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1. Introduction

Terahertz technology [1], at present a dynamically developing field, was en-
abled by advances in ultra-short pulse lasers and semiconductor coherent sources
in the frequency range of 1-50 THz. The extensive activities are focused on THz
optics, spectrally bright sources, and detectors. The terahertz time-domain spec-
troscopy and terahertz imaging are main fields, where terahertz technology finds
application. In this contribution we present our recent results in the field of tera-
hertz time-domain spectroscopy (THz-TDS) applied to micro- and nano- systems
and in the development of THz optics.

First, we report on a broadband absorptive anti-reflection coating that sup-
presses the reflection of terahertz pulses within an electro-optic detector. The
anti-reflection coating is made of a thin chromium layer. We prove functionality
of the layer in the THz time-domain spectroscopy. We estimate for the first time
the complex index of refraction of such layers in the spectral range of 0.1-4 THz.
Second, in the contribution we also report on a complex permittivity of nanoscale
composite material — the single-wall carbon nanotube (SWCNT) mats measured
by THz-TDS at frequencies from 0.1 THz up to 4 THz.

2. THz time-domain spectroscopic set-up

The samples were evaluated by THz time-domain spectroscopy [2]. In our
laboratory we have built such a system. It uses a Ti:sapphire laser with 80 fem-
tosecond long near infrared (NIR) pulses to generate coherent THz radiation from
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Fig. 1. Schematic of the terahertz time-domain spectroscopy set-up.

a biased GaAs emitter [3] and to gate an electro-optic GaP detector [4]. With
this system a bandwidth of 7 THz and signal-to-noise ratio of 5000 is reached
for a single time-domain scan. The THz-TDS has advantages over conventional
FTIR spectroscopy due to a higher sensitivity at lower frequencies (< 100 cm™!),
a spatial resolution (at the diffraction limit), and the unique possibility of time-
resolved measurements of the absorption/reflection spectra [5]. The schematics of
the set-up is in Fig. 1.

3. Metallic anti-reflection coating

In the THz-TDS the spectroscopic information is extracted from the time-
-domain signal by fast Fourier transformation. The validity of the obtained results
depends strongly on the quality of the original time-domain signal. The refractive
index mismatch at the interface electro-optic crystal/air leads to the appearance
of multiple time delayed reflections of the main THz pulse in the signal trace if an
electro-optic detector is used [6-8]. As known from the Fourier algorithm theory,
any reflection within the signal trace manifests itself as modulation of the original
spectrum. The amplitude of the modulation is proportional to the amplitude of
the reflection and the modulation frequency depends on the time delay of the
reflection. Such modulation disturbs significantly the information gained from the
calculated spectrum.

At present the problem of THz pulse reflections in the electro-optic detec-
tor is solved by the use of thick electro-optic crystal substrates by postponing
the reflection in time domain [9]. The reflections could be completely eliminated
by the use of a dielectric quarter-wave thick (A/4) layer. Such solution, how-
ever, would require a layer thickness of several tens of ym for A = 100—300 pm
(~ 1-3 THz), and does not cover full frequency bandwidth of few-cycle THz
pulses. Another possibility to eliminate the reflection at the crystal/air inter-
face is to match their impedance by a properly chosen thin conductive layer: We
model the interface of two different optical media as a junction of two transmission
lines. To match their wave impedance, and hence to suppress the reflection at the
junction, the theory of electrical circuits suggests to insert a shunting impedance
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between these transmission lines. Such shunting impedance Z has to satisfy the re-
lation Z = | Zw, Zw, /| (Zw, — Zw, )|, where Zy/1 and Zy o are the wave impedance
of the optical media. The shunting impedance can be realized by a metallic layer
with a convenient resistivity and thickness. The sheet impedance Z of such layer
in the frame of the Drude model of metal’s dielectric response [10]

