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Two different spectrometry systems in the terahertz band are described, characterised and used:
the Tera K8 Time-Domain THz Spectrometer from Menlo Systems, which works in the time domain,
and the TeraScan 780 Frequency-Domain Terahertz Platform from Toptica, which works in the
frequency domain. The set-up for which the optimal performance of each system is obtained is
presented, together with spectroscopy measurements obtained with them.
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I. Introduction

It is well known that most of the electromagnetic
spectrum has been highly studied from both theoretical
and experimental approaches, leading to countless
applications in communications, material treatment and
analysis, amongst many others. However, it has not been
until recently that the so-called terahertz bandwidth
has started to be explored. This region of the spectrum,
contained between 100 GHz and 10 THz, has very
interesting properties as many materials are transparent
to these frequencies, allowing a deep study of their
physical properties [1]. The objectives of this project
are to understand the generation and optimization of
terahertz waves as well as to perform measurements for
different materials of a wide range of natures.

II. Experimental set-up

In order to optimize the signal transmission and recep-
tion, a particular set up was displayed for each spectrom-
etry system. It is important to point out that nowadays,
this type of systems offer a much more closed and black
box-styled display. However, the systems available in the
lab are one of the first models, being incredibly customiz-
able, meaning also that the user must have a much higher
knowledge of the functioning of each of its components.

The general set-up is constituted by two photoconduc-
tive antennas, one acting as transmitter (TX) and the
other as receiver (RX), followed by silica lenses. Then,
each of the systems has different elements due to their
functioning.

A. Photoconductive antennas (PCA)

Photoconductivity is the principle on which the func-
tioning of the antennas used is based [2],[3]. In these
systems, in order to generate photocurrents, the conduc-
tivity of a semiconductor is increased through the ab-
sorption of electromagnetic radiation coming from a fem-
tosecond pulsed laser of λ=780 nm of wavelength (time-
domain (TD) system) or using a laser beat generated
from the coupling of two different lasers of slightly differ-
ent wavelength,λ1=853.4 nm, λ2=855.5 nm, (frequency-
domain (FD) system). This provides the charge carri-
ers with sufficient energy to overcome the semiconductor
bandgap. A bias voltage is then applied, accelerating the
carriers and creating a current that allows the antenna to

behave like a Hertzian dipole approximation which radi-
ates the THz waves. The photoconducting material used,
low temperature grown gallium arsenide (LT-GaAs), has
a subpicosecond carrier lifetime, so that the THz band-
width can be obtained at the output. This is due to the
fact that while rise time of the transient photocurrent is
dictated by the rise time of the incident optical pulse or
beat, the decay time is governed by the carrier lifetime
[4]. On the other hand, in order to detect and obtain
a profile of the generated THz waves by optoelectronic
sampling, another PCA is used, which acts as the re-
ceiver (RX). This antenna, however, is not subjected to
a bias voltage [2]. A more specific explanation on how the
generation and detection of THz occurs in each system
is developed in sections C and D.

Fig. 1: Parameters that describe the hemispherical HRFZ Si lens.

B. Silicon Lenses

In order to avoid the loss of all generated THz waves
due to total reflection at the interface between the pho-
toconductive substrate and the propagation medium, an
hemispherical high-resistivity float-zone silicon (HRFZ
Si) lens is used. It is necessary that all incident angles
are smaller than the critical angle (θc), which satisfies
sin θc = 1

n as the refractive indices are 1 in air and n
in the lens. If the maximum incident angle (θmax), de-
termined as sin θmax = L

R satisfies this condition, all the
others will, as shown in figure 1. Therefore, we find the
condition that the dimensions of the lens must fulfill:

θmax ≤ θc ⇒ L ≤ R

n
(1)

where the parameters are those shown in figure 1.
The condition L=R

n is enough, so for silicon (n=3.41),
L=0.293R.
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C. Frequency-domain System
Generation and Detection of THz waves

This system is based on a continuous wave THz system,
which consists in the photomixing of two laser beams
with central wavelengths located at 853.4 nm and 855.5
nm. Photomixing can be achieved collineating spatially
the electrical fields using an optical fibre coupler. When
the whole field from the coupler output is supplied to
both antennas, only the difference frequency field (lo-
cated in the THz region) is transmitted by the TX an-
tenna and received by the RX antenna. [4]. In order to
get a good performance of coupling, it is important that
both laser represent almost the same amount of power at
the output of the coupler. In order to adjust these pow-
ers (and to maximize them too), we have used the fine
laser positioners shown in figure 2. Using a photodetec-
tor connected to a spectral analyzer, we have quantified
the power of both peaks, shown in table I.

