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TOPICAL REVIEW — Terahertz physics
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As semiconductor devices, the terahertz quantum-cascade laser is a coherent source based on intersubband transitions
of unipolar carriers while the terahertz quantum-well photodetector is a kind of detector which matches the laser frequency.
They are solid-state, electrically operated, and can be easily integrated with other components. This paper reviews the state
of the art for the design, working performance, and future directions of the two devices. Their applications in photoelectric

characterization and imaging are also discussed.
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1. Introduction

(QCLs)!M  and
quantum-well detectors (QWPS)[Z] are optoelectronic devices

Terahertz quantum-cascade lasers
based on low dimensional compound semiconductor materi-
als, which are very important sources and photodetectors in
terahertz region. They have the characteristics of compact
configuration, mature fabrication process, stable performance,
and easy integration. They have been gradually applied in the
fields of standard source, local oscillation source, rapid detec-
tion, wireless signal transmission, and imaging.!*-®! Starting
from the working principle of the two devices, the research
progress of terahertz QCLs and QWPs is presented in this
paper. The working performance of terahertz QCL based on
the main material system has been improved with the devel-
opment of active region structures and waveguide structures.
Then, the research progress of devices based on other material
systems is introduced. About the terahertz QWPs, the research
progress of active regions is mainly introduced, followed by a
summary of the improvement of coupling waveguide structure
on device performance. The applications of the two devices
in terahertz photoelectric characterization and imaging are
also introduced. Finally, the improvements of the QCL-based
sources and the QWP-based detectors in practical application
are discussed.

2. Research status

When the working principle has been selected, the per-
formance of the semiconductor devices mainly depends on the
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materials, device structure, and the level of device fabrication
process. In the following, the research statuses of terahertz
QCLs and terahertz QWPs are introduced respectively in de-
tails in terms of device principle, structure, and performance.

2.1. Terahertz QCLs

Terahertz QCL is a very important compact laser source
in the 1-5 THz region. It has the advantages of large tunability
and high energy conversion efficiency. Since its first demon-
stration in 2002, the terahertz QCL has developed rapidly in
lasing frequency, operating temperature, output power, laser
beam improvement, and device stability.”! For example, the
maximum operating temperature of the device has increased
from the initial 40 K to 210.5 K,"! and the maximum pulse
output power reaches watt level.['%!1] In the continuous wave
(CW) mode, the highest operating temperature is 129 K,[1?]
and the maximum output power is 230 mW.['3! For the pur-
pose of beam improvement, a super hemispherical lens is
used to reduce the beam divergence angle to less than 3°,110]
and a small built-in reflected mirror is used to realize a tera-
hertz beam with divergence less than 2°.[8] Figure 1 shows the
progress of the maximum pulse mode and CW mode operation
temperature in recent years.

In practical modules, the maximum effective output
power of terahertz laser source is greater than 4 mW with the
Stirling cooler and greater than 1 mW with the liquid nitro-
gen dewar, which fully meets the system application require-
ment within a certain distance.l”] In addition, the terahertz
QCL has been proved to have a sub kHz quantum noise line
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width limit,'*! and has been applied in terahertz optical comb,
fine spectroscopy, and multicolor imaging.!'>-!7 The best per-
formance without magnetic field of GaAs/AlGaAs-based ter-
ahertz QCLs by now is shown in Table 1. In general, the ra-
diation power of terahertz QCLs far exceeds that of optical
pumped terahertz sources and thermal radiation sources in de-
vice performance (see Table 2), and it has more advantages in
building compact terahertz photoelectric test system and ap-
plication system compared with huge and expensive ultrafast

laser source or gas laser.!3-18]

Table 1. The progress of GaAs/AlGaAs-based terahertz QCLs.

Year Progress Values Ref.
2002 .the first terahe.rtz QC.L witb 4.4 THz (1
chirped superlattice active region
2003  the first bound-to-continuum structure 3.4 THz [4]
2003 the first resonant-phonon-assisted structure 3.4 THz [4]
2004 the first hybrid ‘interlaced” design 3.75 THz [4]
2006 minimum operating frequency 1.2 THz [4]
2012 maximum operating frequency 5.2 THz [4]

2014  maximum CW operating temperature 129 K/—144°C [12]

2016 maximum CW power 230 mW [13]
2017 maximum pulse power 24 W [11]
2019  maximum pulse operating temperature ~ 210.5 K/—62.5°C [9]
2019 minimum divergence angle 1.86° [8]

Table 2. Comparison of radiation power of terahertz sources.

Radiation type Output power level Ref.

> 2 W in pulse mode [11]
> 200 mW in CW mode  [13]
> 100 mW in CW mode [3]

10 W (average power) [3]

terahertz QCL

CO; laser pumped terahertz gas laser
free electron laser

Gobar (thermal source) uW in terahertz range [3]

black body (thermal source) uW in terahertz range [3]

photoconductive antenna 100 uW (average power)  [3]

optical difference frequency 100 W (average power)  [3]
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Fig. 1. Progress of the maximum operation temperature in pulse mode
(red) and CW mode (blue).

2.1.1. Working principle of terahertz QCL

The working principle of terahertz QCL is shown in
Fig. 2. The gain medium in the device is composed of about
200 layers of alternating semiconductor thin layer materials.

Taking the GaAs/AlGaAs material system as an example,
the quantum well region in these thin layer structures is GaAs

material, and the barrier region is AlGaAs material, which is
grown by molecular beam epitaxy (MBE) system. In this gain
medium, which we also call ‘active region’, the electrons are
confined to separate sub energy levels. These thin layers form
periodic modules. When an external electric field is applied,
electrons move from one cycle to another in a cascade manner,
and each step radiates a low-energy photon (see Fig. 2), where
N represents the number of periods. Photons radiated from
multiple cycles are gathered together in a cascade manner, and
gain continuously in the cavity formed by the device ridge, and
then form radiation output. The photon energy emitted is not
determined by the band gap of the material, but by controlling
the thickness of the semiconductor thin layer in a wide range
of numerical values.!*! According to the principle of terahertz
QCL, the device structure can be designed on demand. Ac-
cording to the designed electron transition energy difference,
the frequency or wavelength of photons radiated by the device
can be obtained.
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Fig. 2. Schematic diagram of working principle of terahertz QCL.

