentally it can be realized by the deliberate
variation of growth rate. In [214], it was reported on the fabrication of
heterogeneous AR by reducing a Ga growth rate systematically to 10%
during the MBE growth. This resulted in the ability of dual-frequency
emission at ~3.05 THz and ~3.24 THz at different biases which is
extremely useful for THz imaging system based on THz QCL.

ii) The variation of doping concentration

The performance of GaAs/Aly 15GaggsAs THz QCLs as a function of
injector doping is investigated in [215]. The authors have demonstrated
that both maximum current and threshold currents increase linearly
with doping in THz QCL based on the BTC design. In [216], it is shown
that optimal doping concentration should be of 3.6 x 10'° cm™2 to
reach a maximum operating temperature of THz QCL. However, it is
clear that the optimal doping depends on the operating frequency as
well as the AR design THz QCL. Furthermore, the alternative design
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approach is suggested in [217], where the space charge region appears
after the doping of the injector barrier. This space charge region allows
increasing the efficiency of injection by resonant tunneling over a wide
range of bias voltages due to the self-alignment of the injector state and
the upper laser level. Moreover, the authors of [218] have investigated
the influence of dopant migration effects on the performance of THz
QCL. It has been proved that the asymmetric distribution of dopants
across the structure causes different impurity scattering rates and hence
different upper laser level lifetimes/tunneling dephasing times.

iii) The variation of the barrier height

The reasons for cryogenic operation temperature, as well as low
wall-plug efficiency of THz QCLs, are associated with a carrier leakage
into continuum state at elevated temperatures [219]. It is clear that
higher potential barriers with increased Al content in Al,Ga;_,As layers
will become beneficial to reduce this parasitic leakage channel. How-
ever, it is necessary to reduce the thickness of potentially higher Al,Ga;.
xAs barriers to maintain efficient electron injection and extraction
throughout these barriers. Furthermore, decreasing the thickness of
barriers with high Al content creates high requirements on the epitaxial
growth in comparison with conventional Aly;5GaggsAs barriers pro-
viding technological maturity.

The study covers the influence of the Al content in barrier layers on
lasing characteristics has been performed in [220]. It is shown that THz
QCL with 25% of Al content has significantly lower threshold current
density as compared to the one with 15% of Al content. Recently, in
[221], the authors have analyzed the THz QCL structures with identical
AR designs and various barrier heights for different Al concentration
from 12% to 24%. A record operating temperature of 196 K for the
emission frequency of 3.8 THz has been obtained for the structure with
21% of Al in barrier layers. In [222], it is demonstrated the THz QCL
with AlAs barriers exhibiting higher wall-plug efficiency and lower
threshold current density compared to THz QCL with Alj25Gag 75As
barriers with an identical AR design. Alternatively to the above-
mentioned studies, in [223], the authors suggest using short barriers
with 10% of Al content for lowering current density in THz QCL. This
approach can be explained as the decreasing of interface-roughness
scattering in the structures with thicker barrier layers.

iv) The heterogeneous AR
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One of the approaches for the development of ultra-broadband THz
QCL is based on the stacking of different AR designs into a common
waveguide. The authors in [224] reported on a heterogeneous THz QCL
that emits broadband radiation between 2.2 THz and 3.2 THz. This is
achieved by stacking of three different AR designs with center fre-
quencies of 3 THz, 2.7 THz, and 2.3 THz to obtain a flat gain medium
for desired bandwidth. Based on a similar approach, in [225] the au-
thors proposed a THz QCL with an emission spanning more than one
octave from 1.64 THz to 3.35 THz. The octave-spanning laser emission
allows for stabilizing a frequency comb using the “self-referencing” f~2f
method [226] for the widespread use of THz QCLs in metrology and
high-precision spectroscopy. Later a double comb source based on
heterogeneous THz QCL has been demonstrated in [227]. The hetero-
geneous AR is comprised of 120 cascades with 2.3 THz central fre-
quency and 80 cascades with 4.6 THz central frequency that provides a
simultaneous presence of two octave-spaced combs. A heterogeneous
AR approach allows for fabricating a broadband THz amplifier with
amplification over a 500 GHz-bandwidth with an amplification factor
of 21 dB centered at 2.47 THz [228].

3. Structures exhibiting negative differential conductivity

In this section, we consider the multilayered structures with specific
transport when the electron current spreads from the bottom of the
structure to its top. The uncooled SL-based diodes, as well as the RTDs
based on these structures, demonstrate the negative differential con-
ductivity region on its I-V curve. The RTDs are usually implemented as
THz emitters based on fundamental self-oscillations, while the SL
diodes are mostly used as frequency multipliers converting the external
GHz signal to the THz one.