Laser λ0 (nm) 853.4 855.5
Peak power (dBm) 9.92 8.93

TABLE I: Power peaks of coupled laser signals at the ouput of the
coupler.

Fig. 2: Elements of the FD system. 1: 853.4 nm laser, 2: 855.5
nm laser, 3: optical fibre coupler, 4: receiver antenna, 5: transmit-
ter antenna, 6: amplifier (to the detector), 7: control of the bias
current, 8: laser micropositioner for good laser-fibre coupling.

The lasers used in these set-up are distributed feed-
back lasers (DFB) whose wavelengths are controlled by
temperature. The working THz frequency is then deter-
mined by the temperature of both lasers. This frequency
can be predicted analytically from the difference of emit-
ting wavelengths.

f = c

(λ0)2 ∆λ (2)

In the previous expression c is the speed of light, λ0
is the nominal wavelength of the lasers and ∆λ is the
difference between working wavelengths. The operation
of the system consists on modifying the temperature of
the lasers in order to sweep all the frequencies within

the system bandwidth. This last parameter can be
calculated using equation 2 considering that in our
set-up λ0=850 nm and that the maximum temperature
variation (50oC) allows a maximum ∆λ of approximately
4 nm. Therefore, the system bandwidth (and maximum
THz frequency) is around 1.5 THz. We observe from raw
data provided by the software that the resolution of the
system is 1 GHz, which corresponds approximately to
an accuracy of a hundredth of Celsius temperature degree

D. Time-domain System
Generation and Detection of THz waves

For the case of the TD spectrometer, a single femtosec-
ond pulse laser of 780 nm of wavelength is used, the tem-
perature of which is controlled and kept at 35oC in order
to avoid oscillations. The TX PCA, biased by a DC volt-
age of 20V typically, emits a THz pulse as explained in
section A, which is detected with a second PCA that acts
as a receiver. To do so, the source laser pulse, which ini-
tially has a linear polarization and a power of around 28
mW, passes through a polarizer that associates a certain
fraction of the total power to each component, and then
is split into two with a polarizing beamsplitter (PBS) as
shown in figure 3.

Fig. 3: Elements of the TD system set-up and optical path followed
by the pulses involved. Red: original source pulse, yellow: pulse
received by TX, orange: pulse received by RX, green: THz pulse.

The pulse with higher power, which in our case had
a value of around 9 mW, goes to the RX antenna, and
generates a narrow impulse of photocarriers at a certain
time. The other one, with a power at the TX antenna
of around 6 mW, goes through an adjustable delay line
and arrives to the gap of the TX antenna. The focus-
ing of the laser on the 5µm gap is an extremely delicate
procedure, for which a beamsplitter is necessary and the
marks on the antenna are a key guide. Furthermore, the
optical pathways must be equal for any position of the
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mechanical delay so that the photocarrier impulse gen-
erated by the laser and the THz field overlap at the re-
ceiving antenna, creating a measurable photocurrent. By
performing a sweeping of the positions of the delay line, a
temporal profile of the THz pulse is obtained, as the im-
pulse signal by the laser in the RX PCA convolutes with
the THz induced signal. Resolution (∆f) and bandwidth
(fmax) of the system are determined by both sampling
rate (∆t), related to step accuracy in mechanical delay
stage, and window size (Tmax), related to the maximum
mechanical delay stage and measure time, through the
relations in 3.

∆f = 1
Tmax

fmax = 1
2∆t (3)

Since the TD system allows the user to set manually
both temporal parameters, frequency parameters can be
modified too. In our experiments, these parameters were
set to provide a resolution of 38.37 GHz (which corre-
sponds to a measure time of 26 ps) and a bandwidth of
8 THz. The resolution was enough for our tests, never-
theless, it can be improved up to approximately 10 GHz
increasing the measure time.

Focusing lenses

In order to reach the optimal signal, four plano-convex
lenses were used in the TD spectrometer. As the nomi-
nal focal lengths of these lenses were unknown, we deter-
mined their values experimentally by using a white light
source, a slide, the problem lens, and a screen. Through
the formula

1
f

= 1
s1

+ 1
s2

(4)

where f is the focal length, s1 is the distance between
the slide and the lens and s2 is the distance between the
lens and the screen where the image was created, several
measurements were made leading to the conclusion that
all four lenses had a focal length of f = 5cm [5]. Hence,
the optimal configuration in order to focus the beam in
a middle point of its trajectory, where the sample being
analysed is placed, and then focusing it again at the RX
antenna was the following:

Fig. 4: Final display of the aligned lenses and antennas, where they
are labeled in blue, the distances between them is shown in yellow,
their orientation in red, the beam pathway in green and the optimal
placement of the sample in white.