2.1.2. Active region and theoretical design

According to the different electronic transition modes,
the active region of the laser can be divided into chirped su-
perlattice, bound-to-continuum, resonant phonon, and hybrid

19.201 1 the first two designs, the inversion of parti-

structure. !
cle number is established by the fast transmission of electrons
in the miniband of superlattice. In these designs, the electrons
in the device structure are well controlled, which can produce
high injection efficiency, high internal quantum efficiency, and
low threshold current density. However, with the increase of
temperature, the miniband becomes the main channel without
radiation combination, which limits the thermal performance
of the two designs. In resonant phonon design, population
inversion is realized by phonon assisted scattering and reso-
nant tunneling. The removal of particles in the lower laser en-
ergy level is not sensitive to temperature, so these devices can
work at a higher temperature. However, the carrier transport
in this design is not well controlled, and the parasitic current
is very large, so the threshold is usually very high. Because of
the use of diagonal transition in the case of resonant phonon
structure, 2! the threshold value is reduced by half, which is
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the active region with the highest operating temperature with-
out the help of a magnetic field.

The active region of the first terahertz QCL is a chirped
superlattice structure. The device works in a pulsed mode with
a lasing frequency of 4.4 THz, a pulse output power greater
than 2 mW, a threshold current density of 300 A/cm?, and
a maximum operating temperature of 50 K.[!! Subsequently,
there has been great progress with this device in the active re-
gions. In 2003, Williams et al.[*?! showed a terahertz QCL
based on resonant-phonon structure, in which the inversion
of particle number is realized by longitudinal optical (LO)
phonon scattering. This structure is not sensitive to the tem-
perature and distribution of electrons, and also suppresses the
influence of background radiation, which is very beneficial to
long wavelength and high temperature operation. The lasing
frequency of the device is 3.4 THz. The working threshold at
5 K is 840 A/cm?. In 2005, Faist’s group!?® proved an im-
proved bound-to-continuum terahertz QCL. The highest oper-
ating temperature of the device is 53 K (CW) or 116 K (pulse),
and the lasing frequency of the device is 3.66 THz (82 pm).
This structure has the characteristics of bound-to-continuum
and phonon-assisted structure. In 2005, Liu and Caol20:24]
also showed the resonant-phonon terahertz QCL, and studied
the influence of doping on the active region. The lasing fre-
quency of the device is 2.9 THz, and the maximum operat-
ing temperature is 125 K. The results show that the operating
threshold of the device rises with the increase of the doping
density and decreases with the shortening of the device length.
In 2006, Kumar et al.!>! designed a single well injected tera-
hertz QCL. The free carrier absorption of the device is greatly
reduced. The maximum operating temperature of the device
is 95 K (CW) or 110 K (pulse), and the lasing frequency is
1.86 THz (161 um). In the one-well structure, there is no ex-
tra subband, so the reabsorption between subbands is reduced.
In 2006, Worral et al. demonstrated a bound-to-continuum
terahertz QCL working at 2.0 THz. The material used is
GaAs/Aly |GagoAs, the threshold value is 115 A/cm? at 4 K,
and the maximum working temperature is 47 K (CW) or 77 K
(pulse).*°! With regards to theoretical design, Lii and Cao
used Monte Carlo (MC) method to simulate the influence of
non-equilibrium LO phonon on the electron transport in tera-
hertz QCL,?”! and the non-equilibrium LO phonon affects the
interaction between electrons and phonons in terahertz QCLs,
which can change the distribution of current carriers in each
subband. In 2007, Faist’s group!!”! demonstrated a terahertz
QCL working at 1.2-1.3 THz (167-188 pum), the lowest laser
frequency ever achieved without the help of a magnetic field.
In 2008, Li and Cao et al.[?®! used MC method to simulate the
carrier transport and output characteristics of terahertz QCL

with resonant-phonon structure.

Tunable terahertz QCL is particularly important for the
development of terahertz applications. In 2008, Freeman et al.
proposed a kind of non-uniform cascade active region to re-
alize the electric switch emission of terahertz QCL**! with a
bound-to-continuum structure. The laser frequency is 2.6 THz
and 3.0 THz, and the operating temperature is 60 K and 91 K,
respectively. In the former mode, the device threshold is
79 A/cm?. Compared with selective injection,?) the above
two modes can be switched without magnetic field. In 2009,
Kumar et al. 3! developed a double-well terahertz QCL. Only
three subbands participate in electron transport. The laser fre-
quency is 4.6 THz, and the threshold value is 350 A/cm?. In
the same year, Wade et al. realized the laser emission of a sin-
gle device in a wide frequency range (0.68-3.33 THz) by ap-
plying an appropriate bias voltage and a strong magnetic field
of more than 16 T.[*?] Due to the suppression of non-radiation
scattering between Landau energy levels, the device showed
the magnetic field assisted laser effect when it was working.
The maximum operating temperatures of the device at 1 THz
and 3 THz were 215 K and 225 K, respectively. In 2009, the
same research group adopted the improved resonant-phonon
structure. The diagonal transition was used to extend the life-
time of the upper lasing level, so that the working tempera-
ture of the device is increased to 186 K, the laser frequency is
3.9 THz, and the output power is 63 mW at 5 K and 5 mW
at 180 K.2!l In 2009, Kumar ef al. used the density matrix
method to study the resonant tunneling mechanism.*! Based
on the previous work, Freeman et al.l** developed a dual
wavelength terahertz QCL in 2010, which emits at 2.5 THz
and 2.9 THz using non-uniform active region. In the same
year, Kumar et al. designed a four-well scattering assisted ter-
ahertz QCL, providing a breakthrough in terahertz QCL’s op-
erating temperature. This 1.8-THz laser can work up to 163 K,
corresponding to 1.9 times of Aw/kg.>> This development is
attractive for QCL applications below 2 THz, and brings for-
ward a new design idea for realizing the room temperature ter-
ahertz semiconductor laser.

In practical application, due to the severe absorption by
water, the water vapor in both the optical system and the sam-
ple will attenuate the energy of terahertz radiation. Therefore,
the development of high-power terahertz QCL technology has
become a research hotspot in this field. The following is a de-
tailed introduction from the perspective of active regions. In
2006, Williams et al. used a four-well resonant-phonon struc-
ture with resonant tunneling and phonon scattering mechanism
to realize a terahertz QCL with a lasing frequency of 4.4 THz,
a maximum pulse power of 248 mW, and a maximum con-
tinuous wave power of 138 mW.3¢! In addition to optimiz-
ing the active region to improve the device gain, the output
power of the device can be further improved by increasing the
thickness of the active region or increasing the size of the cav-
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ity. In 2013, Brandstetter er al. used a symmetrical active
region to increase the thickness of the active region to 20 um
by directly bonding two pieces of device materials, and made
a semi insulating surface plasmon (SI-SP) waveguide QCL de-
vice emitting at 3.9 THz, achieving a peak power of 470 mW

