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Abstract We present a terahertz time-domain spectrometer
pumped by an all-semiconductor femtosecond laser system
which emits 600 fs long optical pulses at 830 nm. Standard
LT-GaAs antennas are used to generate and coherently de-
tect THz radiation with a bandwidth of 1.4 THz. The mea-
sured time traces are in good agreement with simulations
based on the Drude—Lorentz model. Spectroscopic measure-
ments on polymers with different additive contents as well
as THz imaging were carried out to confirm the success-
ful operation of the spectrometer. Our approach holds great
potential for the development of cost-effective, rugged and
portable THz spectrometers for a variety of applications.

PACS 42.55.Px - 42.65.Re - 07.57.Hm - 07.57.Kp -
42.62.Cf

1 Introduction

In the last decade the use of terahertz (THz) spectroscopy
systems greatly increased. At the beginning standard spec-
troscopy was the most prominent task. Recently, the range
of applications has become much broader. Such systems
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can be employed for the detection of drugs and explosives
in the field of homeland security [1, 2]. Furthermore, non-
destructive testing (NDT), which has been so far dominated
by X-ray, ultrasound and thermograph measurements, ben-
efits as well from this young technology. A wide range of
suitable NDT applications has already been shown. The de-
tection of defects in SOFI foam [3] or the determination of
the additive content in plastic compounds [4] both are just
two out of many examples. Pulsed THz radiation can be used
to investigate the fiber orientation in plastics [5] as well as to
detect foreign bodies in food [6]. Furthermore, the measure-
ment of the humidity content in pharmaceuticals [7] and the
leave water content in plants [8, 9], both of which can be
performed non-contactless and non-invasive, illustrate the
importance of THz spectroscopy. Recently, even the detec-
tion of hidden paintings was demonstrated by Fukunaga et
al. [10, 11].

The generation and coherent detection of THz radia-
tion is usually accomplished via an optoelectronic approach
based on photoconductive antennas, which are illuminated
with laser radiation. The radiation can be either continu-
ous (cw) [12, 13] or pulsed [14]. The use of either tech-
nique has its own advantages and disadvantages. Pulsed THz
spectroscopy is a powerful tool which provides much in-
formation on the sample. It is used for most applications
of non-destructive testing mentioned in the first paragraph.
The amplitude and phase of the measured THz traces can
be taken to derive the complex refractive index of a ma-
terial [15]. Unfortunately, pulsed systems usually require a
bulky and expensive femtosecond Ti:sapphire laser. Contin-
uous wave systems based on photomixing are more cost-
effective due to the use of semiconductor lasers. To ob-
tain the same information as with a pulsed system time-
consuming frequency scans are required. The use of semi-
conductor lasers could also make THz time-domain systems
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cost-effective. Yet, laser pulses emitted from semiconductor
lasers are typically much longer [16—19] than those supplied
by Ti:sapphire lasers. Due to the longer laser pulse duration
one can expect a smaller THz signal amplitude and a re-
duced THz bandwidth. Nevertheless, a smaller bandwidth is
sufficient for many NDT applications, since the absorption
increases strongly with increasing frequency for most mate-
rials, anyway. Altogether, the drawback of a reduced band-
width of a semiconductor laser based system can be over-
compensated for by its reduced price.

As an alternative, femtosecond fiber lasers have already
been used to generate THz radiation [20-23]. Such laser sys-
tems are more stable than Ti:sapphire lasers, but they are
still relatively expensive. However, due to the longer emis-
sion wavelength of fiber lasers (1550 nm) one inevitably
relies on different antenna substrates, e.g., LT-InGaAs, for
the THz emission and detection. Those substrates are more
difficult to fabricate, and are still under development. Fur-
thermore, they are, according to our experience [23], very
fragile, since they are much more sensitive to electromag-
netic discharge compared with LT-GaAs. For NDT applica-
tions the main emphasis lies on stability and robustness of
the system including the antennas.

