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Abstract: We present a monolithic silicon module for time-domain attenuated total reflection spectroscopy in the
terahertz spectral range. Its volume is less than 1 cm?® and is directly merged with the fiber-coupled low temperature
grown gallium arsenide emitter and detector antennas. Measurements of liquids, mixtures of liquids, solutions as
well as solids are presented. The compactness and direct fiber-coupling of the device makes it flexible for a variety
of possible applications.
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1. Introduction

Terahertz time-domain spectroscopy (TDS) is a powerful tool for spectroscopic investigations
of various types of solids [1] and non-polar liquids. Free-space transmission as well as reflection
setups have been reported frequently [2-5]. However, the measurement of opaque media as polar
fluids or dissolved substances can hardly be performed in conventional transmission setups. The
so-called attenuated total reflection (ATR) spectroscopy uses the evanescent wave at an interface,
which reaches into the opaque medium, interacts with it and therefore delivers spectroscopic
information afterwards. Up to now, only few simple geometries like prisms [6-11] or waveguides
[12] have been reported. Further, free-space propagation of the terahertz radiation before
coupling to the ATR modules limits the flexibility of conventional spectroscopy systems. As
fiber-coupled terahertz TDS systems grow in importance [13, 14], an ATR spectroscopy system
employing fiber-coupling is highly attractive. In this paper we present a flexible, hand-held ATR
module of high-resistivity silicon (Si) realized by free-form optics fabrication and merging with
the terahertz emitter and detector chips. Measurement results of various liquids, mixtures of
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liquids, solutions and solids are presented and demonstrate the usefulness of the introduced
device.

2. Experimental setup

Photos of the handheld measurement unit and a schematic drawing of the terahertz ATR
module are given in Fig. 1.
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Fig. 1 Photos of the hand-held module (a) and interior (b). Two coaxial cables are used to provide DC voltage to the
emitter and to connect the detector antenna to the (external) preamplifier. Two E2000 fiber connectors are
used to couple the module via 5 m polarization maintaining fibers to the supply unit. At the monolithic ATR
module itself (c), ferrules at the end of the fibers are directly glued to the dipole antenna chips (d). A
high-resistivity silicon module, containing two parabolic surfaces, is used for ATR spectroscopy.

The main part of the device is a diamond milled piece of high-resistivity Si featuring two
parabolic surfaces, which serve also as the actual sensitive surfaces. The height of the module is
10 mm. The effective focal length of the inverse parabolic mirrors is 5.8 mm. Two low
temperature grown gallium arsenide chips (5x5 mm=f with dipole metallization (dipole length
20 pm, gap length 5 pm) serve as emitter and detector and are glued onto the base of the Si
module with a center to center distance of 11.6 mm. The metallization striplines feeding the
dipoles of the antennas are guided in a spiral to the bond pads. In this way, a miniaturization of
the antennas to a small footprint and preventing nearby echoes from the metallization ends is
realized at the same time. The terahertz radiation is guided inside the Si in a classical 4f beam
path with an overall length of 23.1 mm and free-space propagation is avoided. As the skin depth
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of the evanescent wave at the interface is polarization dependent, p-polarization was chosen
(dipoles of the antennas on one line). To maintain the advantage and flexibility of integrated
emitter and detector chips, fiber ferrules are directly glued to them, providing the pump pulses
from the supply unit. By mounting the ATR module on top of a plastic handle with a proper
isolation, it can conveniently be dipped into various liquids and powders. As the module is made
of Si, it is chemically as well as mechanically very stable.

The scheme of the complete system is shown in Fig. 2, consisting of the already described
ATR module and the supply unit. A commercially available fiber laser, delivering pulses of a
duration of 100 fs at an average power of 100 mW at 810 nm center wavelength, is used as pump
source. A highly efficient transmission grating stretcher is used to prechirp the pulses before
being coupled into the polarization maintaining (PM) fibers. After a 50:50 fiber-optic beam
splitter, a shaker in one of the arms serves as delay line. It provides the possibility of scanning a
maximum delay of 100 ps at oscillation frequencies up to 20 Hz (corresponding to 40 Hz pulse
acquisition). Outside the supply unit, which is housed in a 19" rack, 5 m PM fibers are used to
feed the module and provide a high degree of flexibility.
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Fig. 2 Scheme of the complete setup. The supply unit, consisting of a fiber laser (100 mW, 100 fs, 810 nm), a highly
efficient transmission grating stretcher, a fiber-optic 50:50 beam splitter and a shaker, is connected to the
terahertz ATR module by 5 m polarization maintaining fibers. The electronics are not shown here.

Data acquisition is realized by using a transimpedance amplifier, a bandpass filter and a data
acquisition card. Due to the proximity of the emitter and detector chips, neither optical nor
electrical modulation for lock-in technique is used. The emitter chip is biased with a DC voltage
of 50 V.
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3. Results

Without a sample in contact with the sensitive surfaces, the time trace and its spectrum is as
shown in Fig. 3. The main pulse is accompanied by an echo about 10 ps before and one about
10 ps after, whose sources are not yet clear. The data shown is an average of 50 s measurement
time. A dynamic range of 1000 and a bandwidth beyond 2 THz is achieved in this measurement.
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Fig. 3 Time domain signal and FFT of the terahertz ATR module without any sample in contact. A dynamic range of
about 1000 and a bandwidth of 2 THz is achieved.

