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An overview of the major techniques to generate and detect THz radiation so far, especially the major
approaches to generate and detect coherent ultra-short THz pulses using ultra-short pulsed laser, has been
presented. And also, this paper, in particularly, focuses on broadband THz spectroscopy and addresses
on a number of issues relevant to generation and detection of broadband pulsed THz radiation as well
as broadband time-domain THz spectroscopy (THz-TDS) with the help of ultra-short pulsed laser. The
time-domain waveforms of coherent ultra-short THz pulses from photoconductive antenna excited by fem-
tosecond laser with different pulse durations and their corresponding Fourier-transformed spectra have
been obtained via the numerical simulation of ultrafast dynamics between femtosecond laser pulse and
photoconductive material. The origins of fringes modulated on the top of broadband amplitude spectrum,
which is measured by electric-optic detector based on thin nonlinear crystal and extracted by fast Fourier
transformation, have been analyzed and the major solutions to get rid of these fringes are discussed.

OCIS codes: 300.6495, 300.6270, 040.2235, 320.7160.
doi: 10.3788/COL201109.110008.

1. Introduction

Spanning the frequency range between the infrared
(IR) radiation and microwaves, terahertz (THz) waves
are, also known as T-rays, T-lux, or simply called THz,
assigned to cover the electromagnetic spectrum typically
from 100 GHz (1011 Hz) to 10 THz (1013 Hz), namely,
from 3 mm to 30 µm in wavelength, although slightly
different definitions have been quoted by different au-
thors. For a very long time, THz region is an almost
unexplored field due to its rather unique location in the
electromagnetic spectrum. Well-known techniques in op-
tical or microwave region can not be directly employed
in the THz range because optical wavelengths are too
short and microwave wavelengths are too long compared
to THz wavelengths.

With the rapid technological innovation in photon-
ics and other modern technologies, such as ultra-short
pulsed laser, micromachining and nanotechnology, new
techniques in the THz region came out continuously
and speeded up this “almost unexplored” field emerg-
ing in our life. Nowadays, THz research are walking
into the “New Spring” with many very promising and
important applications discovered until recently, such
as information and communications technology, biology
and medical sciences, pharmaceuticals, non-destructive
evaluation, material characterization, homeland security,
on-line quality control, environmental monitoring, and
so on.

Today, a number of characteristics have been found in
the THz region. Firstly, THz radiation is non-ionizing[1]

with very low photon energy, 4 meV corresponding to 1
THz, which is far below the threshold energies to break
chemical bonds or to cause gene mutations, and thus, it
should be harmless for the application of THz waves to

human tissue. Secondly, THz waves have the capability
to pass through a wide variety of non-conducting mate-
rials, such as clothing, paper, dry wood, plastic, and also
go easily through smoke or dust with the small particle
size, although they have the strong reflection by metal
and huge absorption by water. Generally speaking, non-
polar, dry, and nonmetallic materials are transparent
or translucent to THz waves. Therefore, weapons con-
cealed beneath clothing or products contained in plastic
packages can be seen by THz waves. This transparency
motivates the utilization of THz waves in quality control
and security applications[2−5]. Even the strong absorp-
tion of THz energy by water has merits in biology science
because THz waves are highly sensitive to the hydration
level in biological tissue[6,7].

Thirdly, most polar molecules either in the solid or liq-
uid phase show the characteristic “fingerprint” absorp-
tion by absorbing unique THz energies corresponding to
their vibrational transitions[8−11], and polar molecules in
the gas phase also have their rotational transition ener-
gies spanning the microwave and THz frequencies[12−14].
Therefore, the absorption spectrum across THz range
by means of THz spectroscopy permits specific detec-
tion, such as material characterization, classification or
recognition[15,16]. On the other hand, plasma frequencies
and damping rates of moderately doped semiconduc-
tors also locate in the THz region between 0.1 and 2.0
THz[17,18], and they are proportional to the carrier den-
sity and mobility of semiconductors, respectively. Thus,
time-resolved THz spectroscopy is an ideal tool for the
study of carrier dynamics in semiconductors. Moreover,
THz waves can be also employed to stimulate Rabi os-
cillations in two-level impurity states in semiconductors,
which enable the manipulation of physical qubits[19−21].
Furthermore, the Josephson plasma frequency of high-Tc

