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High-power terahertz (THz) generation in the frequency range of 0.1–10 THz has been a fast-developing research area ever since the
beginning of the THz boom two decades ago, enabling new technological breakthroughs in spectroscopy, communication, imaging,
etc. By using optical (laser) pumping methods with near- or mid-infrared (IR) lasers, flexible and practical THz sources covering
the whole THz range can be realized to overcome the shortage of electronic THz sources and now they are playing important
roles in THz science and technology. This paper overviews various optically pumped THz sources, including femtosecond laser
based ultrafast broadband THz generation, monochromatic widely tunable THz generation, single-mode on-chip THz source from
photomixing, and the traditional powerful THz gas lasers. Full descriptions from basic principles to the latest progress are presented
and their advantages and disadvantages are discussed as well. It is expected that this review gives a comprehensive reference to
researchers in this area and additionally helps newcomers to quickly gain understanding of optically pumped THz sources.
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1       Introduction

Terahertz (THz) waves, ranging from 100 GHz to 10 THz in
frequency (3 mm to 30 μm in wavelength) between mi-
crowave and infrared (IR), used to be a “gap” in electromag-
netic spectrum because the lack of efficient generating and
detecting methods. However, this gap has now been filled, at
least in part, with the scientific development and technologi-
cal innovation since the end of the last century. Although not
fully exploited, the rapidly growing THz technology is now
pervading almost all the basic subjects including biology,
physics, chemistry, material sciences, etc. [1–3]. THz out-
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puts (number of documents with “terahertz” appearing in the
abstract, title or keyword) have been growing exponentially
in the past two decades [4]. The once anticipated “potential”
applications, such as spectroscopy, medical imaging, radar,
communication and non-destructive inspection, are also
becoming practical facilities and creating big opportunities
in the world market.
Nowadays, finding THz sources is still one of the obstacles

restricting the development of applications for THz technolo-
gies. Although thermal sources like the mercury lamp and
globar have been used aswide band THz sources in laboratory
since long time ago, they are essentially long-wave IR sources
and THz waves are merely a by-product, and the low bright-
ness, incoherence and short lifetime restrict them to be used
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in simple applications like spectroscopy. Generally, there
are two methods for THz wave generation—electronic and
photonic [4–9]. The electronic method includes two types,
in which back-ward wave oscillators, travelling-wave tubes,
gyrotrons, and free-electron lasers are vacuum electronic de-
vices, while Gunn diode, high-frequency transistors and fre-
quency multipliers are solid-state electronic devices. Elec-
tronic THz sources dominate in the low-frequency part but
most of them are unable to cover the high-frequency range
above 1 THz. Photonic THz sources can also be divided into
two categories, the so-called THz lasers and optical-to-THz
conversion. THz lasers are built from the archetypical el-
emental semiconductors—germanium and silicon, or gases
like CH3OH, HCOOH and CH2F2. The solid-state semicon-
ductor lasers, e.g. p-germanium laser and quantum cascaded
lasers, are electrical pumped and being challenged by raising
the operating temperature. THz gas lasers are pumped by IR
lasers (e.g. CO2 lasers around 10.6 μm) with the main disad-
vantage of showing bulky and discrete lines. The other pho-
tonic THz sources are all pumped by lasers and converted to
THz, using the methods of nonlinear frequency conversion,
photoconductive switches or antennas, etc.
Lasers have been playing important roles in THz gener-

ation. The trigger for the burst of THz technology in the
1990s was the optical-to-THz conversion technology using
lasers [10,11]. Although laser pumped THz sources usually
have limited conversion efficiency because of the huge quan-
tum defect from laser to THz frequency, significant progress
has been made in the past two decades with the development
of laser technology and conversion media. This review dis-
cusses the basics and development of optically pumped THz
sources. It should be noted that as all the optical pump sources
for THz generation are lasers, “optically pumped” is identical
to “laser pumped”. Moreover, gas THz lasers pumped by IR
lasers are also optically pumped, so they are included as well
and novel ideas to improve these antiquated facilities are in-
troduced in this paper.

2       Ultrafast THz sources

Ultrashort THz sources derived from femtosecond lasers
producing coherent few-cycle THz pulses, are an important
class of THz sources enabling time-domain spectroscopy
(TDS). THz TDS has the unique ability to characterize the
complete electric field of a THz pulse with full phase and
amplitude information, thus the complex dielectric function
of a sample can be determined directly without having to rely
on Kramers-Kronig (K-K) relations, a great advantage over
Fourier transform infrared spectroscopy (FTIR) that gives
only the intensity measurement. With these advantages, THz
TDS not only helps identifying chemical or biochemical
molecules, but also provides a powerful tool for imaging

in pharmaceutical, security, or scientific identification of
substances such as drugs, explosives or weapons. THz
imaging with TDS is implemented into quality control
and optimization of industrial manufacturing processes
(http://www.menlosystems.com/). High-field-strength ultra-
short THz pulses also enable new approaches of studying the
physical processes of condensed matters [7].
The most widely used techniques of generating ultrafast

THz pulses are photoconductive switch (antenna) [12] and
optical rectification [13], which can be pumped with either
femtosecond oscillators or amplified systems for single- of
few-cycle THz pulses. There is also a promising method
to obtain very short single-cycle THz pulses with high-field
strengths by nonlinear processes in gas plasmas [14]. De-
spite of some other THz generating methods like semicon-
ductor surface emitters [15], in this part we will concentrate
the discussion only on three main ultrafast THz pulse gener-
ating techniques.

2.1       THz generation by photoconductive switch

As the most widely used method for the generation and de-
tection of THz pulses in TDS, the photoconductive switch
was firstly introduced by Auston and Smith in the early 1980s
[16]. A photoconductive switch consists of two short metal-
lic stripes with a small gap (around 10 μm) in between, placed
on a semiconductor substrate with a short charge carrier life-
time, as shown in Figure 1. A direct current (DC) bias voltage
(10–50 V) is applied to the stripes. A visible or near-IR fem-
tosecond laser is focused in this region between the metal-
lic stripes creating a closed circuit for a short time. The fast
change in polarization P induces fast oscillations with a field
strength of E P td / dT Hz

2 2, which in turn leads to THz emis-
sion in a wide range of angles through the switch composed
by the resistance-capacitance (RC) circuit with response time
on the order of a picosecond. Photoconductive switches have
been continuously improved since the early works, greatly in-
creasing the THz pulse energy and frequency response by us-
ing novel switch material, geometry and optimizing the pho-
toconductive area.
The emitted THz pulse is proportional to the second deriva-

tive of the transient current inside the switch, the pulse du-
ration of the femtosecond laser and the carrier rise time in-
trinsic to the material. The preferable material for the most
commonly used Ti:Sapphire femtosecond laser at 800 nm is
gallium arsenide (GaAs), which has a fast carrier rise time,
high mobility and a smaller band gap (1.42 eV) than the laser
photon energy (1.55 eV). As a great improvement, low-tem-
perature (LT) grownGaAs bymolecular beam epitaxy (MBE)
has been widely used to overcome the slow photo-response
time of conventional semiconductors [17]. The LT-GaAs
has a carrier lifetime shorter than 500 fs (even reaching the
sub-100-fs  duration)  and  high  resistivity  [18],  yielding  a
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Figure 1          (Color online) Schematic diagram of THz pulse emission from a
photoconductive switch excited by a femtosecond laser pulse. (a) Schematic
diagram; (b) equivalent RC circuit.

