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Start in 1920’s as Far Infrared, Terahertz appeared in 1974 in 
Spectroscopy using Michelson Interferometer
Chief drivers of terahertz technology were for a long time 
Astronomers and Spectroscopist (1/2 of the luminous power is 
emitted at submillimeter wavelengths in our Milky way Galaxy)

More in P. H. Siegel, “Terahertz Technology,” IEEE Trans. MTT, vol. MlT-50, no. 3, March 2002
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• Different name for same range:
• Far-infrared
• Sub-millimeter
• Terahertz
• T-rays

Several communities, one gap
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Photonics Spectra 2006

THz source status 2006
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• Novel sources:

• Quantum Cascade Lasers: Room temperature, large power

• High-field THz source >100 MV/cm and large bandwidth

Q. Y. Lu, et al.. Continuous operation of a monolithic semiconductor terahertz source 
at room temperature. Applied Physics Letters, 104(22):–, 2014.

Optics Letters, Vol. 36, Issue 13, pp. 2399-2401 (2011)
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WR-1.5 VNA
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improved greatly for potential real-time or video-rate THz imaging. This PI-CAI technique has been successfully applied 
to characterize THz beams in quasi-optical systems and THz horn antennas.   

2. THEORY 
2.1 Optical Modulation of THz Beam  
When a semi-insulating semiconductor material is illuminated by optical light, free carriers are generated provided that 
the photon energy of the incident light is larger than the band gap of the semiconductor [17],[18]. These free carriers 
change the conductivity of the semiconductor by the Drude response, σD(ω) = ε0(ωp

2τ)/(1 – iωτ ). The amplitude of the 
conductivity is dependent on the plasma frequency, ωp

2 = ne2/ε0me, where n is the free carrier density, ε0 is the 
permittivity of the free space and me is the effective mass of the electron. The free carrier density n is dependent on the 
energy density of the incident light [19]. The expression indicates that the plasma frequency can be tuned by the 
photoexcitation and it is possible to control the opacity of the semiconductor material to the THz wave. Above ωp the 
semiconductor acts as a dielectric and is transparent to the THz beam and below ωp it is metallic and opaque. This 
principle can be applied to modulate THz beams and generate reconfigurable aperture arrays on semiconductor (e.g., 
silicon) materials. 

2.2 PI-CAI and Compressed Sensing (CS) 

In PI-CAI technique, aperture arrays (masks) can be generated by spatial encoding based on the optical modulation 
mechanism stated above. In this imaging method, the target object (to be imaged) is placed in front of the semiconductor 
wafer. Focused THz beam is passed through the object and the wafer and finally detected by a single detector. A series 
of N2 masks are used to get N2 measurements, M = [m1,m2,….,mN

2] and N2 equations are solved to generate the N×N 
pixel image X = [x1,x2,…,xN

2]T from the following formula, 
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Here each row of the measurement matrix Φ represents one optical mask which can be generated from Hadamard 
matrices [20]. These matrices are orthogonal to each other and consist of ‘+1’ and ‘-1’, ensuring at least half of the 
incident power is transmitted and detected.  

 

 
Figure 1.(a) The experimental setup for THz PI-CAI with WR-1.5 VNA. (b) The receiving part in details. 

 

In the above technique, N2 masks are needed to generate the N2 pixel image. The number of masks can be reduced by 
employing compressed sensing (CS). With CS technique an image can be accurately reconstructed from lower number 
of measurements, M’(<N2) [11]. Several algorithms are reported for accurate image reconstruction [21], [22] and for this 
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transformation) beam radiuses at different distances from the antenna aperture. The two plots agree well with each other. 
The Gaussian coupling efficiency for the diagonal horn antenna was found to be ~94% based on the imaging results.  
The details of the antenna characterization will be reported elsewhere [23]. 

 
Figure 7. (a) The WR-1.5 diagonal horn antenna. (b) The 2D beam image (256 pixels) acquired with PI-CAI at 8 mm 
distance from the antenna. (c) The image after median filtering. (d) E-plane, (e) H-plane beam scans for (c). (f) Calculated 
and measured beam radiuses vs. the distance from the antenna. 

 

6. CONCLUSION 
PI-CAI technique has been demonstrated for fast and accurate THz imaging. Imaging results of static objects such as an 
iris aperture and a key were obtained with high quality. Continuous THz imaging of a moving thin metal strip has been 
demonstrated with improved imaging rates. The frame acquisition times were 6 seconds for 64-pixel images and 24 
seconds for 256-pixel ones. These times have further been reduced to 60% (4 seconds for 64 pixels and 14 seconds for 
256 pixels) by using compressed sensing technique. Video rate (>24 fps) imaging with 1k pixels can be achieved with 
faster DMD chips and improved data acquisition. The PI-CAI technique reported in this paper may find immediate 
applications in mapping THz beams and characterizing THz horn antennas.   
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FURTHER READING

Page 1367
‘On-chip integration 
of laser-ablated zone 
plates for detection 
enhancement of 
InGaAs bow-tie 
terahertz detectors’ 
L. Minkevičius, 
V. Tamošiūnas, 
K. Madeikis, 
B. Voisiat, 
I. Kašalynas 
and G. Valušis 

➔✪

ture InGaAs-based bow-tie THz diode, that has 
broadband operation up to 2.5 THz, with the 
secondary diffractive optics in a single chip. 