1 w?
Z| = 1+ — 1
| | dO’DC +ﬁ2’ ( )

where d is the metal layer thickness, opc is the metal low frequency conductivity,
and 1/ is the scattering time of the electrons in the metal.
The material of choice for the anti-reflection layer can be any metal with

medium conductivity opc. We have chosen chromium, which exhibits long-term
stability of the parameters and compactness of the layer even at sub-10 nm thick-
ness. With respect to the generally known dependence of the material parameters
(e.g. resistivity) of thin layers on the film’s thickness, we had to estimate the opti-
mal layer’s thickness experimentally. Therefore, we prepared a set of Cr layers of
different thickness deposited on high-resistive silicon substrate. Figure 2a shows
THz pulses reflected from the system silicon/Cr/air, which appears about 8.7 ps
after the main pulse due to a round trip of the THz pulse in the 0.4 mm thick
silicon substrate. The amplitude of the pulses has been corrected to account for
the transmission and reflection losses at the silicon/air interface. The amplitude
of the reflected and transmitted pulses is decreasing for thicker Cr layer (Fig. 2b)
because the sheet resistance of the layer is decreasing. For a layer of thickness of
90 A, the amplitude of the reflected THz pulse already becomes negative in full
agreement with the theory [10]. By fitting the experimental data to the theoreti-
cal model we get an optimal thickness of the Cr anti-reflection layer of 77 A. At
this thickness the Cr layer absorbs about 62% of the THz radiation. The effective
index of refraction n of the thin Cr layer in the frequency range of 0.1-4 THz was
estimated to be n = 37 + i85.
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Fig. 2. Reflection of the THz pulses at the silicon/Cr/air interface system: (a) time
window where the reflection appears (parameter — Cr layer thickness); (b) amplitude
of the reflected THz pulse as a function of the Cr layer thickness. Solid line is a
theoretical fit.



Time and Frequency Resolved THz Spectroscopy . . . 95
g ) ;-\ 0.3 T T T T T T
- a
5 207 s b) - - -GaP with MARC
€ 5] s GaP w/o MARC
3" > 02+ .
T 1.0 2
5 " 15
@ 05 R € 01- |
T " S
= o0+ - I ' v e e~ e g
N ’ a
T T T T T T «n OO T T T
2 0 2 4 6 8 10 0 1 2 3
time delay (ps) frequency (THz)
Fig. 3. Comparison of the THz signal measured by a GaP electro-optic detector with

and without chromium anti-reflection coating: (a) time-domain data, (b) frequency-

-domain data.

We have applied the metallic anti-reflection coating (MARC) to a GaP
electro-optic sensor. Figure 3a shows the time-domain THz signal generated from
a photoconductive THz emitter [3] measured by a 300 pm thick (110) oriented
GaP crystal without and with the metallic anti-reflection layer. In the reference
time-domain signal, a reflected THz pulse within the GaP sensor appears 7 ps after
the main pulse (Fig. 3a). The amplitude of the reflected pulse is about 20% of
the main THz pulse. The application of the metallic ARC reduces this reflection
as can be seen in the time-domain signal. The residual reflection in the signal
could still appear due to a systematic error in the control of the thickness of Cr
films during the deposition on the GaP crystal and can be further improved. The
comparison of the spectral intensity of the transmitted and the reference THz
pulses shows a flat frequency dependence of the MARC properties in the whole
frequency range of 0.1-4 THz accessible in our set-up. The reduction of the re-
flection in the electro-optic crystal has a dramatic influence on the quality of the
spectral data obtained by fast Fourier transformation of the time-domain signal
as is demonstrated in Fig. 3b.

4. Single-wall carbon nanotube films

Carbon nanotubes and especially single-wall carbon nanotubes have at-
tracted much attention in the last ten years due to their properties [11]. However,
very little is known about the far infrared optical properties and phonon dynamics
in these nanostructures. The Fourier transform infrared measurement was done
by Uwaga et al. [12]. They observed excessive absorbency and the reflectance
exhibits featureless Drude-like character in the frequency range of 0.5-150 THz.
Hilt et al. [13] have studied charge transport in the SWCNT mats between 2.7 and
300 K for frequencies up to 0.5 THz. The plasma frequency, as well as the scatter-
ing rate, were found to be weak dependent on the temperature. The absorption
has exhibited a transient region at about 200 GHz. Lately, Jeon and his coworkers

[14, 15] have employed a novel progressive spectroscopic method for the far infrared
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region — terahertz time-domain spectroscopy (THz-TDS). Using THz-TDS they
measured the absorption and the refractive index of the SWCNT mats at room
temperature in the frequency range of 0.1-2.0 THz. They observed a monotonic
increase in the absorption with frequency. All authors describe the SWCNT mats
by an effective medium model with Drude and Lorentzian absorption [16]. How-
ever, there is a lack of full consistency of the model and the experimental data
because of limited frequency range in which experiments were performed.
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Fig. 4. Absorption and refractive index of SWCNT layer measured by THz-TDS.