spectrum typically in the range of 0.1–3 THz, limited mostly
by the laser pulse duration, material absorption and dis-
persion. A number of semiconductor materials besides
GaAs, like Si, InAs, InP, ZnSe and ZnTe, have also been
used in photoconductive switches. For THz generation with
1.5 μm fiber lasers, InGaAs/InAlAs multi-layer structures
have been developed [19], and the bandwidth can be im-
proved up to 4.5 THz with a peak dynamic range larger than
70 dB [20].
Various antenna geometries besides the Auston switch have

been discussed, including the bow-tie antenna, interdigitated
structures, spiral antenna and other more sophisticated de-
signs derived from microwave theory. With stronger fem-
tosecond amplifiers, THz energy scaling is feasible by enlarg-
ing the switch gap to the order of 1 cm and increasing the bias
voltage to several kV. As a result, strong THz pulse energies
of 800 and 400 nJ were achieved at 10 Hz and 1 kHz repetition
rates withGaAs photoconductive switches [21,22]. However,
large aperture antennas are limited by various technical fac-
tors including thermal instability, lack of reliability and satu-
ration at low pumping fluence, etc. Recent research focused
on enhancing THz generation by implementing an interdigi-
tated geometry and incorporating nanoantennas or plasmonic
electrodes, enabling much higher optical-to-THz conversion
efficiencies of up to 7.5% with a maximum output power
over a milliwatt [23–25]. Wide-bandgap semiconductor crys-
tals allowing larger bias fields are also exploited to improve
the radiated THz pulse energy. Using a ZnSe large aperture
photoconductive antenna (12.2 cm2) illuminated by a 400-nm
pump laser at 10 Hz, THz pulses with energy of 8.3 μJ were
obtained corresponding to electric  field  up  to  331 kV/cm
[26].

2.2       THz generation by optical rectification
Optical rectification (OR) is a second-order nonlinear optical
process first demonstrated in 1962 [27], soon after the inven-
tion of lasers. It is based on the inverse second-order elec-
tro-optical effect in a nonlinear crystal and can be considered
as difference frequency generation (DFG) between the spec-
tral components of a broad bandwidth femtosecond laser, in-
stead of two monochromatic pumping beams. Since the first
discussion on far-IR generation using OR based on picosec-
ond laser pulses and a LiNbO3 crystal in 1971 [28], this THz
generating technique has been steadily developed and greatly
improved by the leaps of femtosecond lasers.
In the OR process, the nonlinear polarization induced by

the pump laser pulse is expressed as [29]

= +P E E( ) ( ) ( )d ,
0

*
NL 0

(2) (1)

where ε0 is the free space permittivity, χ(2) is the second-order
nonlinear susceptibility of the medium, E(ω) is the Fourier-
component of the pump pulse (ω>0), ω and Ω are the fre-
quencies of the laser and THz pulses. Phase-matching (PM)
conditions should be satisfied for efficient OR, described as
[30]

= + +k k k k , (2)

where k is the wave vector for each wavelength.
Since , +k k k /

0
, which gives

=k n n c( ) ( ) /g 0 in the case of collinear THz
generation. Here ω0 is the mean pump frequency, c is
the speed of light in vacuum, n and ng are the refractive
index and group index, respectively. According to the
second-order nonlinear optical principles, the efficiency of
OR is highly dependent on the figure of merit (FOM) of the
nonlinear material [7]. A vast group of non-centrosymmetric
crystals with high FOMs have been investigated for OR [7],
including LiNbO3, LiTaO3, GaSe, organic crystals DAST,
BNA and OH1, and zinc blende crystals ZnTe, GaP, GaAs,
ZnSe, CdTe, etc.
Organic crystals have large nonlinear coefficients, but the

THz absorption is also very strong and the damage threshold
is limited. The most commonly used material for OR is ZnTe
[31], owning the merits of a high FOM value and collinear
PM for Ti:Sapphire laser pumping. It is a similar case for GaP
pumped by Yb doped 1-μm lasers [32], and GaAs pumped
by Er-doped 1.56-μm fiber lasers [33]. For fiber lasers with
a longer wavelength of 2 µm, orientation-patterned GaAs can
be used as an efficient THz conversion material [34]. Sto-
ichiometric LiNbO3 crystals are another category of popu-
lar nonlinear materials for OR, taking the advantages of high
FOM values and large bandgap allowing only three-photon
absorption for 800 nm pumping. However, the THz refractive
index for LiNbO3 is significantly larger than the optical group
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index, and therefore collinear PM is impossible. In order to
enhance efficiency, quasi-phase-matching (QPM) in periodi-
cally poled LiNbO3 (PPLN) was used to enhance efficiency,
resulting in multi-cycle THz pulses [29].
Tilted-pulse-front pumping geometry, which should be

recognized as the best scheme for powerful THz generation
in bulk LiNbO3, was firstly proposed in 2002 [35]. In the
geometry of tilted pulse front shown in Figure 2(a), the
generated THz wave propagates perpendicularly to the pulse
front with THz phase velocity v(Ω), leading to noncollinear
PM condition if vgcosγ=v(γ) is satisfied. Apparently, PM
can be achieved by choosing a particular tilt angle γ in the
case of LiNbO3 where ng(ω0)≤n(Ω). On the other hand, the
THz frequency can be tuned by changing this angle. Com-
pared with OR using ZnTe, power scaling of LiNbO3 with
tilted-pulse-front does not exhibit saturation until very high
pump energies are reached. For example, pumping at 800
and 1030 nm, high energy THz pulses approaching millijoule
level were realized lately and the conversion efficiency was
over 1% [36–38]. Such powerful THz pulses are of great
use in many aspects and make it possible to research THz
nonlinear effects.
Another PM method for OR is the Cherenkov geometry.

Cherenkov radiation was predicted by Askar’Yan [39]. A
Cherenkov-like cone can be generated by an electromagnetic
pulse in dispersive medium via nonlinear effects. This geom-
etry of radiation accompanying nonlinear optical effects can
also be considered as a kind of PM. When the pump laser is
focused into a nonlinear crystal like LiNbO3 or LiTaO3, THz
radiation moving with the pulse envelop is produced by OR
[40,41]. As the refractive index of THz waves is larger than
that of the pump laser, the velocity of the pump exceeds that
of the THz radiation, so that Cherenkov condition is satisfied.
As shown in Figure 2(b), the THz wave from bulk LiNbO3 or
LiTaO3 is generated with a tight focusing point or line, and
the same PM condition is obtained for pulse-front-tilt angles
θc. However, collimating the conic generated THz wave is
difficult for this, and Cherenkov PM does not allow the use
of extended pump spot [41]. Wedged radiation by line pump
source instead of conic radiation was also investigated using
cylindrical lens to focus the pump pulse, and the efficiency
was increased to 10−4 [42,43]. A further improvement is to
use a planar waveguide structure, which consists of a thin
high nonlinear core cladded with a low-absorption lens, en-
abling the increase of the effective radiation length and out-
coupled THz power. With this method, the conversion effi-
ciency was increased up to 10−3 and the frequency range cov-
ered was 0.1–7 THz [44,45]. P-polarized Cherenkov radia-
tion with Brewster-cut geometry was also discussed, which
can provide high coupling efficiency, high intensity and good
beam quality [46]. Overall, tilted-pulse-front PM usually
gives much higher energy of THz pulses and is advantageous
over Cherenkov PM.

Figure 2          (Color online) OR PM via (a) tilted pulse front and (b) Cherenkov
geometry. The solid and dashed lines denote pump and THz waves, respec-
tively. The thick lines indicate phase front and the arrows indicate the prop-
agation direction and velocities.