1371 However, the realization of this bonding tech-

at one facet.
nique requires the precondition that the active region must be
symmetrical and the quality of wafer bonding is very high. In
2014, Li et al. hybridized the bound-to-continuum structure
and the resonant-phonon structure, resulting in a new type of
active region, i.e., the hybrid structure. At the same time, they
used a larger size of the resonator and the rear face coating
technique to improve the output power of terahertz QCL. The
maximum pulse peak power of 1.01 W is achieved with the

(201 and the device lasing

device size of 4.2 mm x 425 um,
frequency is 3.4 THz. In 2015, by precisely controlling the
growth rate and doping level of the material, Li et al. real-
ized the layer by layer growth reproduction of the laser mate-
rial. Using the optimized structure and doping concentration,
the high-power ridge device was prepared, and the terahertz
QCL with the maximum pulse output power of 1.56 W (two-
facet) was realized.’® In 2017, Li er al. borrowed the pre-
vious bonding technique to increase the thickness of the ac-
tive region. Through exquisite material growth technique, the
thickness of the active region was directly grown to twice of
the conventional thickness, i.e., 24 um. The rear face coating
and large-size ridge device were also used to obtain the max-
imum 2.4 W pulse peak power,!!l and the device lasing fre-
quency was 4.4 THz. In 2018, Wan et al. realized a terahertz
QCL with peak pulse power of 1.2 W and lasing frequency
of 4.3 THz!!"”! by using a single resonant-phonon structure.
With regards to continuous wave output power improvement,
in 2016, Wang et al. developed a CW high power terahertz
QCL on the basis of hybrid structure. The maximum output

power is 0.23 W, and the lasing frequency is 3.11 THz.[!3]

2.1.3. Device materials

In addition to the above terahertz QCLs based on
GaAs/AlGaAs material system, scientists have also studied the
method and feasibility of realizing terahertz QCLs on several
other material systems.

In the InGaAs/AllnAs/InP material system, the effective
mass of electron is small, which can greatly improve the os-
cillation intensity, reduce the influence of surface roughness,
weaken the interaction between electron and phonon, and thus
reduce the threshold current density. However, InP-based ma-
terials are not developed as mature as GaAs-based materials in
terms of device performance and epitaxial growth. Therefore,
compared with GaAs-based terahertz QCLs, InP-based tera-
hertz QCLs still need to be further improved in output power,
operating temperature, etc. In 2005, the Faist group carried

out the terahertz QCL research based on InGaAs/AllnAs/InP,
and obtained the emission frequency of 3.6 THz and the high-
est working temperature of 45 K. The device threshold current
density was 460 A/em? at 10 K13 In 2009, the team also de-
veloped a terahertz QCL of Ing 53Gag 47As/Ing 50 Alg 43 As/InP,
with lasing frequency of 3.75 THz (80 pwm), maximum op-
erating temperature of 63 K and 87 K in continuous mode
and pulse mode, respectively, and maximum output power of
4 mW@10 K.1 In 2012, based on the three-well phonon
depletion scheme, Deutsch et al. successfully developed the
terahertz QCL with a maximum operating temperature of
142 K by using the Ings53Gag47As/GaAsgs1Sbg49 material
matched with InP substrate. The advantage of this device is
that it improves the injection and extraction tunneling cou-
pling in the device. The threshold current density of the de-
vice is 0.75 kA/cm?, and the peak pulse power can reach
9 mW. The wide spectral emission range between 3.3 THz
and 4 THz was also measured.*!1 In 2017, the group also used
InGaAs/InAIAs materials with low effective electron mass to
develop the high-power terahertz QCLs. The research shows
that the interface roughness, the doping migration, and the
growth-related asymmetries of the device materials play im-
portant roles in the material system. The analysis shows that
the doping densities are 2 x 10!° cm~2 and 7.3 x 10'% cm™2
respectively corresponding to the conditions that the device
working at the highest temperature (155 K) and at the highest
pulse power (151 mW). In addition, by connecting the super
hemispherical GaAs lens to the device with the highest doping
level, the output power of the device is 587 mW.[4?]

In the GaN/AlGaN material system, it is expected to
further improve the operating temperature of terahertz QCL,
and even achieve room temperature operation, thanks to its
higher longitudinal optical phonon energy than GaAs/AlGaAs
In 2005, Vukmirovica et al. studied the terahertz
quantum-well structure of GaN/AlGaN theoretically. The sim-

material.

ulation results show that the above structure can be excited
at 8.33 THz (36 um).[*3! In 2008, Bellotti ef al. simulated
the terahertz QCLs based on GaN using MC method, and its
lasering frequency was 2.0 THz.[*4l Compared with the GaAs-
based terahertz QCLs, the GaN-based devices have excellent
thermal performance, and the maximum operating tempera-
ture can reach to 400 K. However, due to the lack of high
quality GaN substrate and epitaxial materials, it is still very
difficult to grow such materials by MBE system. In 2015,
Terashima et al. announced that they had successfully devel-
oped the GaN-based terahertz QCL[*] at a SPIE conference,
with lasing frequencies of 5.5 THz and 7.0 THz, which, how-
ever, has not been repeated by other research groups in the
world to date. Scientists with different opinions argued that
the laser developed by that group is not the QCL in real sense,
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but may be the radiation generated by the electronic transition
of impurity level in GaN material.

In other wide band gap semiconductor materials, in
2006, Popadic et al. proposed an optical pumped laser
based on ZnSe/Zn;_,Cd,Se double quantum-well structure
and Zn;_,Mn,Se diluted magnetic semiconductor barrier, 0]
with a tunable frequency of 4.17 THz-5.0 THz (correspond-
ing wavelength of 6072 um). In this design, the diluted mag-
netic parts of different subbands and structures overlap with
each other. The giant Zeeman splitting in the diluted magnetic
semiconductor results in the splitting of the electronic state,
which leads to the tuning of the external magnetic field to the
laser wavelength. In 2009, Bellotti ef al. simulated the tera-
hertz QCL based on ZnO/MgZnO material system, and found

[47] However,

that this device may work at high temperature.
these two kinds of terahertz QCLs need magnetic field in op-
eration, which greatly limits the application of this device.

With regards to Si-based materials, in 2002, Lynch et
al.'8) carried out the optimization design of terahertz QCLs
based on Si/SiGe and Ge/SiGe materials, using the transi-
tions from heavy-hole to heavy-hole and from light-hole to
heavy-hole to emit terahertz light. In 2008, Lever et al.[*]
studied n-type doped Si—SiGe terahertz QCLs by employing
the rate equation considering the surface roughness, carrier-
phonon scattering, and Coulomb interaction. The simulation
results show that the lasing frequency of the device is 3.6 THz,
and the threshold current density is about 70 A/cm?. For the
above-mentioned Si-based terahertz QCLs, the polarized op-
tical phonon scattering could be omitted, and good thermal
performance has been observed, which is expected to work at
room temperature. Mature and cheap silicon preparation tech-
nology also makes the above-mentioned devices be easily used
in the integration of other microelectronic devices. However,
Si-based terahertz QCLs also have their own problems, such
as the serious interaction between the hole subbands and the
relative effective mass of the hole being much larger than that
of the electron, P°! thus affecting the actual performance of the
device.