Besides lasers at 1550 nm there are also Yb-doped
ultrashort-pulse fiber laser at 1045 nm available. Recently,
such a laser has been used to generate and detect THz ra-
diation with a CdTe crystal [24]. If a photoconductive an-
tenna is used for the detection the choice of the semiconduc-
tor substrate strongly affects the achievable bandwidth and
signal-to-noise ratio. GaBiAs shows much better detector
performance at wavelengths around 1 um than InGaAs [25].

In this paper, we present a THz time-domain spectrom-
eter with coherent detection driven by an all-semiconductor
femtosecond laser system emitting optical pulses at 830 nm.
The laser system consists of a laser diode, a tapered ampli-
fier, and an external pulse compressor altogether mounted
on a breadboard forming a stable and transportable unit. Be-
sides its robustness the laser system offers an impressive
peak power of 2.5 kW. With the THz system we achieve
a bandwidth of 1.4 THz. Our approach combines cost-
effective semiconductor lasers with highly developed LT-
GaAs antennas and, thus, provides the basis for future eco-
nomic, broadband, and sensitive THz spectrometers.

2 Femtosecond semiconductor laser system

Here, we employ a laser system which generates high peak
power femtosecond pulses from an amplified passively mod-
elocked diode laser [17, 18] with external pulse compres-
sion. So far, ultrashort semiconductor lasers have longer
pulse durations and lower output powers compared with ul-
trashort Ti:sapphire lasers. We use an external pulse com-
pression unit [26, 27] to compensate for the extensive chirp
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Fig. 1 Experimental setup with oscillator (right-hand side), compres-
sor (left-hand side) and tapered amplifier. A/2-plates ensure required
polarization

of the active semiconductor region and to achieve a sub-
picosecond pulse width. Moreover, we obtain a high peak
power by external amplification of the laser pulses [19, 28].

The laser system (see Fig. 1) consists of a laser diode in
an external cavity, a tapered amplifier, and a compact ex-
ternal pulse compressor. The laser diode consists of a gain
section (1200 um) and an absorber section with a length of
80 um. The latter one is operated at reverse bias and acts
as saturable absorber [16]. The first-order diffraction of the
grating is guided to the Fourier lens (f = 100 mm) that fo-
cuses the spectral components onto the end mirror. The laser
emission is coupled out of the cavity by the Oth order reflec-
tion from the grating.

The laser radiation is focused into the front faced of
the tapered amplifier. It consists of an index-guided ridge
waveguide section and gain-guided tapered section both
with a length of 2000 um, respectively. The index-guiding
allows for the propagation of only one single mode. The
beam profile at the output of the amplifier is corrected by
an aspherical lens (f = 6.24 mm) and a cylindrical lens
(f =50 mm). Thereafter, the radiation is guided into an ex-
ternal pulse compressor which has a similar design as the
external cavity of the oscillator. It consists of a grating, a
lens (f = 150 mm), and a high reflection end mirror. The
linear and the square chirp of the optical pulses can be com-
pensated by shifting and rotating the lens, respectively.

We measured several amplified and compressed pulses
which showed all pulse durations around 600 fs. The auto-
correlation trace and the spectrum of one selected measure-
ment are depicted in Fig. 2. A pulse width of 622 fs at a
spectral width of 1.83 THz is achieved. The pulse shape is
best fit by a Lorentzian. For the time-bandwidth product we
calculate a value of 1.138, which is still above the Fourier
limit. This suggests that there might be potential for even
further compression with more complex and sophisticated
compressors. The emission wavelength is centered around
830 nm. With an average optical output power of 513 mW
for the entire laser system and a repetition rate of 330 MHz,
we obtain a peak power of 2.5 kW.
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Fig. 2 Autocorrelation trace (solid) with Lorentzian fit function
(dashed) (a) and measured spectrum (b) of the compressed and am-
plified pulse at the output of the femtosecond laser system

3 THz spectrometer and results

The semiconductor laser pulses are used to operate a stan-
dard THz time-domain transmission spectrometer [14]. The
short optical pulses with an average optical power of 25 mW
are focused onto the gap of the photoconductive antennas.
The emitter antenna is biased with 30 V and consists of a
coplanar stripline with a gap of 10 um; the receiver is a
20 um dipole with a 5 um gap. Metal structures were de-
posited onto a standard LT-GaAs substrate. Four off-axis
parabolic mirrors are used to collect the emitted THz radi-
ation, focus it down, collect it again, and, finally, focus it
onto the detector antenna. In order to obtain THz images,
the sample is placed in the focus of the THz radiation. It is
moved by a two-dimensional translation stage perpendicu-
lar to the THz beam. At every spatial position a THz pulse
is recorded and analyzed [29, 30].