2.3       Gas-based wide-band THz generation

Laser-induced gas plasma can be used to generate intense,
coherent, broadband, and highly directional THz waves
through a nonlinear optical process [7,47,48]. THz gener-
ation in plasma has the advantages that there is no damage
threshold for gas and the available bandwidth is only limited
by the duration of the pump laser since no material absorption
needs to be considered. Furthermore, the THz pulses can also
be detected in gases using THz induced second-harmonic
generation (SHG) of fluorescence.
When a laser pulse is focused into a gaswith intensity above

a critical value near 1014 W/cm2, the ionized gas contains
positively and negatively charged particles (plasma), which
emits a broad continuum of coherent and incoherent radia-
tion. Although pulsed CO2 lasers capable of ionizing air were
introduced in the 1970s, the optical pulse durations were in-
sufficiently short for THz wave generation. The first report
on far-IR or THz generation using laser plasmas was in 1993
by Hamster et al. [49], with TW level femtosecond lasers. In
2000, there was a significant progress in efficiency using this
approach of mixing of femtosecond pulses with their SHG
wave inside the plasma, giving THz fields estimated to be
2 kV/cm [50]. In 2008, Kim et al. [51] reported the coherent
control scheme to optimize THz generation in gases and the
obtained THz pulse energy was up to 5 μJ with a conversion
efficiency of over 10−4. With shorter pump pulse duration of
19 and 10 fs, the THz bandwidth was extended to 100 and
200 THz, far beyond the THz range [52,53]. The energy con-
version efficiency reached 7×10−4 by expanding the plasma
source into a two-dimensional sheet [54].
A common gas-based THz generation experimental scheme

is shown in Figure 3. An 800-nm mode-locked Ti:Sapphire
laser amplifier with a pulse energy of mJ-level is  focused  by
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Figure 3          (Color online) Experimental scheme of THz generation in gas
plasma driven by two-color lasers.

a spherical lens into a gas target to excite plasma. Before
the focus, a beta-barium borate (β-BBO) crystal was used
for SHG at 400 nm. According to the four-wave-mixing
(FWM) description [50], the mixed fundamental and second
harmonic beams (ω and 2ω in frequency, respectively) gen-
erate an ionizing plasma spot that emits intense, directional,
ultra-broadband THz radiation. The THz field satisfies
E I IT Hz

(3)
2 under relatively low laser peak power

intensities. Pure nitrogen or noble gases (Kr or Xe) with
higher tunnel ionization rates can significantly improve the
efficiency by getting rid of the water vapor in air [51].
When the laser intensity is very high, however, the above

FWM approximation is no longer valid [55]. Although FWM
is a convenient framework for experimental results because
of simplicity, more sophisticated models are required to ex-
plain the observed THz field strength as well as the exis-
tence of intensity threshold. Kim et al. [56] and Roskos
et al. [57] treated it semiclassically, assigning the gener-
ation process to the formation of a current or polarization
of the ionizing electrons, respectively. A two-step model
was also proposed to deeply reveal the rather complex phe-
nomenon of THz generation in plasma by a two-color laser
field [58]. There were also explanations that put forward re-
cently on how the plasma current oscillation and photocur-
rents driven by two-color lasers impacted broadband THz
generation [59–62]. Continuous research for a complete de-
scription is still going on for this topic.

3       Monochromatic THz generation by DFG

DFG is another method to generate THz waves in sec-
ond-order (χ(2)) nonlinear materials other than OR. DFG is
a process that converts two optical frequencies ω1 and ω2

(ω1≈ω2=ω0) into a THz frequency ωTHz (here ωTHz is used
for monochromatic THz wave instead of Ω which is used in
2.2 for broadband THz wave). The pump lasers for DFG are
usually nanosecond, picosecond or even continuous-wave
(CW) monochromatic lasers, in contrast to the broadband
femtosecond lasers used in OR, thus the group velocity
dispersion for DFG is insignificant. Benefiting from the
spectral purity and tunability, DFG sources are extremely
useful to resolve the narrow-linewidth rotational transitions
of low-pressure gases and fingerprint the molecules exhibit-
ing congested and unresolved rovibrational spectra. It is also
feasible to take multispectral images of targets and analyze
the targets based on the THz spectra with DFG sources [8].

Considering the plane-wave model in the small-signal ap-
proximation and neglecting all the reflections and absorp-
tions, the THz intensity generated in DFG process is

=I
d l

c n n
I c kl2

sin
2

,THz
T Hz
2

eff
2 2

0
3

opt
2

T Hz
opt
2 2 (3)

where Iopt and ITHz are the incident laser intensity and gener-
ated THz intensity inside the nonlinear crystal, deff is the effi-
cient nonlinear coefficient, l is the interaction length, nopt and
nTHz are the refractive indices at optical and THz frequencies.
There are quite a few factors limiting the overall conversion
efficiency. First, the large quantum defect (on the order of
100) from laser to THz; Second, a high THz absorption co-
efficient (a few to tens of cm−1) in most nonlinear materials;
Third, the wave vector mismatch of the three-wave interac-
tion process due to dispersion: =k k k k1 2 T Hz , similar
to eq. (2). While the other limitations are inherent and have
no practical solutions, PM (Δk=0) should be the first thing to
be considered in DFG.
Taking collinear DFG ( =1 2 T Hz) in a crystal that

exhibits normal dispersion as an example, the PM condition
is

=k
n

c
n

c
n

c
.1 1 2 2 T Hz T Hz (4)

Incorporating with the energy conservation condition we
can rewrite this equation into

= +[ ]k
c

n n n n
1

( ) ( ) .1 1 2 T Hz 2 T Hz (5)

According to normal dispersion n1>n2 and n2>nTHz, the
overall expression is always a positive quantity so that
strictly Δk>0 and this process will not be phase matched.
However, the current discussion is limited to isotropic media
or birefringent medium where all the fields are e-waves or all
the fields are o-waves. On the other hand, using differently
polarized beams in birefringent materials, in non-collinear
configuration or if normal dispersion is not valid which is
often the case in THz generation, PM becomes possible. On
account of different materials suitable for DFG from IR into
THz wave, various PMmethods have been developed, which
will be discussed in the following text.

3.1       Birefringent PM

In birefringent materials, since the different k-vectors can be
either o- or e-polarized, PM can sometimes be achieved by
choosing different propagation directions in collinear inter-
actions. The first successful far-IR DFG in the 1960s with
quartz and LiNbO3 as the nonlinear materials used birefrin-
gent PM [63,64]. However, quartz and LiNbO3 have seri-
ous absorption in the THz range, low effective nonlinear co-
efficients and limited PM range, thus the output power and
tunability were quite limited. With the development of IR
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nonlinear materials, high-quality large-size GaSe and ZGP
crystals with large efficient nonlinear coefficients have been
adopted in THz generation, greatly improving the DFG effi-
ciency.
GaSe has low THz absorption, large nonlinearity and large

birefringence, enabling widely tunable high power THz
output. In 2002, Shi et al. [65] reported 0.18–5.27-THz
tunable THz generation by DFG in a 15-mm-long GaSe
crystal, using a Nd:YAG pulsed laser and a tunable β-BBO
based master oscillator-power oscillator (MOPO) around
1.06 μm as the pump source. They improved the output
power to 389 W and a broader tunable range in the low-fre-
quency end to 0.053 THz with longer crystals [66]. Under
different PM schemes, widely tunable mid-IR pulse was
generated extending the output wavelength to 2.7 μm [67].
Tunable backward-propagating THz generation was also
observed benefitting from the large birefringence of GaSe
crystals [68].
To increase the sampling rate in THz applications,