2.1.4. Waveguide structures

According to the different types of waveguide structures,
the terahertz QCLs can be divided into two types: semi-
insulating (SI) surface plasmon (SP) waveguide and metal-

19311 a5 shown in Fig. 3. The lasing

metal (MM) waveguide,|
wavelength of the device is typically 100 um (3 THz), and the
thickness of the active region of the device is usually only 10—
15 pm. As a consequence, there is diffraction effect when the
light emitting from the ridge facet of the device, and the light
beam is relatively divergent.

In SI-SP waveguide, n-type doped GaAs substrate is re-

placed by SI-GaAs substrate to reduce free carrier absorption.

A thin heavily doped layer (200-800 nm in width) is grown
on SI-GaAs substrate to form the plasma layer. Terahertz light
is confined between the top metal contact layer and the bot-
tom plasma layer, reducing the overlap between the mode and
heavily doped semiconductor, thus reducing the free carrier
absorption and waveguide loss. The MM waveguide elimi-
nates the limit and reduces the threshold greatly. The fabrica-
tion of this waveguide is more complicated resulting from the
needs of metal-metal or metal-semiconductor bonding. At
present, the MM-waveguide based terahertz QCLs have the
best performance owing to the small skin depth in metal and
the confinement factor is almost uniform. In recent years, the
studies of terahertz QCL have made rapid progress in the new
type waveguide structure, such as grating, photonic crystal,
and metasurface, which makes the divergence and inhomoge-
neous distribution of the light beam greatly improved.

Iy
+ 1=
(a) n+ doped layer

>
top ‘ /
© electrod bottom

/ electrode

SI GaAs substrate

N\

active region

(b) I

bottom
electrode

n+ GaAs substrate

Fig. 3. Schematic diagram for (a) SI-SP and (b) MM waveguides.

For the terahertz QCLs with grating structure, the Bragg
grating with periodic structure is usually used. The main func-
tion of grating is to realize the feedback of light. Only the light
fulfilling the Bragg condition can be reflected and strength-
ened, and the coupling between forward and backward waves
can be obtained to realize the longitudinal mode selection.
Therefore, we call it the distributed feedback (DFB) structure.
The DFB lasers with the Bragg grating are superior to the tra-
ditional Fabri—Pérot (F-P) cavity laser in monochromaticity
and stability, and the order of the grating determines the direc-
tion of the output light. The second-order grating is introduced
into the terahertz QCL, and the laser oscillates along the length
of the cavity and emits along the vertical direction of the de-
vice surface. For example, the advantage of the second-order
grating surface emitting DFB terahertz QCL is that the output
area increases and the far-field divergence performance of the
laser is improved. There are symmetric modes corresponding
to the bottom of conduction band and antisymmetric modes
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corresponding to the top of valence band in the second-order
DFB laser. The symmetrical mode can radiate electromagnetic
wave from grating slot, but the antisymmetric mode radiation
is very weak. Due to the small radiation loss of antisymmetric
mode, the laser is easier to excite when it is working, which
also leads to the low output power of the laser and the short-
age of two spots in the far field. It is necessary to introduce 7-
phase shift to obtain a single far field spot.[?! The introduction
of third-order grating, antenna feedback plasma grating, and
line DFB grating has the similar effect with the phased array
in millimeter wave devices, which can realize the phase-locked
effect and form a narrow beam with low divergence. The in-
troduction of two-dimensional (2D) photons into the terahertz
QCLs waveguide is mainly for the purpose of better control-
ling the divergence of the laser beam from two dimensions and
obtaining an ideal Gaussian beam. Therefore, some 2D pho-
tonic structures such as concentric-circle grating, annular grat-
ing, (quasi) photonic crystal, and random structure are used in
the waveguides of terahertz QCLs. In addition, the fabrication
of two-dimensional photonic crystal structure on the surface of
metal waveguide can also improve the far-field performance
of the laser. Furthermore, in order to achieve single-mode,
narrow collimated beam, high output power, polarization con-
trollability, and tunability on terahertz QCLs, the structure of
vertical external cavity surface emitting laser (VECSEL) to-
gether with the metasurface structure is employed. The re-
search progress of terahertz QCLs in waveguide structures is
as follows.

In 2005, Hu’s group significantly improved the confine-
ment factor by employing the millimeter size waveguide to
confine the optical mode. At the same time, Cu—Cu bond-
ing was used instead of In—-Au bonding to improve the tem-
perature performance of the device. The maximum tempera-
ture of the device was 164 K (pulse) or 117 K (CW),3! the
laser frequency was 3.0 THz, the calculated confinement fac-
tor was 0.93, and the loss was about 18.7 cm~!. In the same
year, using microcavity terahertz QCL at 3.0 THz-3.8 THz,
Fasching et al. demonstrated a kind of low divergence beam
laser,®*! with a maximum operating temperature of 140 K
and a minimum threshold of 0.9 kA/cm?. In 2006, Cao’s
group optimized the resonant-phonon structure at 3.1 THz and
3.4 THz by MC method, and realized the high-quality growth
of device materials. The devices with SI-SP waveguide and
MM waveguide were prepared. The successively measured
results showed that the lasing frequency of SI-SP waveguide
device was 3.2 THz,!5! and that of MM waveguide device was
3.39 THz, operating at temperature up to 100 K.5¢! In 2007,
Faist’s group proposed to combine photonic crystal and MM
waveguide to improve the performance of terahertz QCLs.
The research results show that under the condition of strong
magnetic field and low temperature, the device threshold can