“We have managed to attach the detector and 
the diffractive optics on separate sides of the 
semi-insulating semiconductor substrate,” said 
Minkevičius. “This allowed us to simultaneously 
make the system more reliable and more com-
pact while improving the sensing properties of 
InGaAs THz detector.”

The measurements made with the detector 
at different angles of incidence showed an 
 enhancement in the detected signal of an order 
of magnitude, which agreed with the team’s 

Room-temperature bow-tie terahertz 
detectors have been successfully integrated 
with focusing optics for the fi rst time. This 
achievement, from researchers at the Center 
for Physical Sciences and Technology in 
 Lithuania, not only makes the detector much 
more  compact and reliable, but the use of zone 
plates also enables an order of magnitude 
increase in the detection capability, making 
this system very attractive for use in terahertz 
 imaging applications.

Smaller solutions
Terahertz (THz) imaging is a powerful tool 

in many applications such as security systems, 
materials testing and their identifi cation and 
medical diagnostics. One of the limitations of 
these imaging systems at the moment is their 
physical size. Reducing the size is not only key 
to integrating the focusing optics and active 
components on to one chip, but also to making 
the system cheaper, more reliable and comfort-
able to use.

There are two ‘elements’ to the system that 
are being actively studied worldwide in order to 
reduce the size: more compact THz emission 
sources are being developed using quantum 
cascade lasers; and broadband and sensitive 
THz sensors are being developed using compact 
technology such as nanometric fi eld effect 
transistors, Schottky diodes, microbolometers 
and bow-tie diodes. Less commonly studied are 
solutions to replace the bulky passive optical 
components such as parabolic or spherical 
mirrors from conventional imaging systems.

All in one
The team from Lithuania is focused on fi nd-

ing solutions to the challenges of THz imaging 
and spectroscopy, and one of their topics is the 
development of compact room-temperature 
operating sensors for real-time THz imaging 
cameras and sensor arrays for spectroscopic 
THz imaging. 

In their earlier research, they concentrated on 
the development of compact diffractive optics 
components for THz imaging systems. 

“The fi rst in this direction was the fabrication 
of free-standing zone plates and cross shape 
fi lter arrays, made from thin metal fi lm used for 
focusing and frequency selection purposes,” said 
Linas Minkevičius, lead author in this work. 
“The second step – fi lter array integration into 
the free standing zone plate – aimed to reduce 
the number of components and make the system 
more compact.”

In the latest step, presented in this issue of 
Electronics Letters, the team show how they have 
further advanced the miniaturisation of THz 
imaging systems by integrating a room tempera-

TOP: Linas Minkevičius 
(right) and Karolis 
Madeikis (left) 
investigating the THz 
detector with compact 
diffractive optics
BOTTOM: The focusing 
features of the compact 
optics placed on the same 
chip with the THz sensor. 
Inset: view from top of the 
zone plate to the detector’s 
plane assuming that the 
substrate is transparent to 
visible light

 numerical simulations, proving the effective-
ness of the focusing performance of the zone 
plates.

Combined experience
Minkevičius believes that the key factors 

leading to the success of this work were collabo-
ration, experience and technology.

“There are three important matters: fi rst, the 
zone plate and detector design were selected by 
simulating the properties of the electric fi eld 
distribution via the zone plate and substrate to 
the detector’s apex using the 3D fi nite difference 
time domain method; secondly, fruitful collabo-
ration with Prof. H. G. Roskos’ group from 
Goethe University, Germany, and their experi-
ence in processing technology, let us overcome 
diffi culties in the detector’s manufacturing pro-
cess; and fi nally, the most challenging issue was 
to arrange the zone plate focal spot and the 
detector active part at one geometrical point 
from both sides of substrate – this was achieved 
by employing advantages from our laser direct 
writing technique.”

This solution is not only more compact, but 
also removes the problems arising from the 
need for precise optical alignment, as this 
strongly affects image quality and resolution. 
Another advantage is that this solution is not 
restricted to THz sensors of this type; it can be 
extended to other types of planar technology-
based  detectors as well.

THz imaging could become cheaper and easier with a new 
chip that combines both the optics and the detector

in the zone✪

64x64 pixels camera sub-THz

U. Pfeiffer and E. Ojefors. A 600-GHZ CMOS focal-plane array for 
terahertz imaging applications. In Solid-State Circuits Conference, 
2008. ESSCIRC 2008. 34th European, pages 110–113, Sept 2008.