high-repetition-rate operation is needed. With bulky and
complicated high-power CO2 laser systems working at
60 kHz near 10 μm, high THz output average power of
260 μW at 328.2 μm was successfully realized in 2008
[69]. Single-frequency Q-switched fiber lasers around
1550 nm were also used to generate μW-level THz waves
at 200 μm [70]. Zhao et al. [71,72] discussed THz genera-
tion from a compact solid-state laser system using Nd:YLF
crystals which gave simultaneous dual-wavelength output
at 1047 and 1053 nm. However, Nd:YLF lasers were inca-
pable of wavelength tuning and the timing jitter is usually
ineluctable. The timing jitter problem can be solved by a
coaxial pumping configuration [73], which is much more
stable, flexible and compact. Recently, we investigated THz
generation from tunable 2-μm degenerate OPOs intracavity
pumped by 1064-nm lasers. Following the first attempts
with electro-optical Q-switched Nd:YAG lasers [74], com-
pact acousto-optical Q-switched Nd:YVO4 lasers were then
used to pump OPOs for high-repetition-rate operation, as
shown in Figure 4. Degenerate 2-μm lasers are simple,
efficient, widely-tunable and their short pulse duration is
good for enhancing DFG efficiency. They are one of the
best candidates for DFG while compact powerful mid-IR

dual-wavelength lasers are not available. A tunable range of
0.41–3.71 THz was achieved with a walk-off compensated
KTP OPO [75], and when the KTP crystals were replaced
with a 14.1-μm-grating-period type-II QPM PPLN crystal,
the tunable range was even wider (0.24–3.78 THz), owing to
a better beam quality and a more precise wavelength tuning
method [76]. The maximum output powers were in the
microwatt range, good enough for spectroscopy and imaging
applications.
ZnGeP2 (ZGP) is another commonly used birefringent ma-

terial in DFG for THz waves generation. ZGP has good phys-
ical properties and can be cut at required PM angles which
are impossible for GaSe. However, the absorption coeffi-
cients of ZGP at 1 μm and in the THz range are much higher
than those of GaSe and high-quality large-size crystals are
rather difficult to grow, which constrain its frequency tunabil-
ity and power scaling. Hundred-Watt-level THz peak power
was reported by Shi and Ding [77] in ZGP based on pulsed
lasers. BAE Systems also reported high average power of
2 mWbased on two all-fiber laser amplifier chains [78], which
was among the highest power records for DFG THz sources.

3.2       Noncollinear PM

Some isotropic bulk nonlinear semiconductors such as GaAs,
InSb, GaP, ZnSe and ZnTe have large nonlinearities and have
good potential for THz DFG. These crystals lack birefrin-
gence, so ‘PM’ is only satisfied within one coherence length,
the distance over which the relative phase changes by π. For
THz generation, the coherence length is quite long, for exam-
ple, it is on the order of 1 mm in the case of GaAs, thus it al-
lows the generation of THz in thin slabs, but clearly the power
is very limited [79,80]. In some cases PM can be satisfied be-
cause of the presence of reststrahlen band, but such applica-
tions are limited to certain wavelength and are not convenient
to use. Another approach to obtain PM THz DFG in isotropic
nonlinear materials is the noncollinear mixing of two laser
beams. For the wave vector triangle shown in Figure 5, the
PM conditions are given by [81]

=
n n n

n n
sin

2
( )

4
,3 T Hz

2
1 1 2 2

2

1 2 1 2

1/2

(6)

Figure 4         Experimental setup for the high-repetition-rate THz DFG system based on a intrcavity pumped dual-wavelength 2-μm KTP OPO and a GaSe crystal.

6 Zhong K, et al.   Sci China Tech Sci



Figure 5          (Color online)Wave vector PM triangle of the noncollinear DFG.

= +

× +

cos 1 2 sin 2

1 4 sin 2 ,

2

2
1/2

2

THz

1 2

THz
2

(7)

from which the PM angles can be calculated for experimental
layout.
Most of the noncollinear DFG schemes for THz generation

are based on CO2 laser systems around 10 μm. Longer pump
wavelengths are good for enhancing conversion efficiency by
an order. The pioneering work for noncollinear DFG were
demonstrated in the 1970s [79,82], where GaAs was used
for THz generation, giving a few kilowatts in peak power at
most in the 3 THz region with a cryogenically cooled sample.
In 2005, the record-level 2 MW peak power was achieved in
UCLA with significantly improved damage threshold using
250-ps pump pulses [83], corresponding to a conversion ef-
ficiency of 10−3. In 2007 they also reported efficient 0.5–3-
THz tunable THz generation using typical 200 ns pulses [84],
giving maximum THz pulse energy of 400 μJ in the spec-
tral range of 0.5–2 THz, corresponding to a peak power of
2 kW. Generally speaking, noncollinear PMDFG in semicon-
ductors based on powerful CO2 lasers has obvious advantages
in THz pulse energy and peak power. However, as these sys-
tems are usually extremely bulky and the repetition rate is
very low comparedwith solid-state or fiber lasers, so that their
applications are not convenient.
There is the other kind of noncollinear DFG scheme where

the dispersion of phonon-polariton mode modes are involved
in relation to PM. With this method, frequency-tunable THz
sources were obtained from GaP crystals using an optical
parametric oscillator and a Nd:YAG laser at 1.064 μm as
the dual-wavelength pump source [85–87]. By tuning the
angle between the two pump beam directions, tunable THz
wave covering the frequency range from 0.5 to 7 THz were
achieved with the peak power up to hundreds of milliwatts.

3.3       QPM

QPM provides a much more flexible technique to achieve
PM that does not require birefringence, which was proposed
even before birefringent PM [88]. QPM crystals periodically
reset the phase of the nonlinear polarization, commonly via
changing the crystal’s nonlinearity χ(2) to maintain a coherent
build-up of the nonlinear interaction. The PM condition be-
comes

= =k k k k k 0,1 2 T Hz (8)

=k m2 / , (9)

where km is the wave vector introduced by themodulated non-
linearity, Λ is the QPM period, andm is the QPM order which
is only meaningful if it is an odd number. The kΛ term gives
another degree of freedom to compensate phase mismatch
and can be designed into whatever is required. Therefore,
QPM enables flexible PM throughout the whole transparent
range of the material which is a great advantage compared
with birefringent PM, and the largest nonlinear coefficient can
be utilized by choosing the optimal propagation direction and
polarization of the interacting waves, favorable in power and
conversion efficiency scaling. It should be mentioned that
not only cubic crystals, but birefringent ferroelectric crystals
are also suitable in QPMwithout walk-off. Practical methods
to achieve QPM by rephrasing the nonlinear polarization in-
clude stacking crystal plates with periodical rotations of 180°
[89], periodical poling (PP) [90], orientation-patterned (OP)
epitaxial growth [91], etc.
As the most commonly used QPM crystals, PPLNs have

been used for generating tunable THz waves, either in the
forward or backward DFG [92]. The main problem is that
THz absorption in LiNbO3 material is extremely high, and
to overcome this disadvantage, surface-emitting geometries
with slant-stripe PPLN design can be used [93], as shown in
Figure 6. Using a dual-wavelength vertical external cavity
surface emitting laser (VECEL) as the pump source, milli-
watt level high-power CWTHz sourceswere realized through
DFG with a surface-emitted PPLN crystal inside the laser
cavity [94].
Zinc blende semiconductors like GaAs and GaP crystals

are of much more interest because of their higher nonlin-
ear coefficient and much lower THz absorption. They are
grown or manufactured into QPM device using orienta-
tion-patterned epitaxial growth, diffusion-bonding or optical
contacting techniques [95]. Periodically inverted GaP, which
has a wide transparent range at short wavelength in the
near-IR, was investigated for THz generation pumped with
1-μm or 1.5-μm lasers with photon conversion efficiency
reaching up to 40% [96–98]. GaAs, however, has a strong
two-photon absorption below 1.75 μm but lower absorption
in the THz range and a much higher nonlinear coefficient.
With almost the same experimental setup as in Figure 4 and a
1.3-mm-period QPM GaAs sample, we obtained micro-watt
level THz generation at around 1.244 THz. Intracavity
pumped by high-power picosecond [99] and CW dual-wave-
length 2-μm lasers [100], efficient optical-to-THz DFG was
realized in QPM-GaAs samples with the maximum average
output power reaching 1 mW.