be reduced to 0.65 A/cm?.571 Subsequently, the studies of

Benz et al.!8

also show that for terahertz QCL with photonic
crystal structure, the reflectivity is improved owing to the las-
ing frequency in the photonic band gap, which helps to reduce
the loss. In 2010, Fast’s group also demonstrated a low diver-
gence terahertz photonic-wire laser with a very small struc-
ture. The emission is concentrated in a narrow beam. The
maximum operating temperature is 110 K in CW mode, the
output power is greater than 10 mW, and the slope efficiency
of the laser at 10 K is 200 mW/A.5%! Meanwhile, they also
proposed a surface emission distribution feedback terahertz
laser resonator based on a dual-slit configuration.[" The first-
order and second-order diffractions can be well controlled by
the gap spacing, so the surface loss can be selected in a large
range. In 2010, Yu et al. designed a sub wavelength periodic
structure at the facet of the laser, which significantly reduced
the asymptotic surface plasmon frequency, leading to ‘spoof’
surface plasmons. Using a simple one-dimensional grating
design, the divergence angle of the laser beam was reduced
from about 180° to about 10°, the directivity was improved
by more than 10 dB, and the power collection efficiency was
about 6 times higher than that without optimization.®!l Sub-
sequently, Xu et al. proposed a graded photon heterojunction
grating structure, which has a decreasing metal filling ratio
from the center to both sides.[0>63! This grating can limit the
symmetric mode to the middle of the waveguide and the an-
tisymmetric mode to both ends of the waveguide. Through
the above structure, the device is forced to work in the sym-
metrical mode to improve the optical efficiency. Compared
with DFB laser, the slope efficiency of the laser is increased
by an order of magnitude, and the far field presents a single
elliptical Gaussian spot with low scattering.[®?! In 2018, Jin et
al. adopted the asymmetric second-order and fourth-order hy-
brid grating DFB structure, which greatly increased the out-
put power of the laser.[%* This hybrid structure is based on
the second-order grating, adding the asymmetric fourth-order
grating, so as to reduce the loss of the symmetrical mode (cor-
responding to the excited state of the laser) and greatly in-
crease the radiation efficiency of the laser. At 62 K, the maxi-
mum output power of the device is 170 mW, and the far field
is a single elliptical spot. Different from the surface emitting
mechanism of the second-order grating, Amanti et al.!%! pro-
posed a kind of terahertz QCL based on the third-order grating,
which is similar to the linear phase controlled source array, and
can shape the far-field of the double-sided metal waveguide di-
vergence into a single beam with only 10°. The output power
is 7 times of that of the double-sided metal waveguide device
with the same area. In 2016, Wu ef al. demonstrated an an-
tenna feedback plasmon terahertz QCL.[%®! The grating period
is no longer a multiple of the half wavelength of the laser in
the active region, but between the first-order and second-order

084212-6



Chin. Phys. B Vol. 29, No. 8 (2020) 084212

grating periods. Through the selection of a specific grating pe-
riod, the electromagnetic field in the resonant cavity strongly
couples with the surface plasmon field in the air outside the
cavity. The gratings are similar to the antenna array to form a
phase-locked terahertz field distribution, thus generating nar-
row beams along the waveguide in both directions. This an-
tenna feedback mechanism can effectively control the diver-
gence of the light, and realize a very narrow light beam with
divergence of only 4° x 4°. In 2018, Biasco et al. proposed
a line DFB terahertz QCL,”l in which the optical feedback
is provided by sinusoidal corrugated gratings on both sides of
the resonator. A low scattering single-mode light beam with
a peak power of about 42 mW and a slope efficiency of about
250 mW/A is obtained.

With regards to 2D photonic crystal structure, in 2009,
Mujagi¢ et al. proposed a surface emitting annular grating
structure. (%] This grating is equivalent to the bending end-to-
end connection of 1D linear grating, and the laser works in
a whispering-gallery mode, which has strong beam collima-
tion effect, and the far-field spot is symmetrical and approx-
imately circular. The radiation efficiency is twice of that for
F-P laser with the same area. In addition, the laser always
operates in single-mode, and the edge mode rejection ratio is
higher than 30 dB. In the same year, Chassagneux et al. de-
veloped the photonic crystal surface emitting terahertz QCL,
and studied the influence of boundary conditions on the pho-
tonic crystal.[®! In 2010, Sevin et al. improved the above
terahertz QCLs. The quality factor of the resonator is im-
proved by employing the gradual photonic crystal structure,
which can greatly reduce the device areal’’! without affecting
the divergence of the beam, and then the 7 phase shift was
introduced to obtain a single narrow beam. The divergence
angles of both dimensions are about 10°. In 2013, Liang et
al. realized the surface emitting in single-mode!’! by em-
ploying the distributed feedback concentric circular gratings.
The edge mode rejection ratio of the laser is as high as 30 dB,
and the output power is 5 times that of the edge emitting laser
with the same size. In 2014, Vitiello ef al. developed the
photonic quasicrystal terahertz QCL!"?! by using the pentag-
onal rotationally symmetric quasicrystal structure. The laser
works in the mode corresponding to the quasicrystal structure.
Compared with the photonic crystal devices, the photonic qua-
sicrystal terahertz QCLs have higher output power and optical
efficiency. Random laser is a fed back laser by multiple elas-
tic scattering in a highly disordered environment. Because of
its low spatial coherence, it can provide an ideal light source
for non-artifact imaging. In 2019, Biasco et al. realized the
terahertz QCL!73! with random structure, in which air holes
are randomly distributed on the upper surface of the waveg-
uide, resulting in a highly collimated vertical surface emitting
terahertz laser. In addition, the external cavity composed of

a movable mirror is used to adjust the laser frequency, and a
continuous frequency tuning of more than 11 GHz is acquired.

About metasurface structures, in 2015, Xu et al. realized
the terahertz VECSEL!"#! by employing an amplified subsur-
face reflector composed of antenna coupled quantum-cascade
subcavity arrays. The laser consists of metasurface reflec-
tor and output coupler. The period interval of the double-
sided ridge waveguide array is less than the wavelength in
free space, and the width of the ridge waveguide is about
half wavelength in the active region. The lasing mode is a
high-order transverse mode TMy;. Using this structure, a col-
limated beam with a quality close to Gaussian is obtained.
The full width of the half peak is 4.3° x 5.1°, and the out-
put power of the laser is greater than 5 mW. In 2018, Cur-
wen et al. developed a high-power terahertz VECSEL!") by
employing the optimized terahertz quantum-cascade metasur-
face, which is composed of double-sided metal ridge waveg-
uide array, including terahertz quantum-cascade material and
metal-grid-based output coupler. The output power per unit
area increases with the rising spatial density of metasurface
structure. In order to obtain an ideal Gaussian beam, a circular
bias region is confined for the ridged waveguide array by using
the dielectric layer. The output power of the device can reach
to 1.35 W at 6 K, and it has the characteristics of single-mode
and perfect circular spot with low divergence. In addition, the
single-mode terahertz laser can be continuously tuned with a
frequency width of 50 GHz by controlling the length of the
cavity, and the single-mode tuning does not significantly af-
fect the output power or beam quality.