cuprate superconductors, such as Bi2Sr2CaCu2O8, lie at
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sub-THz frequency region, which allows us to investigate
charge dynamics in this extremely anisotropic supercon-
ductor, and opens up the possibility to study other highly
correlated systems in this critical low-energy region[22].
Also, the Cyclotron frequency of most semiconductor
superlattices applied simultaneously by strong electric
field and magnetic field were found to lie at terahertz
region[23].

THz technology is now growing very rapidly in many
fields, numerous recent breakthroughs, such as THz ra-
diation generated by laser-induced gas plasma[24−26],
THz quantum-cascade laser (THz–QCL)[27−29], THz
metamaterials[30−32], have pushed THz research into
the central stage. Here, this paper will particularly fo-
cus on broadband THz spectroscopy and address on a
number of issues relevant to generation and detection of
broadband pulsed THz radiation as well as broadband
time-domain THz spectroscopy (THz–TDS).

2. Generation and detection of
THz radiation

Sitting at the boundaries of microwave and photonic
technology, THz technology is quite underdeveloped com-
pared with the achievements in microwave or photonics
due to the difficulties in generation and detection of THz
radiation efficiently as well as high atmospheric absorp-
tion. However, the location of the THz frequency range
between the electronic and photonic domains implies that
optical or electronic, or even a mixture of optical and
electronic methods, can be employed for generation and
detection of THz waves. So far, a number of techniques
have been utilized to generate and detect THz radiation,
such as electronic devices, free-electron laser, gas laser,
p-type germanium laser, difference-frequency generation
or optical parametric oscillation, photo-mixing, quantum
cascade laser, laser-induced plasma, ultra-short pulsed
laser, and so on. Among these techniques, optical gener-
ation and detection of sub-picosecond single cycle THz
transients with the help of femtosecond laser pulses is
one of the most significant milestones in the exploration
of THz region and has gained widespread acceptance as
a convenient method access to THz frequencies.

Nowadays, the THz region has become more accessible
due to the significant advancement in solid-state ultra-
short pulsed lasers and coherent “time-gated” detection
scheme based on ultra-short pulsed lasers, which could
generate and detect free space coherent pulsed THz radi-
ation with very high signal-to-noise ratio (SNR) at room
temperature and insensitive to the thermal background.

For the generation of coherent ultra-short THz pulses,
two major approaches relying on ultra-short laser pulses
have been developed continuously. The first approach
mainly focuses on photoconductive (PC) antenna fab-
ricated by semiconductors, which is proved as a good
THz source with excellent intensity and bandwidth
properties[33], and involves generating an ultrafast pho-
tocurrent on PC antenna using electric-field carrier ac-
celeration. The second approach generates THz waves
via nonlinear optical effects, such as optical rectification
(OR), using femtosecond laser excitation. From the
point of view of efficiency, simplicity, and diversity of
possible applications, optical rectification of ultrashort

laser pulses is currently the most promising method for
generation of high-energy THz pulses. The high-power
broadband coherent THz generation through optical rec-
tification using the tilted-pulse-front excitation has been
achieved recently[34], which could be able to produce
THz pulses having 1 000 times larger energy than that
of THz pulses generated in ZnTe crystal by using the
same pump pulse energy. Furthermore, an intriguing
approach, ambient air-plasma generation based on am-
plified femtosecond laser[25,26], appears not long ago and
is drawing considerable attention at present, particularly
with respect to security applications.