3.1. Double-barrier and triple-barrier structures for resonant-tunneling
diodes

In the double-barrier RTD, the resonant tunneling of electrons oc-
curs between the conduction band electron states and the confined
electron state in the QW. The general design of the double-barrier RTD
structure is shown in Fig. 16. The InP wafer can be either n-type or
isolate; in both cases, a highly n-doped bottom contact layer is neces-
sary.

The THz radiation is generated when the DC-biased diode is con-
nected to the resonant circuit. The RTD oscillators are similar to the
THz QCLs with the active part just of a single period. On the contrary to
the THz QCL, the RTD is a room-temperature oscillator. The RTD op-
erated in the non-linear positive differential conductivity region of its I-
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Fig. 16. Layout of double-barrier RTD structure with its potential profile. From
H. Kanaya, H. Shibayama, R. Sogabe, S. Suzuki, M. Asada, Appl. Phys. Express 5
(2012) 124101. Copyright (2012) The Japan Society of Applied Physics [238].
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V curve is able to detect the THz radiation with quite high frequency
(up to 3.9 THz [230]), and for this aim, it must be combined with either
non-resonant broadband or resonant antenna [231].

The theoretical and experimental results for sub-THz and THz os-
cillators with the RTDs integrated on planar circuits (until 2008) are
thoroughly described in [232]. Later, different authors have gradually
increased the radiation frequency of the RTDs from 0.83 THz to
1.92 THz by improving the RTD's structure and the antenna design. In
Table 3, we summarized the progress mainly in the upper limit of the
achieved frequency range of the RTD oscillators. Their output power in
the last years has been steadily increased, approaching the mW at the
frequencies close to 1 THz [231].

Note that despite the RTD oscillators are usually exploited at room
temperature, some studies have been focused on how the oscillation
frequency, as well as the output power, will alter at cryogenic tem-
perature. It was recently shown that the output THz power could be
increased owing to the decrease of Ohmic losses while the oscillation
frequency and the I-V characteristic were almost insensitive to the
temperature [233,234].

On the contrary to the double-barrier RTD, the triple-barrier RTD
allows for suppressing the energy broadening of impinging electrons
and consequently, the broadening of current peaks on the I-V char-
acteristic [244]. The authors in [239] reported on the triple-barrier
RTD-oscillator based on two QWs separated by three barrier layers
AlAs/i-Ing 53Gag 47AS/i-Ing 50Alg 48AS/i-Ing 53Gag 47As/AlAs with thick-
nesses of 1.3/7.6/2.6/5.6/1.3 nm respectively, grown on a n-type InP
wafer. It was shown that using the integrated patch antenna, the RTD
can cover the wide frequency range starting from 1.02 THz to 1.40 THz.

3.2. Superlattices for frequency multipliers, autocorrelators, and sub-THz
emitters

The GaAs/AlAs SL demonstrate the negative differential con-
ductivity region in the direction perpendicular to the growth plane of
the SL. This feature, firstly predicted by L. Esaki, is caused by the Bragg
reflections of conduction electrons in the SL's miniband [245]. The 120-
period SL consisted of a 3.63 nm-thick GaAs layer, and a 1.17 nm-thick
AlAs layer was used in experimental investigations [246]. The opera-
tion principle is based on the THz radiation-induced current reduction
through the SL, which can resolve free-electron laser pulses with the
frequency of 7.2 THz featuring a few picoseconds duration. The authors
suggested that the limit for the temporal resolution of the SL-based
autocorrelator is related to the intraminiband relaxation time of 100 fs.
The authors of [247] reported on the GaAs/AlAs wide-miniband SL
autocorrelator for the generation of the THz pulses.

Thanks to the nonlinearity of the I-V or C-V characteristics (see
Fig. 17), the SL-based diodes act as frequency multipliers based on
harmonics generation: these devices can convert the GHz-frequency ac-
voltage to the THz-frequency ac-current. When the SL-based diode with
such I-V characteristic is subjected to a sinusoidal voltage with an
amplitude exceeding some critical value, the non-sinusoidal current
through the diode is observed, including the excitation of higher har-
monics. Compared to the Schottky barrier diodes, the SL-based diodes
provide shorter response times and less parasitic capacitances [248].
Thereby the SL-based diodes are more suitable to generate the THz
signals by multiplying the intense ones with the moderate GHz fre-
quencies, while the Schottky barrier diodes require relatively high input
frequencies with elevated input powers to attain the THz frequency
range [249].