Figure 3 shows the measured THz time trace and the
corresponding spectral amplitude after performing a fast
Fourier transform. We achieve a bandwidth of 1.4 THz.

T T T T T

=
Q sl Measurement 4
5 - - - Simulation
O
S
[5]
e
Jeb]
8 oof-
o
@
N
©
E
S sl
= 0.8

0 5 10 15 20 25 30
a Time / ps

1 i L} L} L} T i
© 20-dB Bandwidth
o
=
s !
£ 0.1
<<
o
]
N
® :
g 001
§ —— Measurement

= = = Simulation
1E-3 | ; . \ L

0.0 0.5 1.0 1.5 2.0

b Frequency / THz

Fig. 3 (a) Measured (solid line) and calculated (dashed line) terahertz
pulses. (b) Corresponding frequency spectra

This frequency range is ideally suited for most NDT appli-
cations mentioned in the introduction. At higher frequen-
cies the absorption of most materials strongly increases and,
hence, they are only barely transparent for frequencies above
2 THz. Consequently, many NDT applications will rely on
frequencies below 1.5 THz, anyway. Examples include NDT
of ceramics, polar polymers, polymeric compounds, choco-
late, and plants, to name only a few.

4 Experimental results

To demonstrate the capability of our THz spectrometer we
present the results of some first measurements in Fig. 4. We
investigated the THz properties of plastics with different ad-
ditive contents and took a first image. Figure 4(a) depicts the
refractive index of pure polypropylene and of polypropylene
filled with 40 wt% of CaCQ3. The refractive index was ex-
tracted from the measured THz traces. It is 1.75 and 1.52 for
polypropylene with and without CaCO3, respectively. These
results agree well with our findings presented in [4]. The
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Fig. 4 (a) Refractive index of polypropylen w/o CaCO3. (b) THz
transmission image of a metal structure with the capital letters IHF
(see inset)

=

imaging measurement shown in Fig. 4(b) was performed on
a sample which consists of the metal logo of our institute
(IHF) on a 5 mm thick polyethylene substrate. A photo of
the logo is shown in the inset. The THz image depicts the
transmitted intensity between 0.5 and 0.75 THz on a linear
scale. The metal structure of the logo is clearly reproduced
in the image, see inset of Fig. 4(b). These results confirm
the successful operation of a THz spectrometer driven by a
femtosecond diode laser system.

5 Theoretical evaluation of the pulse length

The length of the optical gating pulse strongly affects the
achievable THz bandwidth as discussed in [31]. For a long
time pulsed semiconductor lasers have been thought not to
be suited for the generation of pulsed THz radiation due to
longer laser pulse durations around 1 ps. In order to deter-
mine the maximum acceptable optical pulse duration, which
provides sufficient THz bandwidth for industrial applica-
tions, we additionally modeled the THz generation, prop-
agation, and detection processes for our particular experi-
mental situation. This allows for an estimation, of the THz
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bandwidth which be achieved with optical pulses of differ-
ent durations.

Our calculations are based on an enhanced Drude—
Lorentz model [32, 33]. The formalism was originally de-
veloped by Jepsen et al. [32], but we improve their model in
two different aspects. First, to incorporate dynamical screen-
ing of the bias field we calculate the partial currents that are
associated with the carriers optically generated in a given
time-slot. For each time step, these currents are summed up
and the accelerating electric field is recalculated. Secondly,
we use partial currents also when modeling the detector re-
sponse.