As for the detection of coherent pulsed THz radiation
using femtosecond laser, time-gated PC antenna made
by low-temperature-grown GaAs (LTG-GaAs) and time-
gated electro-optic (EO) detector based on electro-optic
sampling (EOS) technique using a piece of nonlinear
zinc blende crystal, such as ZnTe, GaSe, GaP, have
been extensively studied and utilized. Unlike time-gated
PC antenna, the EO crystals used in time-gated EO
detector are readily commercially available and do not
require micro-fabrication techniques to make them, so
it became the relatively popular choice for THz detec-
tion. Other conventional THz detectors, such as helium-
cooled bolometers, goley cells, deuterated triglycine sul-
phate (DTGS) crystals, Schottky barrier diodes (SBDs),
superconduductor-insulator-superconductor (SIS) junc-
tions, even pyroelectric detector, are also available for the
detection of THz radiation. It should be noted that the
key advantage of the time-gated THz detection based on
femtosecond laser over the conventional THz detectors is
the inherent suppression of the thermal background, and
it is the coherent detection, namely, the amplitude and
phase of THz signal could be measured simultaneously.

Moreover, it is worthy to be mentioned, several in-
teresting techniques and devices, such as THz radia-
tion enhanced emission of fluorescence (THz-REEF)[35]
and THz quantum well infrared photodetectors (THz-
QWIPs)[36], come out recently and are improved steadily.
Furthermore, a THz-single-photon detector has also been
developed using a single-electron transistor[37].

3. Broadband THz time-domain
spectroscopy

As mentioned above, THz radiation possesses a unique
combination of desirable properties for non-destructive
imaging and spectroscopy of materials. For example,
the characteristic spectral features exhibited by many
materials across the THz frequency range is of particu-
lar interest for the applications of quality assurance and
security technologies related with material characteri-
zation, classification or recognition[38]. Therefore, THz
spectroscopy can be used as a suitable tool to uniquely
identify specific chemicals possessing intramolecular vi-
brational modes and intermolecular vibrations. The
significant breakthrough in this field is the progress of
femtosecond lasers in conjunction with the utilization of
time domain spectroscopy (TDS) in a coherent detection
scheme, which is currently called THz time-domain spec-
troscopy (THz-TDS).

As a particular sensitive tool for many applications
that are very hard to carry out by traditional inco-
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herent Fourier transform far-IR spectroscopy (FTIR),
THz-TDS has many unique features, such as coherent
detection (amplitude and phase could be measured si-
multaneously, enabling both the absorption coefficient
and the refractive index to be calculated directly with-
out using the Kramers-Kronig relation), sub-picosecond
temporal resolution (time-resolved THz spectroscopy is
suitable for the study of carrier dynamics in semicon-
ductors with ultrahigh time resolution) and time-gated
detection (THz pulses carrying the spectral information
are sampled by means of the femtosecond laser pulses so
that the inherent suppression of the thermal background
can be achieved), and plays a very crucial role for many
important applications, such as non-destructive testing
and monitoring, online process control, extremely high
time resolution dynamics, sensing and imaging, and so on.

The schematic representation of the typical THz-TDS
experimental apparatus is shown in Fig. 1. A diode-
pumped ultra-short pulsed Ti: sapphire laser provides
near-infrared (NIR) femtosecond pulses at a center wave-
length around 800 nm with a repetition rate of 76 MHz
and is used as the light source of THz-TDS setup. The
output laser beam is normally split into a pump beam
(∼90%) and a probe beam (∼10%) by a beam splitter
(BS). Coherent ultra-short THz pulses are generated by
focusing the pump beam onto the gap of a biased PC
antenna fabricated by LTG-GaAs. The pulse duration
of the pump laser incident on the PC antenna can be
measured by autocorrelator and is approximately from
tens of femtoseconds to 100 femtoseconds after passing
through a number of optical components. The pulsed
THz radiation generated from the PC antenna is col-
lected and then focused by a pair of Au-coated off-axis
parabolic mirrors onto the sample. A second pair of
Au-coated off-axis parabolic mirrors collects the trans-
mitted THz radiation and focuses it onto a piece of EO
crystal, which is mounted collinearly with the NIR probe
beam for coherent detection. The time-domain electric
field comprising the THz waveform is measured using
EOS and a lock-in detection scheme. The correspond-
ing frequency-domain amplitude THz spectrum can be
extracted by fast Fourier transformation (FFT). The
typical Fourier-transformed THz spectrum of dry nitro-
gen is shown in Fig. 2.