•  2012 IEEE International Solid-State Circuits Conference 978-1-4673-0377-4/12/$31.00 ©2012 IEEE

ISSCC 2012 PAPER CONTINUATIONS

Figure 15.1.7: Chip micrograph.

Bolometers

Electronics
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• Imaging

• Tomography

• Spectroscopy

• Transmission

• Medical

• Security

• Non destructive 
testing

• Communication
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• Terahertz goes through paper, plastic, board ceramic
• Nice tool for non destructive testing
• Should be robust to be inserted for online monitoring
• Problem with Water (liquid) and atmospheric absorbtion

3.5 Art Conservation

The importance of the knowledge of materials and underlying materials science is crucial in
optimizing preservation of cultural heritage artwork. For terahertz science the challenges faced
in the development of non-destructive analytical methods and its integration with new
diagnostic techniques are numerous. For these new tools, it's important to be portable on site
and to be safe for the sample under investigation. However, heritage materials diagnostics
[123] is difficult: not only because the sampling of artworks is usually not allowed, but also
because the measurement is generally required to be done on-site. To illustrate this purpose,
Jackson et al. performed THz investigation of mural paintings [124]. Using THz-TDS, they
revealed the presence of a graphite drawing [125] under layers of paint and plaster. Concerning
painting, Adam and coworkers compared THz reflection images of hidden paint layers [126].
A similar study was presented by Fukunaga and coworkers [127] to quantify the transmittance
of several pigments. Recently, they extended their work to a medieval manuscript [128] and
even mummies have been studied by THz imaging [129]. All this clearly demonstrates the
potential of THz imaging for Art and Archeological science (Fig.5).

Terahertz (THz) spectroscopy associated with THz imaging, holds large potential in the
field of non destructive, contact-free testing. The constant advances in the development of THz
systems, as well as the appearance of the first related commercial products, indicate that large-

Figure 3 Evaluation of cork enclosures by terahertz imaging taken from [115]

Figure 4 3D images of the two tablet surfaces and the central band. The color coded bar represents coating layer
thickness, the scale is in microns [122]. The coating layer thickness around the central band is much thinner than
that on the surfaces of the tablet

J Infrared Milli Terahz Waves (2014) 35:382–411 387

J. Guillet,Review of terahertz tomography 
techniques. Journal of Infrared, Millimeter, 
and Terahertz Waves, 35(4):382–411, 2014.

F. Schuster et al., “A Broadband Terahertz Imager in a Low-cost 
CMOS Technology,” Int. Solid-State Circuits Conf.
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1 2

Composite for the aeronautic industry

EU Project - Fraunhofer institute

A. J. L. Adam, P. C. M. Planken, S. Meloni, and J. Dik. Terahertz imaging of hidden paint layers on canvas. Opt. Express, 17(5):3407–3416, 2009.

Chip inspection

X.C. Zhang, Rensselaer Polytechnic Institute
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Teraview®

Fig. 3. Particular features were not recognized but the reflectance of tumor tissue was higher
than that of normal tissue. The high reflectance of tumor tissue might be attributable to
higher water contents or higher density of the cell nucleus. Figure 4(b) shows a two
dimensional imaging of THz reflectance at 0.8 THz for a 10mm×13mm area. The tumor
tissue is clearly discriminated thanks to its high reflectance. The corresponding light
microscope image of the sample is shown in Fig. 4 (a). These results suggest the feasibility
of THz clinical diagnosis based on tissues with no staining. The origin of this difference
should be discussed with medical doctors and requires additional investigations.

2.2 Ridge waveguide THz generator

For further improvement of the above TDS system such as shorter acquisition time, a more
efficient THz generator based on a ridge waveguide lithium niobate crystal was studied [33].

Fig. 2 Three-dimensional image
of porcine skin. Skin cream was
partially applied to the skin. Ex-
panded cross sectional view
around the surface is also shown

Fig. 3 Refractive indexes of par-
affin embedded colorectal tissues
calculated from THz-TDS mea-
surement data. The refractive in-
dex of tumor tissue was higher
than that of normal tissue

J Infrared Milli Terahz Waves (2014) 35:118–130 121

Three-dimensional image of porcine skin 

Histology of Breast cancer cell

Tooth cavities

J Infrared Milli Terahz Waves (2014) 35:118–130

Teraview®

Water is a killer
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Michael C. Kemp, Explosives Detection by Terahertz Spectroscopy—A Bridge Too Far?
IEEE transactions on THz Science and Technology, Vol. 1, nº1, Sep. 2011

Atmospheric absorption

Razor blase on a shoe
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2074 Chem. Soc. Rev., 2012, 41, 2072–2082 This journal is c The Royal Society of Chemistry 2012

Gas phase terahertz spectroscopy

The study of gases within the THz region is probably the most
mature area due to its similarities with gas phase microwave
spectroscopy. As a result of the minimal influence of inter-
molecular interactions in the gas phase, spectra are dominated
by the rotational and torsional activity of molecules. In fact
sub-THz radiation (commonly defined as 0.1–1 THz) has
long been a valuable tool for astronomers in characterising
astronomical systems due to the ability of microwave and
THz spectra to identify gases through the fingerprint of their
rotational spectra. High resolution rotational spectroscopy is
also invaluable in providing very precise structural infor-
mation regarding molecular species. Examples of gases that
absorb in the THz region include carbon monoxide,4 nitrous
oxide,5 and propane.6 However it is also important to note
that water exhibits a large number of rotational transitions in
the THz region.7,8 Thus, the large amount of water vapour in
the natural atmosphere is an important consideration in any
THz spectroscopy measurements.