3.4       Cherenkov PM
Similar to Cherenkov PM OR introduced in Section 2.2,
Cherenkov PM can also be utilized in  monochromatic  THz
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Figure 6          (Color online) Schematic of a slant-stripe PPLN used for surface-
emitted THz generation (a) and the wave vector PM relation (b).

generation via DFGwith dual-wavelength pulses and LiNbO3

crystals, and here it is more like a kind of PM geometry rather
than Cherenkov radiation. The only difference in the scheme
is two monochromatic laser pulses are used as the pump in-
stead of only one ultrafast wide-band laser pulse. The detailed
theoretical analysis for Cherenkov PMDFGwith nanosecond
laser pulses is given in ref. [101]. The Cherenkov angle θc is
determined by cosθc=nopt/nTHz.
The first demonstration of Cherenkov DFG was in 2008

[102]. A dual-wavelength OPO pumped by a frequency dou-
bled Nd:YAG laser was used as the pump source and it was
focused into a 5 mol% MgO:LiNbO3 crystal. A Si prism was
used to couple the generated THz radiation, giving a tun-
ing range of 0.2–3 THz with the highest THz pulse energy of
80 pJ. It was also concluded that tight focusing is required to
avoid destructive interference caused by extended THz gen-
eration with a large pump beam [103]. However, tight fo-
cusing also causes severe divergence and pump diffraction.
Several methods to improve the tuning range and conver-
sion efficiency have been proposed. One method was to use
waveguide structure, within which a wide tuning range of
0.1–7.2 THz was achieved [104]. Another was the surface
emitting configuration by total internal reflection, which en-
abled 0.2–6.5 THz tuning range and a conversion efficiency
of 7-folded by greatly reducing THz absorption at the sur-
face [105]. With an improved dual-wavelength KTP OPO,
the maximum THz output energy was improved to 1.58 nJ at
0.78 THz using Cherenkov PM DFG recently [106].

3.5       DFG with organic crystals

As mentioned in Section 2.2, organic crystals usually ex-
hibit very good nonlinear optical properties such as larger
nonlinearity and wider frequency response than those of in-
organic nonlinear crystals. A few kinds of organic crystals
such as DAST [107], DASC [108], DASB [109] and BNA
[110], have been developed and exploited in widely tunable
THz generation covering 0.1–30 THz. It is also important to
achieve PM DFG for better efficiency in organic crystals, but
there are several limitations for practical applications, e.g.
large crystals are hard to grow and manufacturing is almost
impossible because limited by the physical properties of or-
ganic crystals. Therefore, DFG is usually conducted within
one coherence length along the so-grown c-axis. Another

point to mention is to use the largest nonlinear coefficient d11,
two pump beams should be parallel polarized to the crystal-
lographic a-axis [107]. Taking DAST for example, collinear
phase-matching can be achieved with input wavelengths cen-
tered at 1.15 μm to generate THz frequencies. The coher-
ence length for the 0.5–1 THz generation was longer than
1 mm pumped at the 1.02–1.50 μm wavelength range [111],
which is good enough for DFG considering its large nonlin-
earity and high absorption.
In 2007 Ito et al. [112] reported ultra-broadband

(1.5–37 THz) THz wave generation using DFG in an DAST
crystal based on a dual-wavelength optical parametric oscil-
lator (OPO) with two KTP crystals pumped by a frequency
doubled Nd:YAG laser, giving 10 nJ pulse energy at around
26 THz. Liu and Merkt [113] realized Fourier-transform-lim-
ited (10 MHz bandwidth) THz pulses in DAST crystals with
peak power up to 400 μW pumped by two narrow-band
Ti:Sapphire lasers and a b-cut DAST crystal to fulfill the PM
condition, which was used to distinguish water absorption
lines and a pure rotational transition of HF. As a much
simpler scheme, simultaneous dual-wavelength Nd:YAG
laser operating at 1319 and 1338 nm can be used to generate
3.2 THz pulses, and recently we realized a ultra-compact
THz source with this scheme for portable applications [114].
In the past few years, THz generation in the derivatives of

DAST have been investigated in some Chinese universities
and institutes, e.g. DSTMS and OH1, which have even better
properties on crystal quality and THz absorption than DAST.
Pumped by dual-wavelength KTP OPOs in the wavelength
around 1.3 μm, the obtained maximum THz pulse energy was
up to 85.3 and 507 nJ respectively, and the frequency range
covered 0.02–20 THz in the latest results [115,116].

3.6       DFG in waveguides

Isotropic crystals can also be manufactured into waveguide
structures for PM. A pioneering work was reported by
Thompson and Coleman [117], giving THz output from
a planar GaAs waveguide with a nanowatt range average
power (1-mW in peak) by mixing CO2 laser lines. Since then,
various planar, ribbed and slotted GaAs/GaP waveguides
have been investigated theoretically and experimentally
for widely tunable and high-power THz generation from
DFG satisfying the PM condition [118–123]. Benefiting
from the flexible designs of waveguides, the whole THz
wave frequency range can be covered with relatively high
average power and diversified polarizations. Cherchi et al.
[124] performed a detailed material comparison on dielec-
tric waveguides made of zinc-blende semiconductors for
guided-wave THz DFG. Saito et al. [125] studied PM DFG
based on a silicon waveguide with strain induced second-or-
der nonlinearity, demonstrating promising applications for
high-power THz sources. Another silicon-based waveguide
proposed by Baehr-Jones et al. [126] used high-nonlinearity
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polymer cladding to mix the IR lasers, giving the possi-
bility of CW THz generation. Sinha et al. [127] reported
a widely tunable room temperature THz source based on
nonlinear mixing in a hybrid optical and THz micro-ring
resonator in order to enhance THz generation compared
with bulk nonlinear material by using the high second order
optical susceptibility (χ(2)) in crystals and polymers, which is
prospective for on-chip integrated systems.
In addition to PM, waveguides also provide good ap-

proaches for improving the DFG efficiency and output THz
intensity with much better mode confinement compared
with bulk materials. Ding theoretically analyzed metallic-di-
electric hybrid (MDH) waveguide to significantly enhance
the strengths of the interactions for several THz parametric
processes by eliminating the diffraction of the THz waves
as well as reducing the modal indices, either in forward or
backward generation [128]. Liu et al. [129] investigated a
nonlinear crystal fiber converter for THz DFG consisting of
a periodically inverted GaAs core clad with index-matched
chalcogenide glass, which worked as a single-mode fiber
high-brightness THz source with efficient optical-to-THz
conversion.