At present, the typical THz-TDS apparatus mainly uti-
lizes either the PC antenna fabricated by semiconductors
or the nonlinear crystals based on optical rectification

Fig. 1. Schematic of the typical THz-TDS experimental ap-
paratus.

Fig. 2. Typical Fourier-transformed THz spectrum of dry ni-
trogen.

for THz generation and photoconductive sampling (PCS)
or the nonlinear crystals based on free space electro-optic
sampling (FS-EOS) for THz detection. But, the majority
of THz-TDS studies reported is confined to the limited
frequency range, 0.1–3 THz. In order to further improve
the accuracy of identification for specific chemicals or
materials, it is quite necessary to develop the THz-TDS
technique with broader bandwidth and good SNR. Ob-
viously, more clearly characteristic spectral features are
measured, better identification of specific chemicals are
achieved.

4. Broadband THz generation

To generate the broadband pulsed THz radiation,
ultra-short pulsed laser is essential and other critical
factors should also be considered. Here, the broadband
pulsed THz radiation generated by PC antenna is ana-
lyzed for clarification. In fact, in order to achieve the
better output power and broader bandwidth for THz
radiation generated from PC antenna, some key factors,
such as pulse power and pulse duration of pump laser,
biased electric field on PC antenna, the photoconductive
materials used as the substrate of PC antenna, have to
be carefully chosen and optimized by considering the fol-
lowing equations deduced from the fundamental theory
on electromagnetic radiation and Maxwell’s equations:

ETHz(t) = − L

4πε0c2z

d
dt

J(t) ∝ d
dt

J(t). (1)

The first time derivative of time-varying transient pho-
tocurrent J(t) can be written as

d
dt

J(t) =
d
dt

[en(t)v(t)] = ev(t)
dn(t)

dt
+ en(t)

dv(t)
dt

. (2)

Here, the first time derivative of time-varying transient
photocarriers n(t) can be written as

dn(t)
dt

= −n(t)
τc

+ n0 exp
(
− t2

δ2
t

)
, (3)

where τc is the lifetime of photocarriers, δt is the pulse
duration of pump laser, and the maximum number of
photocarriers n0 can be written as

n0 =
1
hν

P0, (4)

where P0 is the peak power of pump laser excited on the
PC antenna.
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Furthermore, the time-varying relative velocity v(t) is
the difference of the velocity of hole vh(t) and the veloc-
ity of electron ve(t), namely, v(t) = vh(t) − ve(t).

The first time derivative of the relative velocity v(t)
can be written as

dv(t)
dt

= −v(t)
τs

+
m∗

e + m∗
h

m∗
em

∗
h

e
[
Eb − P (t)

3ε0

]
, (5)

where Eb is the external biased electric field, τs is the
relaxation time, m∗

e and m∗
h are the effective mass of

hole and electron, respectively. P (t) is the intensity of
polarization.

It is clearly indicated by Eq. (2) that there are two ul-
trafast processes to make the contribution for enhancing
THz electric field. One is relevant to the time-varying
transient carrier density, i.e. the first part in Eq. (2),
and another comes from the acceleration of photocar-
riers under the electric field, which is the second part
in Eq. (2). The numerical simulation of these two ul-
trafast processes shows that the contribution relevant to
the time-varying transient carrier density could be ten
times bigger than that of the acceleration of photocarri-
ers under the electric field. Therefore, THz electric field
generated by PC antenna should be mainly dominated
by the time-varying transient carrier density of PC an-
tenna.

Moreover, the time-domain waveforms of coherent
ultra-short THz pulses from PC antenna excited by
femtosecond laser with different pulse durations and
their Fourier-transformed spectra have also been calcu-
lated via the numerical simulation of ultrafast dynamics
between femtosecond laser pulse and photoconductive
material. More specifically, Fig. 3 depicts the wave-
forms of coherent ultra-short THz pulses versus different
pulse durations of pump laser, and their corresponding
Fourier-transformed spectra are shown in Fig. 4.