Due to the maturity of microwave spectroscopy, rotational
spectroscopy is a well-developed and documented area. Extensive
libraries of rotational spectra and texts on the subject exist; THz
spectroscopy for the study of gas phase rotational spectra will
therefore not be discussed further here. The interested reader is
directed elsewhere.9

Condensed phase terahertz spectroscopy

As outlined above, intermolecular interactions dominate the
appearance of spectra in the THz region and can therefore
provide us with valuable information regarding these inter-
actions in the condensed phase. Key to the appearance of THz
spectra in the condensed phase is the long range order present
in a sample and the microenvironment of the intermolecular
bonds. For sharp spectral features to exist good long range
order and well defined intermolecular bonding needs to be
present. Since this is absent in amorphous solids and liquids

such samples tend to exhibit fewer spectral features and if
present they tend to be broad in nature.
By comparison, crystalline materials exhibit more spectral

features which are also much more defined than those observed
in the amorphous phase and liquids. This difference between
amorphous and crystalline materials is exhibited clearly in the
absorbance spectra of indomethacin10 where, upon undergoing
a transition from an amorphous phase to a crystalline structure
a broad, featureless THz absorption spectrum is replaced with a
spectrum in which clear transitions are observed (Fig. 2).
Although the study of crystalline materials is by far the

most well developed region of THz spectroscopy and the richest
source of literature within the field, the resulting spectra cannot
be readily assigned to isolated functional groups (cf. infrared
spectroscopy) as spectral features can be attributed to a mix
of the phonon modes and isolated intermolecular vibrations
in the crystal. Thus computational methods are essential
in gaining an understanding of terahertz spectra. A range of

Fig. 1 Molecular modes and activity in the terahertz region of the electromagnetic spectrum.

Fig. 2 Absorbance spectra of indomethacin crystalline (solid line)

and amorphous (dashed line) 75% in polyethylene. Reproduced with

permission of Elsevier from ref. 10.
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View Article Online

A. I. McIntosh,Terahertz spectroscopy: a 
powerful new tool for the chemical sciences? 
Chem. Soc. Rev., 41:2072–2082, 2012.

•Fingerprinting and chemical identification
•Studies of biomolecules in the solid state
•Studies of biomolecules in aqueous solution
•Studies of liquid dynamic
•Solid state transformations

• No need to 
direct access 
(compared to 
Raman/IR)
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• Vibrational modes can distinguish polymorphs

Spectroscopy
of polymorphs

collected and inserted into vials. The vials are
placed on pre-cooled shelves (!458C). The remain-
ing sublimation process is again similar to the
standard process.

To study whether THz-TDS can identify the
different polymorphs of Mannitol, individual
polymorphs of Mannitol are prepared in the lab
from Mannitol powder purchased from Sigma–
Aldrich, which consists predominantly of the
b polymorph. All three known polymorphs of
Mannitol were prepared by the Walter-Levi
method.41 0.4, 0.8 and 1.2molar (M) solutions
are prepared and 10mL of each solution is placed
in a watch glass and allowed to evaporate at room
temperature. The evaporation results in three
distinct crystal forms. The first form is mainly
observed at the edge of the watch glass. It is
opaque and looks like lichen and grows vertically.
By comparing the X-ray diffraction pattern of this
sample with the data from the International
Center for Diffraction Data (ICDD), the sample
was identified to contain a mixture of the a and b
polymorph. The second crystalline form was
created in 0.4 and 0.8M solutions. It has a
translucent needle-like structure in spherulite
morphology and X-ray diffraction analysis shows
this to be the d polymorph. The third form was
obtained from the 1.2M solutions and consists of
translucent parallelepipeds, and X-ray diffraction
showed this to be the b polymorph. Figure 2a–c
shows the morphology of the three distinct crystal
forms of the a, d, and b form, respectively.

Slow freezing, as in traditional freeze-drying,
and fast freezing with liquid nitrogen, are
expected to give rise to different end results. This
is because rapid freezing coincides with the
formation of small ice crystals and a potentially

different crystallization of Mannitol. The drying
process in freeze-drying can be accelerated by
increasing the sublimation area and thus
the sublimation rate. One way to increase the
effective sublimation surface is to start with
frozen spheres. In the case of large frozen droplets,
the drying process time was similar to that in
the standard process, because, although the
sublimation area was increased, the physical
contact and thus the heat transfer between the
spheres was limited. In the case of fine frozen
droplets, the sublimation process was finished
earlier than in the large frozen droplet situation
because of the better contact between the spheres.