The authors in [249] have studied the 112 nm thick 18-period SLs,
which were grown on a semi-insulating GaAs wafer. Each period in-
cluded 18 monolayers of GaAs and 4 monolayers of AlAs corresponding
to the period thickness of 6.22 nm. The SLs were doped with the donor
concentration of 10*® ¢cm ™3, The input frequency of 0.25 THz from a
backward wave oscillator with the average power of 10-60 mW was
multiplied up to the 11th harmonic, producing the frequency of
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Table 3
The progress in characteristics of RTD oscillators.
Oscillation frequency, THz  Output power, Specific features of the RTD oscillators Ref.
W

0.52 0.01 Two QWs separated by three AlAs/Ing s3Gag 47As/Ing 52Alo.48AS/Ing 53Gag 47As/AlAs barrier layers with thicknesses of  [235]
1.3/7.6/2.6/5.6/1.3 nm. The integrated patch antenna is used.

0.83 ~1 Double-barrier RTD structure with QW AlAs/Ing sGag »As/AlAs (1.4/4.5/1.4 nm). The uniform emitter (with spacer) i- [229]
Ing 53Gag.47As/n-Ing 53Gag 47As (2/25 nm) and the collector spacer layer n-Ing 53Gag 47As (25 nm). The 20 um length slot
antenna is used.

1.04 7 Graded emitter (with spacer) i-Ing 47,Gag s3As/n-Ing 49Gag 51As/n-Ing 51Gag 49As/n-Ing 53Gag 47As (2.0/2.5/2.5/20 nm) is ~ [236]
employed to reduce the electric field in the collector depletion layer, which resulted in the suppression of the I'-L valley
electron scattering and the decrease of the transit time in the collector depletion region. Thin barrier layers AlAs
(1.2 nm) allow reducing the resonant tunneling time.

1.11 0.1 Composite QW Ing 53Gag 47As/InAs/Ing 53Gap 47As (1.2/1.2/1.2 nm) sandwiched between 1.2 nm AlAs barrier layers. [237]
The slot antenna is used.

1.31 10 The decrease of Ing goGag.20As QW (3.9 nm) and AlAs barrier layer (1.0 nm) thicknesses in order to reduce dwell time in  [238]
the resonance region.

1.40 0.01 Two QWs separated by three barrier layers AlAs/Ing s3Gag 47As/Ing 52Alp 48AS/INg 53Gag 47As/AlAs with thicknesses of  [239]
1.3/7.6/2.6/5.6/1.3 nm. The integrated patch antenna is used. The mesa structure and the length of the antenna are
improved.

1.42 ~1 Optimized thickness of Ing 53Gag 47As collector spacer layer (12 nm instead of 25 nm) due to the decrease in transit time  [240]
in collector depletion region and the increase of collector depletion region capacitance.

1.55 0.4 Optimized slot antenna length (16 pm instead of 20 um). [241]

1.86 0.03 The decrease of the QW thickness (2.5 nm instead of 3.0 nm) and the use of 1 pm air-bridge between RTD mesa and [242]
antenna.

1.52 1.9 Composite QW Ing 53Gag 47As/InAs/Ing 53Gag 47As (1/1/1 nm) sandwiched between 1.2 nm AlAs barrier layers, a triple-  [243]
push oscillator with patch antenna.

1.92 0.4 Removal of n*-Ing 53Gag 47As layer under the air-bridge electrode to reduce significant conduction losses for high- [38]
frequency current due to skin effect.

2.7 THz. fabrication. The lower 30 nm thick graded layer consisted of alternating

The SL-based diodes are also able to generate current self-oscilla-
tions that nevertheless occur at sub-THz frequencies due to large transit
time for the propagation of a domain from cathode to anode through
the thick SL. The output power, as well as the conversion efficiency of
the SL-based diodes, is considered to be higher than those for the RTDs
at similar frequencies [250].

Later in [251], the SL-based frequency multiplier was subjected to
the input voltage signal of 0.14-0.16 THz and the power of 5-15 mW
from frequency synthesizer with negligible intensities of inherent har-
monics. It was shown that a more significant portion of the output
signal is contained in the first 10 harmonics that occupy the frequency
range up to 1.5 THz.