As shown in Fig. 3, the time-domain THz pulses are
getting wider as the pulse durations of pump laser in-
creasing, and the negative peaks of THz pulses become
bigger, corresponding to the decline of photocurrent. Fig-
ure 4 shows the spectral bandwidths of THz radiation
change inversely with the pulse durations of pump laser,

Fig. 3. Time-domain waveforms of coherent ultra-short THz
pulses versus different pump pulse durations.

Fig. 4. Corresponding Fourier-transformed spectra of THz
pulses versus different pump pulse durations.

which is clearly indicated that broadband THz radiation
can be achieved from PC antenna by using ultra-short
laser pulse. Furthermore, this phenomenon is also the
clear evidence that the photocurrent pulse generated by
pump laser will be changed dramatically when the pulse
duration of pump laser is changed.

According to Eq. (3), it is clearly indicated that two
key parameters, τc and δt, are very important to generate
a very short photocurrent pulse. In fact, the photocon-
ductor with very short lifetime carriers is more critical to
obtain the very short photocurrent pulse, namely, if you
cannot find a photoconductor with very short lifetime
carriers, you cannot obtain a very short photocurrent
pulse even you use a very short pulse duration laser. In
other words, by irradiating the ultrafast photoconductor
with ultra-short laser pulse, it will generate a very short
photocurrent pulse.

5. Broadband THz characteriza-
tion

In order to characterize the broadband pulsed THz
radiation successfully, ultra-short pulsed laser is also es-
sential and different issues should be considered more
carefully for PCS or FS-EOS, respectively.

For the broadband pulsed THz radiation characterized
by PCS, the performance of PC antenna for broadband
pulsed THz detection is mainly dominated by the PC
material. As far as SNR concerned, the PC antenna
fabricated by PC material with shorter lifetime is supe-
rior to the PC antenna fabricated by PC material with
longer lifetime, because the background noise of the PC
material with longer lifetime is bigger than that of the
PC material with shorter lifetime. Therefore, the SNR
of PC antenna fabricated by LTG-GaAs (lifetime around
0.4 ps) is normally superior to the PC antenna fabricated
by semi-insulating GaAs (SI-GaAs), of which lifetime is
about 36 ps.

For the broadband pulsed THz radiation character-
ized by FS-EOS, both the detected THz signals and
the detecting optical pulses (probe pulse) overlap and
then pass through the nonlinear crystal, leading to the
specially pre-polarized probe pulses with the THz field-
induced phase retardation, which is proportional to the
electric field strength of the detected THz signals, so
phase matching between the detecting optical pulses and
the detected THz signals is the big issue to be considered.
Moreover, because the nonlinear crystals suitable for the
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THz detection based on FS-EOS have strong optical
phonon resonances in the THz range, the strong disper-
sion of THz refractive index limits the phase-matching
frequency range. Thus, thick nonlinear EO crystals can
only provide the detected THz signals and the detecting
optical pulses with limited phase matching around a nar-
row frequency band, although the peak signal strength
detected by thick EO crystal is normally higher than
that by thin nonlinear EO crystals, which can provide
better THz-optical phase matching within the full band-
width of the detecting laser pulse. However, although
thin EO crystal can provide good phase matching be-
tween the detected THz signals and the detecting optical
pulses, leading to the considerable application for de-
tecting broadband THz radiation, one of the practical
problems should be pointed out if thin EO crystal is uti-
lized directly to characterize broadband THz radiation.

In practice, the refractive index mismatch at the inter-
face of thin EO crystal and air will lead to the phenomena
that the detected THz signal trace contains multiple time
delayed reflections of the main THz pulse, as shown in
Fig. 5.

These multiple time delayed reflections of the main
THz pulse, related to the THz pulse back-reflections
inside the detecting EO crystal, will appear frequently
in the time-domain scans with the time intervals ∆T
approximately equal to

∆T = 2ng
d

c
, (6)

where ng is the group THz refractive index of the EO
crystal, d is the thickness of the EO crystal, and c is the
speed of light in vacuum.

