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Abstract We report on the investigation of terahertz (THz)
emission from gold-coated nanogratings (500 nm grat-
ing constant) upon femtosecond laser irradiation (785 nm,
150 fs, 1 kHz, <1 mJ/pulse). Unlike common assumptions,
THz emission is not only observed in case of rear side
irradiation (through substrate (Welsh et al. in Phys. Rev.
Lett. 98:026803, 2007; Welsh and Wynne in Opt. Express
17:2470-2480, 2009)) of the nanograting, but also in case
of front side excitation (through air). Furthermore in both
cases, THz emission propagates in the direction of laser
beam propagation and reverse. Based on these findings, we
suggest a new approach to describe the newly observed phe-
nomena. Using a highly sensitive and fast superconducting
transition edge sensor (TES) as calorimeter, it was possible
to directly measure the absolute energy of the emitted THz
pulses in a defined spectral and spatial range, enabling for
the first time a quantitative analysis of the THz emission
process.

1 Introduction

Growing interest in the terahertz (THz) region of the electro-
magnetic spectrum originates from its potential applications
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in science [1], industry [2], and security [3]. Consequently,
a variety of THz source technologies has emerged, as for
example, free electron lasers [4], semiconducting cryogenic
lasers [5], and THz radiation via optical parametric genera-
tion and optical rectification [6, 7]. Ultrashort pulsed tech-
niques have taken on a prominent position in the field of
spectroscopy because of their inherent ability to derive spec-
tra by sampling THz pulses using a fraction of the exciting
laser pulse. Recent research focuses on the development of
suitable materials or structures allowing a high conversion
efficiency from the exciting laser energy to THz pulse en-
ergy.

This work focuses on THz emission from gold coated
nanogratings in fused silica induced by fs laser pulses,
as first investigated by [8]. Applying a new experimental
method of ultrasensitive calorimetric detection of individual
pulses, THz emission is not only observed—as expected—
with the laser passing through fused silica onto the rear side
of the gold layer [8, 11] but surprisingly also with the laser
hitting directly the gold-coated front surface. For both con-
figurations, THz emission was observed both in laser prop-
agation direction and reverse. In the following, we describe
the experimental method used to measure the THz emission
in direction of laser propagation and to determine their ab-
solute energy. Conclusions are derived from the observation
of both the known case of rear side irradiation and the newly
discovered THz emission by front side irradiation.

2 Experimental setup
The experimental setup used for the generation and detec-
tion of THz radiation is illustrated in Fig. 1. A regenera-

tively amplified Ti:sapphire laser provides pulses centered
at 785 nm wavelength, with a length of 150 fs and <1 m]J
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Fig. 1 (a) Scheme of experimental setup for generation and detection
of THz radiation: fs laser, A /2 wave plate (WP), polarizing beam split-
ter (BS), chopper, nanograting, and bolometer (b) modified setup for
measuring the angular distribution of the THz radiation
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Fig. 2 AFM picture of a gold coated nanograting in fused silica with
500 nm period, 90 nm depth, 250 nm bar width, and 30 nm coating
thickness

energy. The linearily polarized laser beam is collimated by
a telescope yielding a beam of 5 mm diameter. Its average
power is regulated by a A /2 wave plate and a polarizer. The
angle of incidence 6 onto the gold coated grating is varied
by rotating the substrate, either with its rear (fused silica) or
its front (gold layer) surface oriented toward the laser. The
angular distribution (angle ¢) of the THz emission is mea-
sured in the plane of incidence by moving the detector.

The nanogratings (5 x 5 mm? area) were produced by
90 nm deep reactive ion etching in UV grade fused silica.
The grating constant was 500 nm, whereas the bar width
was varied between 250 nm and 320 nm. Using standard
thermal evaporation, the gratings were coated with a 30 nm
thick gold layer and their geometry measured by an atomic
force microscope (AFM) (Fig. 2).

As detector we used a calorimeter based on a supercon-
ducting transition edge sensor (TES) [9], which transforms
the incident THz pulse to heat by absorbing it in dipole an-
tennas at cryogenic temperatures. Intrinsic electrical heat-
ing of the superconductor enables an electrothermal feed-
back: radiative heating of the detector is compensated by de-
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Fig. 3 TES signal showing resolved THz pulses obtained at
0.76 mJ/cm? laser pulse fluence; area A corresponds to pulse energy
of 0.21 fJ

creased intrinsic heating, which is determined by a current
measurement using a cryocooled amplifier providing an out-
put voltage. All visible and infrared radiation except of the
intended THz band between 0.34 and 0.38 THz is blocked
by a set of filters, which can be easily adapted to other bands
in future experiments.

3 Results

Figure 3 illustrates that the TES resolves single THz pulses
with a cycle time of 1 ms (1 kHz repetition rate of fs laser).
The time integral for an individual pulse (area A) corre-
sponds to its energy, in that case 0.21 fJ. Taking into account
the known losses (about 50% due to filter absorption and an-
tenna mismatch), the THz pulse energy in the given spectral
and spatial range can be estimated to 0.42 fJ.