The dynamic control of polarization state in the laser is
very important for polarization imaging, polarization spec-
troscopy, ellipsometry, etc. In 2017, Xu et al. realized the
direct electric control of the polarization state of the light
in terahertz laser by employing a metasurface structure.!6]
The polarization-sensitive metasurface is composed of two
different surface emitting antenna arrays with Z-shaped ridge
waveguide. When a bias is applied to the array, a certain polar-
ization state will be selected. The above structure realizes the
electric switch between 80° linear polarization state, and also
a very narrow beam is kept. The divergence angle is about
3° x 3°. The metasurface structure also plays an important
role in the tunability of terahertz QCLs. Because of the gain of
VECSEL device comes from the metasurface reflector, which
does not involve the middle of the cavity, the short cavity struc-
ture is beneficial to the realization of wide-spectrum tunability
of the laser. In 2018, Curwen et al. employed the short cavity
structure to make the laser oscillate in the low-order F-P cav-
ity mode. By mechanically controlling the coupler to change
the cavity length, a single-mode terahertz VECSEL with con-
tinuous tunaility in a wide spectral range!””! was realized. The
lasing frequency is 3.5 THz. When the order of the longitu-
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dinal mode of the external cavity is 4, the continuous tunable
bandwidth reaches to 650 GHz, and the tuning range is about
19% of the center frequency. When the order of the longitu-
dinal mode of the external cavity is 2, the tunable bandwidth
reaches to 880 GHz, and the tuning range is about 25% of the
center frequency. If one can control the phase of the metasur-
face and the output coupler, and develop a thinner metasurface
structure at the same time, it is expected to achieve the first-
order external cavity longitudinal mode tunability, and further
improve the operation bandwidth of the device.

2.2. Terahertz QWPs

Terahertz QWP!?! is a kind of low dimensional semicon-
ductor quantum device working in terahertz region. Its effec-
tive detection frequency range can cover 1.5 THz-7.5 THz
and 8.8 THz-15 THz. This kind of detector has the advan-
tages of simple structure, fast response, stable performance,
easy integration, and high damage threshold, making it espe-
cially suitable for high-speed detection and high-speed imag-
ing applications.[8! As with terahertz QCL, the material sys-
tem used in terahertz QWP is GaAs/AlGaAs. However, due to
the low energy of the terahertz photon, which corresponds to
the low Al concentration in the material, the growth of high-
quality GaAs/AlGaAs material is extremely difficult. Starting
from the principle, the research progress in theoretical design,
structural optimization, and performance improvement of the
device is presented.

2.2.1. Working principle

Terahertz QWP is the extension of quantum-well infrared
photodetector (QWIP) to terahertz frequencies, and they are
similar in both working principle and device characteristics.
The conduction band structure and working principle diagram
of the device are shown in Fig. 4.

The periodic structure composed of multiple quantum
wells and barriers as well as the upper and lower contact layers
constitute the active region of the device. Each period contains
a layer of doped quantum-well layer (GaAs) and a layer of bar-
rier layer (AlGaAs). When the terahertz radiation incidents on
the sensitive facet of the device, the electrons located in the
bound state of the quantum well will absorb the photon energy
and then transit to the quasi-continuous state near the barrier
edge. Under the external bias, the photo-carriers (electrons)
form a photocurrent in a specific direction. The intensity of
the incident light radiation can be obtained by measuring and
analyzing the magnitude of the photocurrent. Then the tera-
hertz light is detected. The peak response frequency of the
device is determined by the energy interval from the bound
state to the quasi-continuous state in the structure. The energy
interval can be changed by adjusting the height of the barrier,
the quantum-well width, and the doping concentration in the

active region, so as to realize the on-demand design. In order
to ensure the full absorption of the incident light, the number
of periods in the active region is usually 10-100.[78]

U U U
zero bias T
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/
collector

_
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C
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Fig. 4. Schematic conduction band edge profile of a GaAs/AlGaAs terahertz
QWP under zero (above) and finite (below) bias.

2.2.2. Research progress

The terahertz QWP was first developed by Liu ef al. in
2004.111 Most important progresses have been made in the-

79-821 coupling waveguide, ®>-81 and system

oretical design,!
applications!®6-3%) in recent years.

In theoretical design, in 2009, by considering the influ-
ence of many-body effect in the device, three different peak
detection frequencies were calculated and fitted by Guo et
al. The results show that the influence of the peak detection
frequency in terahertz detectors with many-body effect is far
greater than that in infrared devices, which reduces the de-
sign error of the peak detection frequency from 30% to 5%,
greatly improving the theoretical design accuracy of terahertz
QWP.["1'In 2015, Gu et al.!®! found a strong and sharp pho-
tocurrent peak at the longitudinal optical (LO) phonon fre-
quency (8.87 THz). The results show that the peak value of
photocurrent comes from a two-step process. Firstly, at the LO
phonon frequency, a large number of unbalanced LO phonons
are excited by the incident electromagnetic field, which makes
the electromagnetic energy localized and enhanced in the thin
multi-quantum-well (MQW) layer. Secondly, through the
Frohlich interaction, the local electrons are excited to a con-
tinuous state by absorbing the non-equilibrium LO phonon,
thus producing a strong light response peak. This discovery is
of great significance for the exploration of strong light—matter
interaction and the realization of high sensitivity terahertz pho-
todetectors. About improving the coupling efficiency and re-
sponsivity of the detectors, in 2013, Guo et al. studied the
effect of the surface-plasmon enhanced grating structure and
the metal microcavity structure in improving the coupling ef-
ficiency of detectors. The theoretical results show that the sur-
face plasmon enhanced grating structure can increase the cou-
pling efficiency by 30 times, and the metal microcavity struc-
ture can reach to 100 times.!3!! In 2014, Zhang et al. devel-
oped a terahertz QWP based on the coupling of 1D metal grat-
ing. The results show that the peak responsivity of the device
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can be effectively increased by 20%.1°!! In 2015, a 5.0 THz
patch antenna terahertz QWP was demonstrated by Palaferri
et al.”?! A peak detectivity of 5 x 10'2 cm-Hz!/2/W was re-
alized. In 2017, Zhang et al. designed a device based on 2D
metal grating structure, and developed a terahertz QWP de-
vice with a responsivity of 146% higher than the traditional
45° facet incident structure.®> In 2017, Wang er al.1¥! de-
signed and developed a two-color terahertz QWP with peak
detection frequencies of 3.75 THz and 5.55 THz, respectively.
The response width of the photocurrent spectrum is about
1.5 THz at half maximum intensity. In 2018, Wang et al.[*¥]
demonstrated a broadband voltage-regulated terahertz QWP.
The peak detection frequency can be regulated from 4.5 THz
to 6.5 THz. In addition, in 2015, Schneider’s group demon-
strated a two-photon terahertz QWP below 6 THz, and used
the terahertz gas laser to study the nonlinear performance of
the detector.[3* In operation temperature, in 2015, Jia et al.
found that when a terahertz light beam with a power density
of 819 W/cm? is introduced, the optical-noise-limit perfor-
mance temperature of the terahertz QWP with a peak detec-
tion frequency of 5.5 THz can be increased to over 77 K, 8?1
which provides guidance and help for improving the operating
temperature of terahertz QWP. The plasmon resonant®! and
the mico-cavity coupled®®! terahertz QWPs were realized by
Zheng et al. and designed by Yang e al., respectively. Finally,
the progress of the performance of terahertz QWPs is shown
in Table 3.