Before measuring the terahertz absorption
spectrum of the freeze-dried samples, it is
important to know the polymorphic state of the
samples. We therefore measured the X-ray
diffraction pattern of each of these samples. In
Figure 3a–d, we show the measured X-ray
diffraction pattern of Mannitol powder, freeze-
dried cake, freeze-dried fine droplets and freeze-
dried large droplets respectively. The markers in
these figures indicate the known peak positions of
each polymorph, taken from the ICDD. By
comparing the X-ray diffraction pattern of the
samples with the ICDD, the original Mannitol
powder was shown to consists of the b polymorph.
Mannitol freeze-dried as fine droplets consists of
the d polymorph whereasMannitol freeze-dried as
large droplets contains mostly the b polymorph
with traces of the d polymorph. The traditionally
freeze-dried Mannitol cake contains a mixture
of both d and b polymorphs. X-ray diffraction
analysis shows that the end product of different
freeze-drying techniques results in different
polymorphs,

Figure 2. Photograhs of the three types ofMannitol crystals corresponding to the a, d,
and b polymorphs. (a) The a form is opaque and resembles vertically growing lichen like
structures. (b) The d form is translucent and resembles a needle-like structure in
spherulite morphology. (c) The b form consists of translucent parallelepiped structures.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
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apparent negative absorption coefficient below
2THz in Figure 4 is due to the fact that the THz
electric field amplitude measured with the sample
is higher than without the sample below 2THz.
This is explained by the reduced divergence of the
higher frequency components, caused by a weaker
diffraction, when the sample is placed between the
generation and detection crystal. In principle
this effect can be reduced by using pump beams
having a larger diameter or by decreasing the
distance between the two crystals to a fraction of a
wavelength, which will also increase the signal
amplitude. However, our goal here is the identi-
fication of the polymorphs of Mannitol, rather
than the measurement of the absolute absorption
coefficient at low THz frequencies.

The b form shows absorptions peaks at 1.12,
2.26, 2.88, 3.28, 4.22, 4.77, and 5.66THz. Of these,
the absorption peaks at 2.88, 3.28, and 5.66THz
are the strongest. The overall appearance of the
absorption spectrum of the b form is comparable
to an earlier published absorption spectrum of
D-Mannitol measured by terahertz attenuated
total reflection (ATR) spectroscopy from 0.3 to
3.6THz.42 Although not explicitly mentioned in
that paper, this resemblance suggests, that
their sample was made of b Mannitol. The peak
positions, however, are slightly different. The
reason for this is not exactly known, but may
be related to the wavenumber dependent pene-
tration depth into the sample and the resulting
comparatively more difficult data analysis in the
case of the ATR technique.

The d form spectrum in Figure 4 shows
absorption peaks at 1.9THz, two peaks at 2.19,
and 2.3THz nearly merged together and three

stronger peaks at 3.74, 3.98, and 5.36THz. There
is also a small peak at 4.4THz. From these results,
it is clear that for the purpose of identifying and
distinguishing the b and d polymorphs, the
absorption peaks at 2.88, 3.28, and 5.66THz for
the b polymorph, and the peaks at 3.74, 3.98, and
5.36THz of the d polymorph are ideally suited.

We now proceed with the results for the
freeze-dried samples. THz absorption spectra
of Mannitol samples freeze dried using three
different methods as discussed above, along with
that of Mannitol powder, are shown in Figure 5.
Using the results of Figure 4, in which the
absorption spectra of the pure b and d polymorphs
are shown, we are now in a position to identify
the polymorphs in the freeze-dried samples.
In the 2.5–6THz region, the freeze-dried cake
has two small peaks at 2.88THz and 3.28THz,
and large peaks at 3.74, 3.98, and 5.36THz. The
two small peaks correspond to the b form and the
large peaks to the d form. Looking at the relat-
ive intensity of these peaks it can be concluded
that the freeze-dried cake contains mostly the
d form with some traces of the b form. This
result is in perfect agreement with the results
from X-ray diffraction measurements. The rela-
tive intensities of these peaks can be in principle
used to determine theweight percentage of each of
these polymorphs in the mixture.13,43,44

Similarly, the sample made of frozen fine
droplets has three large peaks at 3.74, 3.98, and
5.36THz corresponding to that of the d form,
whereas no b form peaks at 2.88, 3.28, and
5.66THz are observed. Rapidly freezing fine

Figure 4. THz absorption spectra of the b and d form
of Mannitol. The spectra are very different from each
other, especially in the region from 2.5 to 6THz.