The measurements of four different liquids are shown in Fig. 4. Three types of alcohol
(isopropanol, ethanol and acetone) as well as distilled water were measured by simply dipping
the ATR module into the liquids. The measurement time for each sample (as well as for those in
the following measurements) was 10 seconds. Clearly, water is the most absorbing sample here,
while isopropanol has a high amplitude transmission of about 0.8 in average. Even if these
liquids do not show sharp spectral fingerprints, differences in the overall trend can be observed.
For example, acetone shows a different slope compared to the other samples. The modulation on
top of the transmission spectra is expected to be caused by the echo about 2.5 ps before the main
pulse in the time trace, which is not consistently changing with the main pulse.
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Fig. 4 Time traces and amplitude transmission spectra of isopropanol, ethanol, acetone and (distilled) water. While
water is attenuating much, ethanol and isopropanol are highly transparent. This makes them good candidates
to be used for solvents in spectroscopic measurements.
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The applicability of the ATR module to measure and determine different mixture ratios of
fluids by evaluating the change of the amplitude in the time domain is shown in Fig. 5.
60 different mixtures of isopropanol and distilled water as well as 40 mixtures of whiskey and
cola were measured and evaluated simply by the amplitude of the pulse in the time domain.
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Fig. 5 Evaluation of the relative amplitude (referenced to the signal without sample) for 60 different mixtures of
isopropanol and water (left) and 40 different mixtures of whiskey and cola (right). Each plot is combined of
two measurement series, starting from the different pure substances. The arrows inserted indicate the
measurement sequence.

In both cases a clear dependence on the mixture ratio is observed. While the dependency in the
case of whiskey cola mixtures is linear, it is not linear at the isopropanol water mixtures. It is
assumed that only in the case of pure substances, as in the case of isopropanol and water, a
nonlinear behavior close to the pure substances can be observed. This is also supported by the
much higher dynamic in the relative amplitude range for the isopropanol water mixtures (ranging
from 0.18 to 0.80) compared to the whiskey cola mixtures (ranging from 0.17 to 0.37).

A measurement of the relative change in the amplitude in dependency on the frequency and the
glucose concentration in water is shown in Fig. 6.
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Fig. 6 Left: Frequency and glucose concentration dependent relative change in the amplitude (Asample-Awater)/ Awater-
Right: Plot for four characteristic frequencies indicated with dashed lines in the intensity plot (left).
Connecting lines are guide for the eye.
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For frequencies below approx. 0.28 THz, bulk water is less absorbing than the glucose solution,
resulting in a decrease of the amplitude with increasing concentration. At 0.3 THz, three different
regions can be observed. Up to 100 g/l, the amplitude is decreasing, from 100 g/l to the specified
saturation concentration of about 470 g/l it is increasing and above it is saturating. A possible
explanation of the behavior up to 100 g/l could be the formation of hydration shells [15], which
have a higher absorption at this specific frequency. After a certain concentration (here 100 g/l),
the overall occupied volume of the hydration shells saturates and the lower absorption of the
glucose beats the characteristic of the hydration shells. This explanation suggests, that at a
frequency of 0.65 THz, the hydration shells are less absorptive than the glucose molecules
resulting in a higher slope for concentrations below 100 g/l than above. At this frequency, the
saturation concentration can nicely be confirmed.

To test the spectroscopic applicability of the ATR module, powders of para-aminobenzoic acid
(PABA), lactose and tartaric acid were each mixed with ethanol, brought onto the sensitive
surfaces and measured after drying out. With this procedure a good contact to the Si surface is
ensured. The measurement results and a comparison to conventional transmission measurements
Is shown in Fig. 7.
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Fig. 7 Comparison of absorption spectra measured with conventional transmission terahertz TDS (top) and with the
ATR module (bottom). Samples of para-aminobenzoic acid (PABA), lactose and tartaric acid were mixed
with ethanol and applied to the sensitive surfaces of the ATR module. The measurement was performed after
the evaporation of the ethanol. (Baselines are vertically shifted for clarity. Only a qualitative comparison is
intended here.

The transmission measurements were performed with pressed pellets of the same substances.
In all three cases, characteristic peaks in the absorption spectra can be found, even if the baselines
are not smooth. This proves the applicability of the miniature ATR device to spectroscopic
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measurement tasks.

4. Conclusion

In summary we have developed a fiber-coupled, hand-held terahertz ATR module based on a
high-resistivity Si body. Free-form optics fabrication was used to realize a classical 4f beam path
inside the material with two off-axis parabolic surfaces, which act as inverse mirrors and
therefore are the sensitive interfaces of the module. The fiber-coupled emitter and detector chips
were directly glued to the base of the ATR body to maintain the flexibility of the device. With
this design no free-space propagation of either the pump or the terahertz radiation is used.
Various measurements of liquids, mixtures of liquids, solvents as well as solids were presented
and demonstrate the usefulness of the device. Future improvements by increasing the interaction
volume by tailoring the geometry of the Si module is feasible. As the supply unit is identical to
the one used in [16], increase of the measurement speed up to pulse acquisition rates of about
200 Hz is straightforward. The transfer of this concept to terahertz TDS systems using telecom
wavelength is conceivable by using already established photoconductive switches designed for
this wavelength range [17]. The further increase of measurement speed can be achieved by using
modern delay-line-free terahertz sampling concepts [18, 19]. We already have fabricated a
module based on an ellipsoidal surface, which we consider to implement and test as well. More
complex geometries beyond parabolic and ellipsoidal surfaces as well as increase of the number
of interfaces is conceivable.
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