Applying this procedure, we measured THz pulse ener-
gies for different laser fluences up to 1.3 mJ/cm? and both
irradiation configurations (Fig. 4). The maximum THz sig-
nal was found at an angle of incidence of 6, = (10 £ 1)° for
rear side laser irradiation (through silica) and 6y = (8 &= 1)°
for front side irradiation. The angular distribution of the THz
emission in the plane of laser incidence is displayed in Fig. 5
for both laser irradiation configurations (Fig. 1b) for the ex-
ample of a grating with 320 nm bar width. The opening an-
gle of the THz emission is about 14° in both cases. The peak
of the angular distribution coincides with the direction of the
incident laser beam (¢ = 0°).

Taking into account diffraction of the laser beam in the
substrate material, the angle of incidence which yields the
maximum THz signal is identical in both cases. For both
cases, the increase of the THz pulse energy with increas-
ing laser fluence abates at fluences above 1 mJ/cm? (Fig. 4).
This effect seems to be caused by intrinsic degradation of
the grating. It was observed that already fluences above
1.3 mJ/cm? cause the THz emission to become smaller in
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Fig. 4 THz pulse energy as a function of incident laser pulse fluence
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Fig. 5 Normalized THz pulse energy as a function of the emission
angle ¢ obtained with a grating of 320 nm bar width for both laser
irradiation configurations: (a) rear surface at 6, = (10 £ 1)° (b) front
surface at 0y = (8 £ 1)°; ¢ = 0° is the direction of the laser beam
(Fig. 1b)

repeated experiments. Because of that effect the determina-
tion of the underlying power law is difficult; however, mea-
surements at low fluences indicate a linear dependence.

The energy of THz pulses upon front side irradiation is
about 25% smaller compared to rear side irradiation with
the same laser parameters. To support this result, it was con-
firmed by Fourier transform spectrometry that the transmis-
sion through the 1 mm thick fused silica substrate as used
for the gratings is >75% in the 0.34 THz region [10]. In the
same spectral range, a transmission measurement of THz ra-
diation through a 30 nm thick gold layer deposited on the
same fused silica material reveals that >99% of the THz ra-
diation is reflected.

These findings suggest that the generated pulse energy
in both cases is the same. Thus, the similarity of both ob-
served THz emissions (regarding amplitude, optimum irra-
diation angle, and spatial distribution) is remarkable.

4 Discussion

The presented experimental findings appear inconsistent
with the current model of THz emission [11]. This model is
based on field enhancement due to laser excited surface plas-
mons [12]. It assumes that electrons escape the metal layer
upon 3—4 photon absorption processes [13], where they ex-
perience ponderomotive forces in the exponentially decay-
ing electric field of the surface plasmons, and thus emit elec-
tromagnetic radiation [8].

In our experiment, we provided evidence of THz radia-
tion which explicitly was not generated in the air above the
nanograting, since this radiation could hardly be detected
through the highly reflective gold film on the grating. On
the other hand, electrons escaping from the nanograting into
the silica substrate would experience a deceleration which
would reduce possible THz emission.

We propose another model, which explains the THz
emission without the assumption of free electrons. Sur-
face plasmon polaritons propagating perpendicular to the
grooves of the gold grating surface constitute a transient cur-
rent, which may directly emit THz radiation. Because of
the small film thickness, plasmon polaritons on both sur-
faces strongly couple, resulting in simultaneous emissions
from both sides of the grating. The lifetime of such surface
plasmon polaritons can be calculated to about several pi-
coseconds using a two temperature model for electrons and
phonons [14], which corresponds to the reported length of
the THz pulse [11]. This model is supported by our exper-
imental finding that a grating consisting of electrically iso-
lated bars of the gold film does not generate THz radiation.
That indicates an interruption of the transient current result-
ing in a breakdown of THz emission, where the still occur-
ring multiphoton excitations do not significantly contribute
to its generation.

5 Conclusion

We reported on the generation of THz pulses induced by
femtosecond laser irradiation of gold-coated nanogratings
in fused silica. While THz emission via rear side irradia-
tion of the nanograting below the ablation threshold was ex-
pected [8, 11], the emission caused by irradiation of the op-
posite side requires a revision of previous theoretical mod-
els. The suggestion that transient currents coming along with
the propagation of plasmon polaritons seems to be a promis-
ing starting point for future theoretical work. In our next
step, we will present in detail further experimental results
(paper in preparation) in order to enlarge and improve the
basis for theoretical work on the new phenomena.
Furthermore, we have introduced a very sensitive method
to determine the absolute energy of single THz pulses. These
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energy measurements were performed at 1 kHz repetition
rate using a superconductive TES calorimeter. The integra-
tion over experimentally measured spatial and spectral dis-
tributions of the THz pulse will yield its total energy, allow-
ing for the first time the calculation of the conversion effi-
ciency between an individual femtosecond laser pulse and
an individual THz pulse.
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