3.7       Cavity-enhanced DFG
In THz generation based on single-pass configurations
through nonlinear crystals, the conversion efficiencies are
typically very low because the pump intensity is quite
limited, while the generated THz intensity has a quadratic re-
lation to the pump intensity. However, as the power of pump
lasers is usually limited, it is very important to efficiently and
coherently recycle the laser pulses to obtain high-power THz
generation. This can be realized by an external enhancement
cavity as shown in Figure 7. The enhancement cavity can
be optimized to provide small cavity round trip losses (Δ) in
order to maximize the enhancement factor. The maximum
enhancement factor A for the pump intensity under the con-
dition of mode matching in the CW case is given by [130]

=
+

A R

R R

1

1 (1 ) 4 (1 ) sin 2

,
2 2 (10)

where R is the reflectivity of the cavity and δ is the phase
difference between two consecutive round trips. The high-
est enhancement factor is reached for impedance matching
(R=1−Δ) and constructive interference (δ=0), which means
the cavity length should be stabilized within a difference of a
fraction of 1 μm.
Femtosecond, nanosecond and CW steady state lasers have

been studied in external cavity-enhanced nonlinear frequency
conversions [131–133], all of which reached high enhance-
ment factors. In 2010, NP Photonics Inc. reported a resonant
external cavity approach to enhance narrowband THz radia-
tion through DFG from two nanosecond 1.5-μm  lasers  that

Figure 7          (Color online) Bow-tie external enhancement cavity for nonlin-
ear optical frequency conversion. M1–M4: cavity mirrors. M1 has partial
transmission and the others are high-reflection coated for the pump. PZT:
piezo for fine tuning the cavity length. NLC: nonlinear crystal.

were resonant in an optical cavity and interacting with a ZGP
crystal [134]. An enhancement factor of 7 was produced for
the THz power compared with a single-pass orientation. In
2011, they made significant progress using QPM GaP, from
which an enhancement factor of approximately 250 was
achieved compared with single-pass THz DFG [98]. The
maximum THz average power reached 339 W, corresponding
to a power conversion efficiency of 2.43×10−4 and a quantum
efficiency of 3.16%. External cavity enhanced DFG demon-
strates great advantage in the case of low-power pumping,
which enables CW THz generation through DFG for a much
higher optical-to-THz conversion efficiency [135].

3.8       Cascaded DFG

Although various methods have been developed to increase
the DFG conversion efficiency from near IR to THz, the in-
herent large quantum defect is always a great barrier prevent-
ing further improvement. Cascaded DFG is a promising ap-
proach because more than one THz photons can be produced
for one pump photon depletion, making it feasible to break the
Manley-Rowe limit. The basic concept is shown in Figure 8.
If the initial pump intensity and generated THz intensity are
high enough, the DFG process will continue to generate new
frequencies, making further DFG process possible and en-
hancing the total THz intensity by constructive interference.
Efficient cascading gives a possible approach to improve the
DFG efficiency inherently.
The application of cascaded DFG to the enhancement of

THz generation was firstly predicted by Cronin-Golomb
where ZnTe and 800 nm laser were used in the discussion
[136]. Later, this cascading phenomenon was observed
with QPM GaAs in a intracavity DFG configuration [137],
however, the actual enhancement was unconspicuous. We an-
alyzed the detailed dynamic process in both isotropic crystals
and QPM crystals [138,139], giving the optimal designing
parameters for cascaded DFG. Cascaded Cherenkov-type
DFG in a sandwich-like waveguide was also proposed to
overcome the phase mismatch and provide efficient output
coupling [140]. Recently, Ravi et al. [141] gave feasible de-
signs on a highly efficient (over 10% conversion efficiency),
practical approach to high-energy multicycle THz generation
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Figure 8          (Color online) Schematic of the cascaded DFG process starting
from two initial pump frequencies ω1 and ω2.

in cryogenically cooled PPLN based on spectrally cascaded
optical parametric amplification (THz-COPA), initially gen-
erated by DFG between a narrowband optical pump and op-
tical seed (0.1%–10% of pump energy). This approach paves
the way for extremely high-energy THz sources.

4       THz generation from stimulated polariton
scattering

When laser beams propagate through nonlinear crystals, the
photon and phonon transverse wave fields are coupled and
behave as new mixed photon-phonon states—polaritons.
THz radiation can be generated from the efficient parametric
scattering of laser light via polaritons. This effect is the
so-called stimulated polariton scattering (SPS), which occurs
when the pump excitation is sufficiently strong in polar
crystals like LiNbO3 and GaP with transverse optical phonon
modes that are both IR- and Raman-active. The scattering
process involves both second- and third-order nonlinear pro-
cesses. Consequently, strong interaction occurs between the
pump beam, the idler beam and the polariton (THz) waves,
enabling a method of efficient THz parametric generation.
As shown in Figure 9 [142], polaritons exhibit phonon-like

behavior in the resonant frequency region (near the
TO-phonon frequency ωTO). However, they behave like
photons in the non-resonant low-frequency region, where
a signal photon at THz frequency (ωTHz) and a near-IR
idler photon (ωi) are created simultaneously by a parametric
process pumped with a near-IR pump photon (ωp), according
to the energy conservation law ωp=ωTHz+ωi. In the stimu-
lated scattering process, the momentum conservation law

= +k k kp i T Hz in noncollinear PM should be fulfilled. This
leads to widely tunable THz wave and idler wave generation
accomplished by changing the angle between the incident
pump beam and idler beam. To enhance efficiency the idler
wave is usually resonant in a cavity, known as THz para-
metric oscillation (TPO). THz parametric generation (TPG)
is also feasible especially when a “seed” is injected for the
idler wave without the resonant cavity, similar to optical
parametric generation (OPG).
With similar advantages of wide tunability and high spec-

tral purity, TPO and TPG demonstrate good potential applica-
tions in high-resolution spectroscopy and multispectral imag-
ing [143]. Moreover, as their configuration is simpler than
DFG with only one pump beam, it is more convenient to use

Figure 9          (Color online) Dispersion of the polariton and the principle of
tunable THz generation due to the PM condition [142].

TPO/TPG sources than DFG sources in some cases combined
with the pump probing technique [144], enabling the feasibil-
ity of high-sensitivity real-time imaging using near-IR array
detectors.

4.1       TPO based on LiNbO3

LiNbO3 is one of the most suitable materials for generating
THz waves through stimulated polariton scattering because
of its large nonlinear coefficient [145] (d33=25.2 pm/V at
λ=1.064 μm) and its transparency over a wide wavelength
range (0.4–5.5 μm). LiNbO3 has four IR- and Raman-active
transverse optical (TO) phonon modes, called A1-symmetry
modes, and the lowest mode (ω0=248 cm−1) is the most useful
one for efficient tunable THz generation [146]. However, the
absorption (10–100 cm−1) and refractive index (around 5.2)
of LiNbO3 in the THz range is very large, and as a result,
although strong THz waves can be generated inside the
material, most of them are absorbed or totally reflected at the
surface of the crystal. In the early works, specially prepared
crystals with a proper cut angle were used to outcouple THz
waves, avoiding total internal reflection (TIR) [147]. A
grating structure on the surface of LiNbO3 was also proposed
to outcouple the THz wave directly to the free air space
with almost one thousand times higher efficiency [148]. To
improve the emitting characteristics, single Si-prism and ar-
rayed Si-prism coupler were adopted (Figure 10(a)), greatly
reducing the change of output direction variation during
wavelength tuning [149,150].
Surface emission configuration (Figure 10(b)), in which the

beam is emitted perpendicularly to the surface of the crys-
tal, has considerable advantages because the THz-wave is
extracted without any output coupler [151], and attenuation
due to the short path length within the LiNbO3 crystal is very
low. We have made much effort on improving the output
energy and tuning range of surface emitted TPOs. Li re-
alized 0.87–2.73 THz tunable source with 9.12 μW average
power corresponding to a conversion efficiency of 9.7×10−6,
pumped by a 10-Hz pulsed laser [152–154]. With a LiNbO3

slab, Wang et al. [155] successfully obtained 3.56 times total
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Figure 10          (Color online) LiNbO3 based TPO with (a) arrayed Si-prism
coupler and (b) surface-emission configuration.