Table 3. The progress of GaAs/AlGaAs-based terahertz QWPs.

Year Progress Values Ref.
2004 the first terahertz QWP 7.1 THz [2]
2009 precise design of device structure 3.2THz/54 THz [79]
2013 microcavity coupled terahertz QWP 5.4 THz [81]
2014 grating coupled terahertz QWP 5.85 THz [91]
2015 antenna coupled terahertz QWP 5.0 THz [92]
2015 the first two-photon terahertz QWP 6.0 THz [84]
2017 the first two-color terahertz QWP 3.4 THz [93]

2018 broadband bias-tunable terahertz QWP 4.5 THz-6.5 THz [94]

2019 plasmon resonant terahertz QWP 6.5 THz [95]

3. Applications

Terahertz QCL and QWP are spectrally matched semi-
conductor devices. Figure 5 shows the photocurrent spectrum
of a terahertz QWP with peak detection frequency of 3.2 THz
and emission spectra of five terahertz QCLs with different las-
ing frequencies. The spectra show that one terahertz QWP
can detect radiation from almost all terahertz QCLs. With the
optimization on terahertz device, the application system, em-
ploying terahertz QCL as the light source and terahertz QWP
as the detector, has also been significantly developed. The re-
search progress in terahertz photoelectric characterization and
terahertz imaging employing the above two devices is mainly
presented as follows.
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Fig. 5. The comparison of the emission spectra of five THz QCLs and the
photocurrent spectrum of a THz QWP.

3.1. Terahertz photoelectric characterization

Photoelectric characterization is an important founda-
tion in terahertz application, covering aspects such as perfor-
mance characterization of terahertz photoelectric devices, op-
tical path calibration and beam optimization, spectrum mea-
surement, light modulation and demodulation, wireless sig-
nal transmission, etc. With the development of material sci-
ence, laser technology, and energy band engineering, com-
pact terahertz sources and detectors are gradually emerging
and their performance is constantly improved. The photoelec-
tric characterization methods in terahertz range are gradually
updated, and the physical parameters that are difficult to accu-
rately measure by traditional methods can be easily acquired.
Terahertz QCL and QWP are two important devices in high
frequency terahertz photoelectric characterization. They have
unique characterization advantages in pulse power measure-
ment, responsivity calibration, and fast modulation and detec-
tion.

In 2009, Grant et al.'®) applied terahertz QWP into
a 3.8 THz wireless transmission system for the first time,
demonstrated the transmission of a real-time audio signal,
and realized the breakthrough of wireless signal transmission
based on a radiation above 1 THz. In 2010, Tan et al.[°’! com-
bined the refrigerator of terahertz QWP with the spectrometer
based on the Fourier transform spectrum measurement tech-
nology. A terahertz QWP device was used to detect the emis-
sion of a QCL device with lasing frequency of 4.1 THz. The
results show that the emission spectrum of the laser measured
by terahertz QWP is sharper than that measured by thermal
detector with the same condition, which is closer to the actual
emission spectrum. Then, accurate calibration of the pulse
power emitting from terahertz laser was realized by Tan et
al. by employing the fast detection performance of terahertz
QWP.[8] Subsequently, the absolute responsivity of terahertz
QWP was calibrated by employing a single frequency tera-
hertz QCL, which is similar to the results in Ref. [78]. The
calibration process is simple and the error is small, which ef-
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fectively eliminates the calculation of complex integral differ-
ence and the influence of water vapor absorption in the atmo-
spheric environment. (%"}

In 2010, Fatholoumi er al.!371 used a fast terahertz QWP
to study the thermal quenching process of a terahertz QCL,
and the response time of the corresponding devices was in the
order of microseconds. In 2011, Chen er al.[1%0 adopted a
4.1-THz CW QCL as the emitter and a spectrally matched ter-
ahertz QWP as the receiver to realize the wireless transmis-
sion of real-time audio signal. The amplitude modulation was
used in the transmission process with a distance of 2 m. The
modulation bandwidth limited by the device circuit is about
580 kHz. Furthermore, Chen et al.!'°!! optimized the driving
circuit of terahertz QCL and the signal processing circuit of
terahertz QWP.

A 3.9-THz wireless link with a distance of 2.4 m and a
transmission rate of 2.5 Mbps is realized. Wireless transmis-
sion of a real-time video signal was demonstrated. The results
based on the analysis of transmission of binary pseudo-random
signal show that the error-free transmission rate of the link
is 5 Mbps. In 2015, the wireless transmission rate had been
raised to 20 Mbps by improved the digital modulation circuit
and the trans-impedance amplifier. The distance of the link,
with a 3.27 THz carrier frequency, is about 2.2 m. In 2017,
Tan et al.[192! used a 4.3-THz QWP to realize the direct de-
tection of a rapidly modulated 4.2 THz light, with the fastest
response frequency of 0.5 GHz. By improving the packaging
method of terahertz QWP, Li et al.1'1 used a coaxial trans-
mission line to extract the response signal of the detector, and
finally demonstrated the direct detection of a 6.2 GHz modu-
lated light.

In addition, the terahertz QCLs have also been applied
in precision spectroscopy and optical frequency comb. In
2017, a homogeneous spectral spanning of long-cavity ter-
ahertz QCL under radio frequency modulation was demon-
strated by Wan et al.!'3 The terahertz spectrum under radio
frequency modulation continuously spans 330 GHz was re-
alized under a single drive current. In 2019, the high-power
and broadband on-chip dual-comb sources based on terahertz
QCLs emitting at approximately 4.2 THz were realized by
Li et al.!'% In 2020, the practical terahertz transmission dual-
comb spectroscopy with a free-running QCLs generating ap-
proximately 120 GHz wide combs centered at 4.2 THz was

1051 Spectra of moist air are shown,

demonstrated by Li et al.!
which allows rapid monitoring of the relative humidity. The
above results show that the terahertz dual-comb technique
should be readily extendable to perform imaging, microscopy,

and near-field microscopy in the terahertz regime.