Figure 5. THz absorption spectra of freeze-dried
Mannitol samples from 2.5 to 6THz. The main features
are identified as d and b by comparing with the absorp-
tion spectra of individual b and d form of Mannitol
shown in Figure 4.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
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JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBRUARY 2010
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S.J.Park, Detection of microorganisms using terahertz metamaterials. Sci. Rep., 4, 05 2014.
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Fig. 1. (a) Schematic drawing of part of the experimental setup. A 500 nm-thick gold film
with a lithographically fabricated aperture is deposited onto a (111) oriented GaP electro-
optic crystal. From above, a THz pulse is focused onto the aperture. From below, fem-
tosecond probe laser pulses are focused onto the front surface to an approximately 5 µm
diameter spot size. The probe pulses sample the THz electric near-field immediately behind
the aperture. On the right is a photograph of a CsI crystal deposited onto a 20 µm diameter
aperture, taken with a conventional optical microscope.

oscillator (Femtolasers) operating at a central wavelength of around 800 nm. [22] From below,
a synchronized, linearly polarized probe laser pulse is tightly focused to a∼5µm diameter spot
immediately below the center of the aperture in the gold film. The transverse component of the
THz electric near-field of the aperture elliptically polarizes the probe pulse, which reflects from
the GaP surface towards a standard differential detection setup. This setup measures the probe
pulse ellipticity, which is proportional to a single, instantaneous, THz electric-field value, as a
function of the time delay between the incident THz pulse and the probe pulse. In this way, a 20
ps long THz electric-field transient is obtained in a stroboscopic manner. To reduce absorption
of THz radiation by water vapor, the entire setup is enclosed in a box that is purged with dry
nitrogen gas. CsI was chosen as the sample material because it has a fairly sharp and strong
phonon resonance at 1.8 THz. [1]

3. Results and discussion

An example of a measurement of the incident THz electric field as a function of time, obtained
using a bare part of the same (111) oriented GaP crystal on which the CsI samples were de-
posited, is shown in Fig. 2(a). Figure 2(a) shows that the incident electric field consists of nearly
a single cycle. In Fig. 2(b) we show the THz electric field as a function of time, measured be-
hind the smallest aperture (10 µm diameter). The electric field consists of a sharp spike with a
full width at half maximum (FWHM) of a few hundred femtoseconds only, which is consider-
ably less than the FWHM of the peaks of the incident field. This can only be explained by the
fact that the THz field transmitted by the aperture is dominated by higher frequencies than the

�����������������86' 5HFHLYHG����2FW�������UHYLVHG����'HF�������DFFHSWHG����'HF�������SXEOLVKHG����-DQ�����
(C) 2013 OSA 14 January 2013 / Vol. 21,  No. 1 / OPTICS EXPRESS  1104

Next: move to liquid THz spectroscopy of small volumes

J. R. Knab and al.,Applied Physics Letters, 97(3), Jul 19 2010.
J. R. Knab et al.,Opt. Express, 21(1):1101–1112, Jan 2013.Fig. 3. (a)-(c) Electric near-field amplitude as a function of frequency, measured behind

empty apertures of 10, 20 and 40 µm diameter. (d)-(f) Electric near-field amplitude as a
function of frequency, measured behind apertures of 10, 20 and 40 µm diameter, filled with
CsI. For each of the measurements, the data were normalized with respect to the spectrum
of the incident THz pulse, obtained using a bare part of the same (111) oriented GaP crystal
on which the CsI samples were deposited.(g)-(i) Electric near-field amplitude as a function
of frequency, calculated behind apertures of 10, 20, and 40 µm diameter, filled with CsI.

to higher values. [15] The apparent irregular variations in the spectral amplitude for frequencies
above approximately 2 THz in Figs. 3(a)-3(f) are not reproducible. They arise from a decrease
in the emitted power of our biased GaAs emitter at higher frequencies, and thus gives rise to
more noise in the data shown in Fig. 3. For the smallest aperture (10 µm diameter), the noise in
the measured electric near-field is also large at lower frequencies, simply because the electric
field behind such a small aperture is very weak and thus difficult to measure.
To confirm that our results are not due to a measurement artifact, we have also performed full

numerical simulations of the THz electric near-field behind the apertures using a commercial
software package (CST Microwave Studio). The refractive index of GaP is taken to be 3.3.
These calculations use the frequency-dependent, complex dielectric constant of CsI near the
phonon resonance, which is given by:

ε(ω) = ε∞ +(εstat − ε∞)
ω2
TO

(ω2
TO−ω2− iωΓTO)

(1)

where ε∞ is the electronic dielectric constant, εstat is the static dielectric constant,
ωTO is the angular transverse optical phonon frequency, and ΓTO the transverse optical

�����������������86' 5HFHLYHG����2FW�������UHYLVHG����'HF�������DFFHSWHG����'HF�������SXEOLVKHG����-DQ�����
(C) 2013 OSA 14 January 2013 / Vol. 21,  No. 1 / OPTICS EXPRESS  1106
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1.5Gb/s  
at a frequency 

of 300GHz.