The SWCNT mats were measured in the THz-TDS system built in our lab-
oratory described earlier. Since for the SWCNT mats an excessive absorption
at THz frequencies is typical [14, 15], we have dispersed nanotubes deposited
onto highly resistive silicon substrate and employed a combination of transmis-
sion/reflection measurement. This allowed us to obtain a frequency resolved ab-
sorption also for highly absorptive SWCNTSs samples (Fig. 4). In coherence with
the theory prediction [16], power absorption roll-off was observed at frequencies
above 2 THz (see Fig. 3). This is the first consistent proof of the validity of
effective media approximation (EMA) model for the SWCNT samples, because
previous THz studies [14, 15] accessed only the monotonic increase in the THz
absorption with frequency due to very limited bandwidth of their experimental
set-up.

The frequency dependence of the real and imaginary part of the refractive
index of SWCNT mat was fitted with the EMA model. The Table summarizes the
parameters obtained for this model. We note quite a high volume filling factor of
the SWCNT mat and large linewidth of the phonon response. Both parameters
suggest a high fraction of bundled nanotubes in the SWCNT mat. Finally, Fig. 5
presents the contribution of carrier and phonon components to the absorption at
frequencies 0.1-10 THz as obtained from the model parameters.

We performed also the measurement of temperature dependence of the di-
electric response of SWCNTs mats. Data obtained from the measurement at
temperatures between 4.2 and 300 K show that the absorption by the free carriers
dominates at all temperatures. Negligible temperature dependence of SWCNTs
mats’ absorption suggests that the absorption of THz radiation is controlled mainly
by gapless metallic nanotubes and bundles of nanotubes. Future THz absorption
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TABLE

Parameters used in the EMA model [16] to
fit the experimental data.

Parameter Value
SWCNT permittivity 5.5
Carrier plasma frequency 5.1 THz
Carrier scattering time 1.45 THz
Lorentzian oscillator strength | 6.7 THz
Phonon frequency 1.90 THz
Linewidth 4.56 THz
Layer filling factor 0.80
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Fig. 5. Carrier and photon contribution to the absorption of a SWCNT layer obtained

from the effective media approximation model fit to the experimental data.

experiments have to therefore include highly diluted SWCNTs samples with iso-
lated nanotubes.
5. Conclusions

The capability of the terahertz time-domain spectroscopy was demonstrated
on ultra-thin metallic layers and nano-composite material like the single-wall car-
bon nanotube mat. We have analyzed a THz response of ultra-thin chromium
layer. The index of refraction of the thin Cr layer is effectively frequency inde-
pendent in the THz frequency range of 0.1-4 THz. Such metallic layer can be
successfully used as a broad-band absorptive anti-reflection coating and the func-
tionality of Cr anti-reflection coating was demonstrated on an electro-optic THz
detector.

The analysis of the dielectric response of single wall carbon nanotube mats
in the frequency range of 0.1-4 THz was also performed. The obtained data
prove the validity of the model proposed earlier [16] according to which the free
carriers and phonons contribute at those frequencies to the response. Because
of non-negligible fraction carbon nanotubes with metallic character in the mats
and due to the strong nanotubes bundling tendency, the effect of the free carriers
dominates THz conductivity even at the low temperatures. The obtained results on
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SWCNTs mats are needed for future time-resolved THz absorption experiments.

Such experiment will provide information about dynamics of carriers in individual

SWCNTs (Drude part of absorption), as well as about phonon relaxation therein

(Lorentzian part) and will answer the questions of consistency of the experimental

observations on dynamics of photoexcited carriers and phonon modes using the
high energy photons [17, 18].
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