The current Jgen () which occurs in the photoconduc-
tive gap of the emitter antenna is calculated by solving a
set of differential equations (see [32] for details) for the
free-carrier density, the carrier velocity, and the screening
field. In this calculation, we only consider electrons due to
their small effective mass as compared to the hole mass.
Moreover, the laser excitation pulse is not just described as
a superposition of §-pulses as in [32], but interaction be-
tween carriers generated at different times is taken into ac-
count. For this calculation we assumed a carrier scattering
time, trapping time, and recombination time of 30 fs, 500 fs,
and 10 ps, respectively. The geometrical screening factor is
900 as proposed by Jepsen et al. [32]. The bias field ap-
plied to the laser excitation region was 30 kV/cm, as al-
ready mentioned above, and the generated carrier density
was 4 x 10'8 cm3.

We then use linear response theory to calculate the elec-
tric THz field at the detector antenna, E get(w) = H get(w) -
H getsub (@) - H opt (@) - Hem-sub(®) - Egen (), with Egen () x
dJ gen(?)/dt. Hem-sub and H getsup are transfer functions ac-
counting for the absorption and dispersion of the THz radi-
ation in the substrates of the emitter and detector antenna,
respectively. Our formalism also considers propagation of
the THz pulses from the emitter antenna to the detector an-
tenna (Hop) and the transfer function of the detector an-
tenna (H get). Both transfer functions are taken from [32].
H opy accounts for the frequency dependent spot size of the
THz pulses at the detector antenna. Hg4e; depends on the
physical dimensions of the receiving dipole antenna which
has a total length of 20 pm (including 5 pm gap); the dipole
is 20 um broad.

Finally, the current in the detector antenna J get () is ob-
tained from a convolution of E 4 (#) with the optically in-
duced conductivity oo(?) : Jdet(t) = frep - [Edet(?) * 00(t)],
with fep being the repetition rate of the laser system and *
denoting convolution. The optically induced conductivity is
derived from oo (t) = G(t) * so(t). Here G(t) is the gener-
ation term which follows the envelope of the optical gating
pulse, and so(¢) is an impulse function for the detector an-
tenna derived by Grischkowsky and Katzenellenbogen [33].
The relevant time constants of the detector substrate (scat-
tering time and trapping time) are taken to be the same as
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Fig. 5 Simulated 20-dB bandwidth for optical pulses of different du-
rations

for the emitter substrate. As for the emitter antenna, we only
considered electrons contributing to the current. Although
this approach considers partial currents, it neglects screen-
ing effects in the detector antenna, which is substantiated by
the alternating THz field and its rather low amplitude.
Figure 5 depicts the 20-dB bandwidth which is achiev-
able for different durations of the optical pulse. It can be
observed that with increasing pulse duration the achievable
bandwidth decreases substantially. For pulse durations of
more than 400 fs the bandwidth drops below 1.5 THz. This
result verifies that even longer pulses around 500 fs provide
sufficient THz bandwidth for many NDT applications.
Furthermore, we compare our measured signal with the
results for a simulation with a pulse duration of 600 fs.
We obtain an excellent agreement between the calculated
and measured spectra, see Fig. 3. However, the temporal
shape obtained from the calculation slightly deviates from
the measured shape, see Fig. 3. While the measured pulse is
unipolar, the simulated pulse nearly shows a bipolar shape.
We attribute this discrepancy to a misalignment and/or im-
perfections of optical components. Such errors will change
the optical image of the THz radiation from the emission
point to the detection point. The fact that our semiconductor
laser does not produce a Gaussian beam profile which we
considered in our calculation might also contribute to the
difference between the measurement and the calculation.

6 Summary and conclusion

We present a THz time-domain spectroscopy system based
on an all-semiconductor femtosecond laser system. The
laser delivers optical pulses with an output power exceed-
ing 500 mW and a pulse duration of 600 fs at a wavelength
of 830 nm. The laser pulses are used to drive photoconduc-
tive antennas for the generation and coherent detection of

THz radiation. Our spectroscopy system has a bandwidth
of 1.4 THz, which is sufficient for many NDT applications
such as testing of ceramics, polar polymers, polymeric com-
pounds, and chocolate, as well as measurements of the plant
water status. We have carried out first spectroscopic mea-
surements with our system to demonstrate its successful op-
eration. The use of femtosecond semiconductor lasers holds
great potential for the development of rugged, portable, and
cost-effective THz systems.
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