3.2. Terahertz imaging

With the development of terahertz source and detection
technology, terahertz imaging has gone through many stages,

such as the imaging based on terahertz time-domain spec-
troscopy (TDS) system, 1961971 fast scanning imaging based

[108-111] and real-time imaging

on various radiation sources,
with focal plane arrays.!''>!13] The performance and the ap-
plication level of the imaging system have been greatly im-
proved. It is noted that the appearance of terahertz real-time

141151 improves the speed and accuracy of ter-

imaging system
ahertz imaging to the required levels for practical applications.
The terahertz imaging has important applications in material
analysis, biomedical imaging, and other fields in the future.
The imaging system based on terahertz QCL and QWP de-
vices will be mainly presented as follows.

In real-time imaging based on terahertz QCL, the infrared
focal plane array was employed by Lee et al.!''3! to demon-
strate the terahertz real-time imaging system in 2006, and a
sub-millimeter resolution has been acquired. The light source
of this imaging setup is a 4.3-THz QCL with CW mode. Then,
by improving the output power and beam quality of the laser
and the sensitivity of the detection array, they further realized a
stand-off imaging of the pattern with the distance up to 25 m.
The imaging resolution is sub-millimeter level.!''® In 2008,
Oda et al.'''*! demonstrated the real-time imaging for the first
time by using an optimized terahertz imaging array. The imag-
ing frame rate can reach to 30 Hz. The theoretical optimal
imaging resolution of this system is determined by the pixel
size of the terahertz array (with a value of 23.5 um). In actual
imaging systems, the resolution is determined by the wave-
length of radiation, focal length of the optical lens, the material
of the sample, etc. Therefore, the actual imaging resolution of
the object is on the order of submillimeter. In 2012, Oda et
al.!'>1 developed an optical lens suitable for terahertz array.
The microscopic imaging of two hair silks, with a resolution
of 70 um, was demonstrated. It is worth noting that the imag-
ing system uses a compact terahertz QCL device with Stirling
cooler, which greatly reduces the size and weight of the sys-
tem, and then improves the application scopes of the terahertz
QCL.In 2014, Tan et al. 17 demonstrated the reflection imag-
ing of metal patterns and concealed metal blades by employing
a 3.9-THz QCL as the light source and a 320 x 240 terahertz
camera. An imaging resolution of 0.33 mm was obtained. In
2016, Yang and Tan et al.!''®! used a compact terahertz QCL
device and a terahertz array detector to build a terahertz real-
time imaging system with a light pass aperture of 50.8 mm
and an imaging spot diameter of more than 40 mm. The actual
imaging resolution is about millimeter level. After integration
optimization, the above imaging device is applied to the imag-
ing part of a terahertz hazardous substances analyzer. The real-
time imaging and positioning of hazardous substances such as

explosives have been demonstrated, which is shown in Fig. 6.
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Fig. 6. The imaging, positioning, and spectral analysis process of hazardous substances.

In scanning imaging based on terahertz QCL and QWP,
Zhou et al.""” used a 3.2-THz QWP as the signal receiver
to realize a passive terahertz scanning imaging assisted by the
thermal radiation source in 2012. The imaging resolution is
about 1 mm. In 2013, Tan et al.'® constructed a scanning
imaging system by using a 3.9-THz QCL as the light source, a
spectrally-matched terahertz QWP as the signal receiver, and
two ellipsoidal replica mirrors as the optics. The scanning
transmission imaging of the hidden pattern in the RMB was
demonstrated. The imaging resolution is 0.5 mm. In 2014,
a scanning reflection imaging of the logo pattern on the U-

disk surface was demonstrated by Tan er al.['?0]

employing
the same light source and receiver. The imaging resolution is
0.4 mm. In order to further improve the imaging speed, in
2018, a scanning imaging system based on the fast rotation
and translation structure was constructed by Qiu ez al.['?!'l A
4.3 THz QWP with fast detection performance and a 4.2 THz
QCL with CW operation mode have been used in the above
system. The fast scanning reflection imaging of a hidden leaf
has been demonstrated, with a single frame imaging time of
less than 10 s and a maximum of 5000 points per second scan-
ning speed. A resolution of 0.3 mm and a circular imaging
region with a diameter of 100 mm were obtained.''>!]

Due to the failure of Si readout integrated circuits
(ROICs) and the thermal mismatch between the photo-detector
arrays and the ROICs at temperatures below 40 K, there are
big technical challenges to construct terahertz photo-type fo-
cal plane arrays. In 2016, a pixel-less photo-type terahertz
imager based on the frequency up-conversion technique!'??!
was demonstrated by Fu er al. '3 The imager is composed of
terahertz QWP and near-infrared (NIR) light emitting diodes
(LEDs) which are called as QWP-LED and their materials are
grown in sequence on the same substrates using MBE system.
A laser spot of a 4.34-THz QCL was imaged by the QWP-LED

together with a commercial Si camera. The imaging results

show that the image blurring induced by the transverse spread-
ing of photocurrent is negligible. The demonstrated pixel-less
imaging opens a new way to realize high performance tera-
hertz imaging devices. In addition, the terahertz QCLs also
play an important role in scanning near-field optical micro-

scope and a sub-micrometer resolution has been obtained. 1?4

4. Conclusion and perspectives

In this paper, the working principle and the latest develop-
ment of terahertz QCLs and QWPs are reviewed. The theoreti-
cal design for the active regions, waveguides, the performance
optimization of devices, and the applications in terahertz pho-
toelectric characterization technology and imaging are mainly
presented. With regards to the terahertz QCL, as an impor-
tant practical light source in terahertz range, it also needs to be
further improved in the following aspects. Firstly, at present,
without considering the power consumption of the refrigera-
tor itself, the energy conversion efficiency of terahertz QCL is
only less than 2%. The cooling of the laser is still a part that
must be considered comprehensively in the system applica-
tions before the room-temperature operating of terahertz QCL
is achieved. High operating temperature (greater than 77 K)
and high energy conversion efficiency (greater than 2%) are
needed for practical applications. Therefore, a more effective
electric cooling method needs to be explored in addition to
improving the energy conversion efficiency of the laser. Sec-
ondly, the improvement of the external coupling of the laser
beam also needs further improvement, including the stability
and reliability of the setups. Finally, in order to achieve multi-
frequency imaging, the tunability of single mode operation of
the laser is necessarily to be optimized. About the terahertz
QWPs, in addition to improving the detection sensitivity, the
up-conversion technology is an effective way to realize line
array and array detection. Meanwhile, the integrations of ter-
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ahertz laser source and detection device based on built-in am-

plifier, external waveguide, polarization converter, and other

functional devices are also worth further investigation. It can

be anticipated that the two devices, with constantly optimizing

the performances, will play important roles in the applications

of scanning near-field optical microscopy, ultrafast scanning

tunneling microscopy with atomic-level resolution, biomedi-

cal imaging, biomedical effects research, etc.
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