Lens 1 must be placed as close to TX as possible
in order to lose the minimum amount of power. Of
course, the orientation and height is crucial for a correct
alignment, so a very accurate adjustment was performed,
together with an alignment of the antennas. This deli-
cate treatment lead to impressive results, never obtained
before with this system, reaching a peak intensity of 8 in
arbitrary units, quite close to the saturation value of 10,
therefore taking good advantage of the dynamic range.

III. Experimental results
A. Frequency-domain System

With the help of the spectrum analyser, at conditions
of current and temperature of 148mA and 26o for the
853.4nm laser, and 153mA and 25.2o for the 855.5nm
laser, we checked that all the outputs of the optical fibre
coupler worked properly and measured the lasers’ slope
efficiency, corresponding to 0.074 mW/mA. Then we ob-
tained the photocurrent-voltage bias relationships shown
in figure 5. While the behaviours are quite linear as ex-
pected, the photocurrent values obtained are about half
of the indicated in the datasheet. However, this values
are slightly better although very similar to those obtained
in previous work with the system [6]. We attribute the
loss of photocurrent reception to the poor state of the
fibers, which working at such high powers (around 25
mW) are very susceptible to harm.

Fig. 5: Top: Relation between photocurrent and voltage bias for
TX (left) and RX antenna (right) antennas of the FD. Bottom:
Relation between photocurrent and voltage bias at an optical power
of 6.6 W (left) and between photocurrent and optical power at bias
voltage of 20V (right) for the RX antenna of the TD.

Fig. 6: Smoothed envelope of the detected photocurrent in the FD
system for reference and fibre optic wipe as a sample.

As for spectroscopy measurements, in the case of the
FD system we show the characterization of a fibre optic
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wipe. Here, the detected photocurrent has a similar be-
haviour to a PSD. Thus, with the results shown in figure
6, we can conclude that this common material presents
a measurable absorbance in the THz domain.

B. Time-domain System

By modifying the voltage bias introduced with a
voltage source, we analyzed the photocurrent generated
in the antennas of the TD as well. The results show
linear behaviour as can be seen in figure 5 and the
values obtained are similar to the observed in previous
measurements with this system, although again they do
not match those specified in the data-sheet. We also
studied the relationship between the power of the laser
arriving on the antennas by modifying the orientation of
the polarizer and the photocurrent generated, for which
again the expected linear behaviour is obtained.

Several materials were analysed through spectroscopy.
Only the ones that showed a measurable absorbance are
examined here.

Fig. 7: Detected terahertz pulse in the case of reference and several
samples

The results shown in figure 7 reveal that the organic
materials (wood and cello rosin) present a higher ab-
sorbance for THz frequencies. We calculated this ab-
sorbance using equation 5.

A(f) = 10 log PSDreference(f)
PSDsample(f) (5)

f (GHz) 268.6 537.2 690.6 844.1
A (dB) 27.08 45.44 39.06 39.98

TABLE II: Significant THz absorbance peaks of a wood sample

Fig. 8: PSD of reference and several samples THz pulses.

The comparison between figure 6 and figure 8 shows
that the FD system provides a better accuracy Consid-
ering that both systems had been tested with a similar
measure time, the FD system appears to be more suit-
able for measures on a short frequency range. Thanks to
the logarithmic treatment of 5, the frequency behaviour
of wood and rosin can be distinguished as it can be seen
in 9.

Fig. 9: Absorbance of wood and cello rosin samples.

Wood presents a high absorbance for all the THz
spectrum. Nevertheless, it presents significant peaks for
some frequencies (see table II).

IV. Conclusion

During this project, the goals set have been accom-
plished, acquiring deep knowledge of the mechanisms
through which the systems work as well as confidence
when dealing with them, as they are extremely delicate
and each modification has great repercussion. We have
improved the performance of the TD spectrometer to
a great degree, obtaining impressive results thanks to
the optimization of the set-up. We have been able to
perform a great number of measurements in photocon-
ductivity and spectroscopy, and have seen the differences
between both systems: while the FD is more compact,
appropriate for obtaining higher resolution of smaller
frequency ranges and provides directly the amplitudes
of the frequency components, the TD requires many
elements and relies on free-space propagation and pulse
synchronisation, is able to cover large frequency ranges
although losing resolution, and requires performing a
Fourier transform to obtain the frequency information.
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