In [252] the authors proposed a room temperature sub-THz gen-
erator based on the 110-period GaAs/AlAs SL. It consisted of GaAs and
AlAs layers with thicknesses of 11-12 MLs and 2 MLs, respectively, with
the Si-doping concentration in the range of (1.5-1.8) x 107 cm™. The
SL was sandwiched between the graded transition layers on both sides.
Then, a 0.5 pm thick Alys5Gag 45As layer was used between the sub-
strate and the SL, allowing a complete wafer removal during the device

GaAs sublayers with a constant thickness of 11 MLs and AlAs sublayers
with thickness increasing from 1 to 7 MLs. They ensured a continuous
transition from the band structure of the GaAs to that of the GaAs/AlAs
SL, avoided quasi-heterojunctions, and provided a smooth carrier in-
jection into the SL. To improve crystal perfection, the growth was in-
terrupted at each AlAs/GaAs interface for 5 s. The structural parameters
were studied by X-ray scattering (Bragg diffraction, specular, and dif-
fuse scattering methods) and resulted in the fluctuation of SL period ~
1 ML, the interface roughness ~ 1 ML, the lateral correlation length ~
100 nm. Note that such interface roughness might be responsible for
elastic scattering of the miniband electrons at a rate ~ 10'® s™1. The
proposed sub-THz generator yielded output signals in the fundamental
mode between 0.105 THz and 0.175 THz and in the second harmonic
mode with a frequency of 0.32 THz.

Theoretically, the SL-based diode is able to produce only odd har-
monics, but in a real case, the SLs, due to its rough interfaces, can
demonstrate additional even harmonic response. The special designs of
the SL interface imperfections may contribute to the efficient control-
ling of GHz-to-THz conversion efficiency for even harmonics,
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Fig. 17. Layout of GaAs/AlAs SL-based planar diode (a) and its I-V characteristic (b). Adapted with permission from [248].
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expanding the frequency range of the SL-based multipliers [253]. The
features of normal and inverse heterointerfaces GaAs/AlGaAs, as well
as technological methods affecting the parameters of heterointerface
roughness during the MBE growth, were discussed earlier for the QCLs
in Section 2.

In conclusion, we note that theoretically predicted DC-biased co-
herent THz generator based on the Bloch oscillations with weak SLs
barrier [245] (i.e. an inversionless CW laser tunable by an electric field)
isn't still fulfilled owing to rising and traveling space charge domains
which oscillate with GHz frequency [246,254]. Interestingly, T. Unuma
et al. in [255,256] demonstrated the room-temperature 2. THz gain of
Bloch oscillations in the biased undoped GaAs/AlAs (7.5/0.5 nm) SL
grown by MBE on a Si-doped (001) GaAs substrate (the electron con-
centration in SL was kept as low as 2 x 10'* cm™%). However, these
Bloch oscillations are rapidly damping while their dephasing time is
governed by elastic scattering mainly on interface roughness and neg-
ligibly on alloy disorder. In [257], the same authors demonstrated that
the relaxation time of Bloch oscillations is governed by interface
roughness scattering at low temperatures and becomes shorter with
increasing temperature owing to the phonon scattering.

Conclusions

In this review, we have briefly summarized important developments
in the area of multilayered arsenides-and related III-V materials-based
structures that are used as base materials in modern sub-THz and THz
emitters and detectors. Depending on the operation principle, various
designs of the multilayered structures are required with thus stimu-
lating the fabrication of new functional layers to fulfill rapidly-growing
demands on their complexity.

We considered different multilayered arsenides-and related III-V
materials-based structures as well as their quantum engineering, de-
signs, and operation principle. In particular, we discussed:

e (In)GaAs-based superlattices with lattice-matched and strained
functional layers featuring different kinds of trapping regions and
used for photoconductive THz emitters and detectors, as well as
structures with p-i-n design;

® GaAs/Al(Ga)As-based superlattices for THz quantum-cascade lasers;

e (In)AlAs/InGaAs/(In)AlAs double-barrier and triple-barrier struc-
tures for THz-oscillators based on resonant-tunneling diodes and the
SL-based diodes.

We made an emphasis on the designs and physical interpretation of
the mechanisms of THz emission and detection using the above-
mentioned multilayered structures. We qualitatively divided the
structures depending on the composition, excitation wavelength, THz
coupling, as well as the operating temperature of the fabricated devices.

There is no doubt that the widely used multilayered arsenides-and
related III-V materials-based structures will further provide important
fundamental and practical applications at the forefront of scientific
knowledge (sensors, flexible electronics, security systems, biomedicine,
and others) due to permanently growing interest in the THz field ap-
plications, thus encouraging research aimed at the development of new
multilayered designs and the improvement of their growth technology.
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