When the spectroscopic information is extracted from
the time-domain THz signal by FFT, these multiple time
delayed reflections of the main THz pulse will produce
modulation or fringes in the amplitude spectrum of the
detected THz pulse with the frequency intervals ∆ffringe,
shown as

∆ffringe =
1

∆T
. (7)

Figure 6 reveals these modulation or fringes appear
in the frequency-domain amplitude spectrum of the de-
tected THz pulse when the detected time-domain THz
signal trace containing multiple time delayed reflections
of the main THz pulse is directly extracted by FFT. Ob-
viously, these needless modulation or fringes disturb se-
riously the real spectroscopic information obtained from

Fig. 5. Time-domain waveform of coherent ultra-short THz
pulse with multiple time delayed reflections.

Fig. 6. Corresponding Fourier-transformed spectra with
fringes appeared.

the extracted spectrum by FFT, since the weak spectral
features can be hidden or undetectable. Furthermore,
the Fourier-transformed THz spectrum modulated by
these fringes will also lead to strong oscillations in the
dynamic range of the THz-TDS setup, which affects the
accuracy of absorption coefficient.

Generally, there are three major approaches for solving
the problem of THz pulse reflections in the EO detec-
tor, especially for the thin EO crystal detecting the
broadband THz signal. The first is the introduction of
dielectric quarter-wave-thick (λ/4) layer in order to get
rid of the multiple time delayed reflections completely.
But, this is only suitable for the specific narrow band
frequency range, which requires a dielectric layer with
the relatively fixed thickness. For the frequency range
from 0.1 to 10 THz, it would be very hard for a dielectric
layer with the specified thickness to work properly. The
second is the utilization of the proper thick EO crystal
substrates attached to the thin EO crystal in order to
postpone the multiple time delayed reflections in time.
However, this requires a properly adhesion between the
particular selected thick EO crystal substrate and the
thin EO crystal, and it is also not good for time-resolved
measurements with sub-picosecond pulses. The third is
to eliminate the multiple reflections by improving the
refractive index matching at the interface of the thin EO
crystal and air via a properly chosen thin conductive
layer, which could be selected from a wide range of con-
ductive materials with moderate conductivity and long-
term stability, although this layer will absorb part of the
incident THz energy. Very recently, the self-referenced
method[39] came out and provided a mechanism to re-
move the effects of echoes, which enables arbitrary tem-
poral window length and, thus, achieves high-resolution
frequency.

All in all, as an advanced analytical technological
method applicable to a wide variety of materials, THz-
TDS has presented unprecedented sensing capabilities
for many research fields involving monitoring, sensing,
and testing. Nevertheless, it is obvious that higher-power
and compact THz sources, more sensitive and broadband
THz detectors with good SNR are highly desirable and
the primary goals for further development of THz tech-
nology.

6. Conclusion

In this paper, the major techniques to generate and
detect THz radiation have been reviewed firstly. And
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then, in particularly, a number of issues relevant to gen-
eration and detection of broadband pulsed THz radiation
based on ultra-short pulsed laser as well as broadband
time-domain THz spectroscopy (THz–TDS) have been
discussed. Concretely, the time-domain waveforms of
coherent ultra-short THz pulses from photoconductive
antenna excited by femtosecond laser with different pulse
durations and their Fourier-transformed spectra have
been calculated via the numerical simulation of ultrafast
dynamics between femtosecond laser pulse and photo-
conductive material. The origins of fringes modulated
on the top of broadband amplitude spectrum detected
by electric-optic sampling using thin nonlinear crystal
have been analyzed and the major solutions to get rid of
these fringes are discussed.
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Wüstefeld, Phys. Rev. B 69, 092512 (2004).

23. A. B. Hummel, T. Bauer, E. Mohler, and H. G. Roskos,
J. Phys.: Condens. Matter 18, 2487 (2006).

24. T. Bartel, P. Gaal, K. Reimann, M. Woerner, and T.
Elsaesser, Opt. Lett. 30, 2805 (2005).

25. X. Xie, J. Dai, and X. Zhang, Phys. Rev. Lett. 96,
075005 (2006).

26. J. Dai, N. Karpowicz, and X. Zhang, Phys. Rev. Lett.
103, 023001 (2009).
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