K. Ishigaki
Electronics Letters(2012),48(10):582

I. F. Akyildiz, J. M. Jornet, and C. Han. Terahertz band: Next frontier for wireless communications. Physical Communication, 12(0):16 – 32, 2014.
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Fig. 5. Path loss in the THz Band for different transmission distances.

others. Indeed, as wementioned above, the response of
an individual graphene-based plasmonic antenna can
be easily tuned by means of electrostatic material dop-
ing. Therefore, we envision a new antenna pattern syn-
thesis approach based on dynamic doping of different
antennas.
As we will discuss in Section 4.2.3, these very large

antenna arrays enable unique physical layer solutions,
such as novel Massive MIMO schemes.

4. Challenges in terahertz band communication net-
works

There are many challenges in the realization of efficient
and practical THz Band communication networks, which
require the development of innovative solutions at the
different layers of the protocol stack. In the following, the
main challenges are discussed in a bottom-up approach,
by starting from the THz Band channel modeling, up to
the development of transport layers solutions for ultra-
broadband communication networks in the THz Band. As
we mentioned in the introduction of this paper, many
of the challenges in the THz Band are common to those
of mm-Wave systems. In the many cases, the solutions
proposed in this section can also be utilized to overcome
the challenges in mm-Wave systems.

4.1. Channel modeling

Existing channelmodels for lower frequency bands can-
not be used in the THz Band, because they do not cap-
ture the behavior of this spectrum band, e.g., the very high
molecular absorption loss or the very high reflection loss
[4–6]. For the time being, current channel characteriza-
tion efforts are focused on the 300 GHz transmission win-
dow [71–76], as experimental measurements are readily
available. However, a higher-frequency transmission win-
dow, or even more than one window at the same time
over the entire THz Band, will be needed to provide stable
Tbps links. In addition, besides LOS communication, NLOS
propagation needs to be considered. Ultimately, a com-
plete multi-path channel model accounting for the statis-
tical varying environment is needed.

In this section, we discuss the state of art and open
challenges in terms of THz Band channel modeling for
different propagation conditions.

4.1.1. Line-of-sight propagation
The first step towards understanding of the THz Band

channel is the characterization of the propagation phe-
nomena affecting the free space propagation of THz
Band radiation. In this direction, we have recently devel-
oped a LOS propagation model for the entire THz Band
(0.1–10 THz) [77]. In particular, we used radiative transfer
theory and the information in the HITRAN database [78] to
analyze the impact of molecular absorption on the path-
loss and noise.

The path loss for a traveling wave in the THz Band
is defined as the addition of the spreading loss and the
molecular absorption loss. The spreading loss accounts for
the attenuation due to the expansion of the wave as it
propagates through the medium. The absorption loss ac-
counts for the attenuation that a propagating wave suffers
because of molecular absorption and depends on the con-
centration and the particular mixture of molecules en-
countered along the path. As a result, the channel in the
THz Band is very frequency selective.

The properties of the LOS propagation channel in the
THz Band are illustrated in Fig. 5. These results are nu-
merically obtained from [77] for the case of using an ideal
isotropic antenna with unity gain in transmission and in
reception. For a given transmission distance, the total path
loss increases with frequency due to the spreading loss.
The path loss can easily go above 100 dB for transmission
distances in the order of just a few meters. In addition,
the molecular absorption defines several transmission
windows, whose position and width depend on the trans-
mission distance. For distances much below 1 m, molecu-
lar absorption loss is almost negligible and, thus, the THz
Band behaves almost as a 10 THz wide transmission win-
dow. However, for transmission distances over 1 m, many
resonances become significant and the transmission win-
dows become narrower. Several transmission windows,
w1 = [0.38–0.44 THz], w2 = [0.45–0.52 THz], w3 =
[0.62–0.72 THz] and w4 = [0.77–0.92 THz], have been
marked in Fig. 5. Within each transmission window, the
impact of molecular absorption loss is minimal, well be-
low 10 dB/km. Still, however, due to the spreading loss,
the total path-loss is very high, and motivates the utiliza-
tion of highly directional/high gain antennas, as well as
new Massive MIMO schemes, which will be described in
Section 4.2.3.

•Wireless technologies below 0.1 THz and above 10 THz are not able to 
support Tbps links.

•THz Band offers a much larger bandwidth

•Suffer from Path Loss
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Carrier Frequency 237.5 THz
Data transfer over 20 m 100 Gbit/s

S. Koenig, and al. Wireless sub-Thz communication system with high data rate. Nat Photon, 7(12):977–981, 12 2013.
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Cu2O on percolated gold

Nanostructured gold surface (localized surface plasmons)

Optics Letters, Vol. 36, Issue 13, pp. 2572-2574 (2011)
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Fabrication: SEM images
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Gold Nanograting

Enhanced THz emission

: Azimuthal angle

Enhancement factor of the emitted electric field compared to
flat sample: ⇠ 5.4

Power enhancement factor ⇠30
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THz generation

How can we excite plasmons?