THz power of a conventional surface-emitted TPO, in which
the oscillating Stokes beams were totally reflected at the slab
surface and propagated in a zigzagged path, emitting up to
5 THz beams perpendicularly to the crystal surface.
There are also some other techniques to lower the threshold

and enhance the power for TPOs. Wu and Ikari [156] recy-
cled the pump beam and increased the THz output almost
four times in magnitude. Using longer nonlinear crystals
to increase the gain or intracavity pumping in which the
LiNbO3 crystal is placed inside the laser cavity can make full
use of the intracavity power and enable low threshold TPO.
Edwards et al. [157] reported a low-threshold intracavity
TPO with a quasi-CW diode pumped Nd:YAG laser, and the
down-conversion efficiency at twice threshold reached close
to 50%. Lee and Pask [158] realized CW THz generation in
a bulk LiNbO3 intracavity pumped by a diode-end-pumped
Nd:GdVO4 laser, giving 2.3 μW output power with 5.9 W in-
cident diode pump power. They also observed cascaded
stimulated polariton scattering and discussed the potential
enhancement of THz output from cascading [159]. PPLN,
which has much higher gain using QPM, is a better approach
for lower threshold and higher conversion efficiency, with
which low-peak-power quasi-CW or CW operation under
various schemes have been investigated [160,161]. External
cavity enhancement, which has been introduced in 3.6, is also
an efficient method for TPO. Kiessling et al. [162] realized
CW TPO based on PPLN with an enhancement cavity with a
finesse of 500, giving tunable ranges from 1.2 to 2.9 THz at
output power levels from 0.3 and 3.9 μW.
Aswe know, the output THz frequency is tuned by the angle

between resonant idler wave and pump direction. However,
for a fixed pump laser, tuning the whole TPO resonant cav-
ity is sophisticated and slow. Fast frequency tuning through a

special optical design, including a variable-angle mirror and
an alignment telescope is feasible [163]. Minamide et al.
[164] demonstrated a frequency-agile TPO in a ring-cavity
configuration, in which a novel fast frequency-tuning method
was realized by controlling a mirror of the three-mirror ring
cavity. Recently, Yang et al. [165] achieved 12.9 μJ high-
pulse-energy at 1.359 THz with a fast-tuning surface emit-
ted ring-cavity configuration, enabled by a high-speed optical
scanner.

4.2       Injection seeded narrow linewidth THz generation

Compared with TPO, the setup of TPG is simpler because
it does not need a resonator. However, the efficiency of a
TPG is usually very low, similar to OPG. Injection seed-
ing, which uses a single-frequency laser working as the seed
at the beginning of a pulse buildup period, makes the TPG
both efficient and narrow linewidth. Fourier-transform limit
TPG (Δν <200 MHz) has been investigated since 2001 [166].
Guo et al. [167] reported an all-solid-state, narrow linewidth
and wavelength-agile THz-wave parametric generator which
could be rapidly and smoothly tuned over the range from 0.6
to 2.4 THz with a narrow linewidth of 50 MHz. Hayashi et
al. [168] enhanced the tunability to 0.9–3 THz with high-in-
tensity pumping from a subnanosecond microchip Nd:YAG
laser. Tang et al. [169] also exploited the Stokes-pulse of a
TPO and used it as the seeder to a TPG, greatly improving
the output THz pulse energy. Injection seeding was also used
in TPOs [170,171], but seeding into a cavity was much more
complicated because of the seeding angle, despite of requir-
ing the precise control of wavelength and cavity length for
efficient resonation.

4.3       Picosecond THz parametric source
Most of the THz parametric sources reported up to now are
pumped with nanosecond lasers, with a conversion efficiency
from IR to THz wave of less than 10−7. In 2015, Hayashi et
al. [172] studied the SRS and SBS gains of a SPS process
with nanosecond pump pulses, indicating that SBS had
1000 times larger gain than the SRS and concluded that for
efficient frequency conversion, the duration of the pumping
beam should be less than 1 ns. With a single-mode microchip
Nd:YAG laser (20 mJ pulse energy, 420 ps pulse duration,
48 MW peak power) and a seeder (800 mW CW power), a
0.7–3 THz tunable THz source with an impressive output
power (50 kW peak power, 0.2 GW/sr cm2) was achieved,
bringing the conversion efficiency to 2×10−4. In the earlier
studies, Takida et al. [173,174] reported 0.9–3.3 THz tun-
able TPOs synchronously pumped by 1.5 ps mode-locked
Ti:sapphire lasers and a pump-enhanced cavity, owning the
advantages of high repetition rate and good pulse-to-pulse
stability for spectroscopy and imaging. Wu et al. [175] com-
pared the THz parametric generation and amplification in
different nonlinear materials pumped with a 520 ps passively
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Q-switched Nd:YAG microchip laser at 1064 nm, achieving
5-WTHz peak power and 22% pump depletion. Warrier et al.
[176] demonstrated narrowband tunable THz generation with
a LiNbO3 crystal pumped by a CW mode-locked Nd:YVO4

laser (15 ps, 80 MHz, 5.5 W), giving a 0.51–2.12 THz tuning
range with etalon tuning and the output powers reached
3.7 μW at 1.6 THz and 2.4 μW at 0.9 THz, respectively.
Picosecond lasers demonstrate superior characteristic in
pumping for high-power THz generation, both suppressing
the unnecessary SBS gain and increasing the damage thresh-
old.

4.4       THz parametric source based on KTP and its iso-
morphs

Nonlinear crystals like KTP and its isomorphs (KTA, RTP
etc.) exhibit excellent physical and optical characteristics
and are widely used in OPO, SHG, etc. Interestingly, these
crystals have a lot of TO phonon modes which are both IR
and Raman active, making them feasible for THz paramet-
ric sources. The first report of a KTP TPO pumped by a
pulsed Nd:YAG laser was presented in 2014 [177], owning
three separated tuning bands of 3.17–3.44, 4.19–5.19 and
5.55–6.13 THz. Although the total tuning ranges were not
impressive, it provided a solution for high-frequency THz
source above 3 THz, far beyond the reach of LiNbO3-based
TPOs. A similar experiment was performed with KTA
crystals using both the conventional Si-prism coupling and
surface-emitted configuration [178]. In the experimental
comparison with congruent-grown Mg:LiNbO3, LiNbO3 and
LiTaO3 under the same condition, KTP demonstrated supe-
rior FOM on SPS and higher THz power was observed [175].
Ortega et al. [179] reported a high-power, frequency-tunable
RTP-based THz source emitting 16.2 μW average power at
3.8 THz intracavity pumped by a Q-switched Nd:YAG laser.
To furtherly expand the tunability, we studied the PM charac-
teristics of pumping with shorter wavelengths and conducted
experiments on 532-nm-pumped KTP TPO [180], with
which much wider tuning ranges covering 5.7–6.1, 7.4–7.8,
11.5–11.8 and 13.3–13.5 THz were obtained, successfully
extending the TPO frequency range to over 10 THz.