Nanogratings!

240 nm

Stronger THz pulses?

50 fs, 800 nm 
laser pulses

Cu2O

Au

Plasmon coupling condition:

k0 sin(✓) + k
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THz makes cover and  new journals are edited, conferences are flourishing

J. Phys. D: Appl. Phys. 47 (2014) 374001

J. Phys. D: Appl. Phys. 47 (2014) 374001 R A Lewis

Figure 1. Number of documents with ‘terahertz’ appearing in the abstract, title or keyword field as a function of time. (a) Linear-linear
scale. The full line is given by y = 1.55 exp[(x − 1975)/4.66]. (b) Log-linear scale. The crosses correspond to a starting value of 1 in 1975,
doubling every third year.

As the field matures further, more cohesive books are
appearing, with only two or three authors [9–11] and, at last,
sole authors [12, 13], on topics such as terahertz excitations [9],
terahertz photonics [10], terahertz techniques [11], terahertz
principles [12] and terahertz physics [13].

1.2. Terahertz apparatus

A typical terahertz experimental station, such as a developed
for imaging [14], tomography [15] or spectroscopy [16],
comprises the three principal parts of the source, which
produces the terahertz radiation, the components, which
manipulate the radiation, and the detector, which senses
the radiation. Practical arrangements may contain multiple
sources, components and detectors (figure 2).

1.2.1. Terahertz sources. The focus of this article is on
terahertz sources, which will be discussed in greater detail
shortly (section 2). To give some context for the discussion of
sources, a few brief remarks will be made first about terahertz
components and detectors.

1.2.2. Terahertz components. Optical components are such
things as mirrors, lenses and polarizers.

In contrast to visible optical systems, where lenses and
similar transmitting elements predominate, terahertz systems
tend to employ reflecting elements, which have minimal loss
and no dispersion. Terahertz mirrors have conventionally been
made of metal. Other materials have been recently trialled,
for example, doped and undoped GaAs [17] and a hybrid
of polypropylene and high-resistivity silicon [18]. Tunable
mirrors, based on one-dimensional photonic crystals, have also
been developed [19–22].

Lenses are typically made of plastics. It is advantageous
if the lens transmits visible radiation, as this facilitates optical
alignment. Traditionally, plastic terahertz lenses were made by
machining on a lathe. Recently, lenses have been manufactured

by compressing various micropowders in metal moulds using
a tabletop hydraulic press [23]. Lenses with an adjustable
focal length have been realized by introducing medical
white oil into the lens cavity [24]. Less conventional lens
designs include grooved-dielectric Fresnel zone plates, thin
and lightweight [25]; plasmonic-resonance lenses, fabricated
from 100 nm gold foil on a 500 µm silicon wafer [26]; and
even lenses made from paper [27].

A precise method of fabricating terahertz optical
components is femtosecond laser machining of LiNbO3 single
crystals [28]. Diffractive elements, cavities and waveguides
have been so constructed. On the other hand, temporary,
or reconfigurable, components may be formed by optical
modulation, using visible light projected onto a silicon
chip; aperture arrays and polarizers have been made in this
manner [29].

1.2.3. Terahertz detectors. The earliest terahertz detectors
were based on a thermometric property of a material, such
as a change in electrical resistance with temperature (the
bolometer) or a change in size with temperature (the Golay
cell). More sophisticated examples of thermal detectors are
under development, such as microelectromechanical systems
(MEMS) incorporating a tuned metamaterial absorber and a bi-
material (differential thermal expansion) [30–32]. In principle,
arrays of such sensors will facilitate imaging, but they are
presently optimized only for specific frequencies. Moreover,
thermo-mechanical systems are inherently slow. Electronic
transitions are faster. Electronic sensors were originally
based on bulk semiconductor materials, but more sophisticated
designs have been demonstrated, for example, impurity bound-
to-unbound transitions in beryllium and silicon delta-doped
GaAs/AlAs multiple quantum wells [33]. On a finer scale still,
quantum dots have been employed as terahertz sensors [34].
Single electron transistor read out is employed. A limitation is
that the operating temperature is close to zero, 0.3–1.5 K [35].

2
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Companies delivers competitive systems now!

Uncooled THz imager



CWTe 2014 Research Retreat
Aurèle Adam22 October 2014

THz in the Netherlands:

24

Neto (Antennas)
Gao (Astro)
Adam (TDS)
Siebbeles (Chemistry)

Gomez Rivas (Photonics)

Marion Matters (RF)

Engelkamp (Spectroscopy)

Baryshev (Detectors)
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Main issues to THz use in industry

•Circumvent liquid Water

•Avoid atmospheric absorption

•Beat older technologies

•only if cheaper or better

•Robust and easy to manipulate

•Find your niche
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