5       Photomixing

Photomixing is a technique to generate widely-tunable CW
or quasi-CW THz radiation through optical heterodyne down
conversion, which shares several essential features at the fun-
damental level with THz photoconductive emitters discussed
in Section 2.1. Composed of a high-speed photoconductor
connected to a THz antenna on a photo-absorbing semicon-
ductor substrate, the photomixer can convert two incident
optical pump beams with a THz frequency difference into
THz radiation. A commonly used antenna structure for pho-
tomixing is the logarithmic uniplanar spiral antenna (log-spi-

ral antenna) with interdigitated electrode fingers, shown in
Figure 11 [181]. The beat between two CW laser beams with
slightly different frequencies ω1 and ω2, is excited and ra-
diates as THz wave. The optical field at the antenna is the
superposition of two input fields, expressed as [9]

= +E t E e E e( ) .i t i t
opt 1 2

1 2 (11)

Thus, the optical intensity is given by

= = +I t c E t I I t( )
1
2

( ) cos( ),opt 0 opt

2

0 B T Hz (12)

where = +I I I0 1 2 is the average pump intensity,
=I I I2B 1 2 is the beat intensity, and =T Hz 1 2 is

the difference frequency, extracted by the antenna into CW
electromagnetic wave through the photocurrent induced
dipole oscillation. Since currently available optical sources
have broad frequency tunability, photomixers can generate
THz waves over a wide frequency range by tuning the
frequency difference between the optical pump beams.
Moreover, photomixers can offer higher optical-to-THz
conversion efficiencies since they are not constrained by the
Manley-Rowe limit, compared with other photonic THz
sources.
The photoconductive antenna is the key part of the THz

photomixer [9,182]. The main challenge for a photomixer
is the limited performance caused by the poor quantum effi-
ciency of the high-speed photoconductors due to inefficient
drift of photocarriers to the device contact electrodes within
a fraction of THz radiation cycle. At the expense of a broad
tuning range, the log-spiral antenna has low output power
due to the relatively low radiation resistance. To enhance the
THz output power, resonant antenna structures and more so-
phisticated antenna designs can be used to improve the car-
rier lifetime [183,184]. The other methods, for example, us-
ing a large excitation area and illuminating with an extended
beam from a high-power laser are also noteworthy. A travel-
ling-wave  photomixer  contains  a  long,  thin   active   area

Figure 11          (Color online) (a) Schematic diagram of photomixing and (b)
the log-spiral antenna with interdigitated electrode fingers [181].
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between two electrodes, structured to maintain the coher-
ent superposition between photocurrent and THz radiation
[185]. Another approach to enhance photocurrent is to re-
place the prevailing LT-GaAs substrates with semiconductor
heterostructures such as p-i-n photodiodes, overcoming the
limiting factors for operation at high frequencies around
1 THz [182].
Plasmonic nanostructured antennas have been proved to be

very effective in enhancing the quantum efficiency of photo-
conductive THz optoelectronics due to the unique capability
of plasmonic contact electrodes in confining the incident op-
tical pump beam in close proximity to the contact electrodes.
Novel materials are also developed to achieve photomixing
with high-performance telecommunication wavelengths ob-
tained from high-power, wide-tunability, narrow-linewidth
and compact semiconductor and fiber lasers. Recently, a plas-
monic photomixer with plasmonic contact electrode gratings
was fabricated on a ErAs:InGaAs substrate and characterized
at 1550 nm pump wavelength, giving an order of magnitude
enhancement in the 0.25–2.5 THz range compared with an
analogous conventional photomixer without plasmonic con-
tact electrodes [186]. GaAs plasmonic photomixers offering
high THz power (17 μW) at 1 THz and wide tuning range of
more than 2 THz were also presented [187]. Under lower
duty cycles (2%), milliwatt level at 1 THz was obtained with
a 1550 nm plasmonic photomixer [188].
Although the performance of photomixers is still limited,

higher THz powers can be obtained through photomixer ar-
rays and three-dimensional plasmonic contact electrodes to
meet the requirements of higher THz powers and optical-to-
THz conversion efficiencies [182]. These newly developed
techniques, materials and antennas structures are promoting
THz photomixers towards practical applications. Compared
with the other photonic THz sources, photomixers are re-
garded as one of the most promising THz generation tech-
niques for future compact and low-cost spectroscopic and
communication systems with the advantages of excellent tun-
ability, high spectral purity, room-temperature and on-chip
operation.

6       Optically pumped gas lasers

The basic principle of optically pumped gas THz lasers are
similar to typical laser systems based on population inver-
sion in the activemedia, excited by external pumping sources.
Gas molecules possessing large permanent dipole moments
(>0.1 Debye) display a strong rotational transition spectrum
in THz region. When such molecules are optically pumped
by a shorter wavelength into a rotational level of a nearly
empty vibrational state at low pressure, laser transitions in
the excited vibrational state are possible. The basic concept
is shown in Figure 12.
Optically pumped gas  lasers  provide  powerful  narrow-

Figure 12         (Color online) Energy level diagram of optical excitation and
THz radiation in an optically pumped THz gas laser.

linewidth THz radiation either in pulsed or CW mode.
Various gain media for THz gas laser have been exploited
since the 1970s [189–191], such as CH3F, CH3OH, NH3,
COOH, and CH2F2, giving thousands of THz lines in the
0.1–8 THz range. Some new materials containing isotopic
elements of the conventional media were also researched for
new THz lines [192]. Pumped by single-line high-power
CO2 lasers in the range of 9–11 μm, the pump-to-THz
conversion efficiency can be very high (10−2–10−3) for
high-power THz sources and commercial THz gas lasers over
100 mW are now available (https://www.edinst.com/prod-
ucts/firl-100-pumped-fir-system/). Although they are not
continuously tunable, their high power and good brightness
have enabled wide applications covering interferometry,
polarimetry, scanning imaging, security inspection, radar
modelling, etc.
The main disadvantage of optically pumped THz gas

lasers is the large size due to the bulky CO2 laser and the
long gas cell for enough gain. To overcome these prob-
lems, some measures have been taken recently. Pagies et
al. [193] demonstrated a low-threshold, relatively compact
NH3 gas laser pumped with a solid-state source—a quantum
cascaded laser (QCL) around 10.3 μm, giving tens of mi-
crowatts THz power at 1.07 THz. Hollow-core optical fibers
and photonic crystal fibers (PCFs), which are light, flexible
and show low confinement loss, have been also theoretically
investigated working as the reaction gas cell, showing the
possibility of more compact THz gas lasers [194,195].

7       Conclusion

This paper gives a review on optically pumped THz sources,
that is, THz sources excited by lasers, in both basic principles
and developments. All kinds of operating modes from ultra-
fast, Q-switched to CW are included, covering but not lim-
ited within the whole THz range of 0.1–10 THz. However,
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only the mainstream devices are elaborated. Some electri-
cally pumped THz laser sources like QCLs and p-germanium
lasers are not discussed here. Most of these optically pumped
THz sources are good at frequency expanding (wideband or
widely tunable) and are attractive for spectroscopy, imaging,
communication and radar applications. It is noteworthy that
the classical THz sources never stop making progress while
the cutting-edge techniques are emerging in an endless stream
and moving on quickly. These THz sources provide us pow-
erful tools to investigate and change the world from various
aspects. It is expected that this review will be helpful to re-
searchers from all related areas and in turn to push the devel-
opment of optically pump THz sources.
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