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This supplementary document provides additional information to “Solid-state-coherent detection of ultra-
broadband terahertz pulses”. Here, we describe the THz-Time Domain Spectroscopy (THz-TDS) set-up employed to
perform the experiments, and we discuss the detection mechanism ruling both ABCD and SSBCD. We show
simulations demonstrating strong confinement of the bias electric field into the SSBCD device. We then report on the
performance of our second generation SSBCD devices (see main text) as a function of the design parameters. To
conclude, we compare our SSBCD method with the Electro-Optic Sampling technique. © 2017 Optical Society of America

http://dx.doi.org/10.1364/0ptica.99.099999.s1 [supplementary document doi]

Ultra-broadband THz-TDS set-up

With the aim of testing the complete spectral response of our
detector in the whole THz frequency region, a plasma-based ultra-
wideband THz source is employed. In this case, high-energy THz
pulses are generated via an ultrafast, asymmetric two-color laser-
induced plasma technique [1]. According to the model of laser-
induced photocurrents, ultrashort THz transients are emitted due
to the carrier drift within the plasma volume. The THz pulse
duration (and hence its bandwidth) is ultimately determined by the
pulse length of the pump beam. A 2D sketch of the whole set-up is
shown in Fig. 2 of the main manuscript. In more details, the
experiment implies the use of a short infrared (IR) pulse (800 nm,
150 fs, 2.2 m], 1 kHz) delivered by a Ti:Sapphire regenerative
amplifier laser system, which results in a THz pulse bandwidth of
around 10 THz. The pump and probe beams are obtained by means
ofa90/10 beam splitter. The pump beam - spatially and temporally
overlapped with its second harmonic - is focused via a 4-inch silver
parabolic mirror so to generate a two-color plasma filament.

Frequency doubling is achieved through a 100-um-thick Type-I
beta barium borate (BBO) crystal, placed 1.5 cm away from the
laser focus, where the plasma is formed. A 500-pm-thick high-
resistivity silicon plate is inserted in the THz path in order to filter
out both the residual IR pump and the second harmonic (SH). The
THz wave is then handled by a series of 2-inch gold off-axis
parabolic mirrors so to allow spectroscopic investigation. Finally,
THz detection is implemented with either the ABCD method
through two tip-shaped electrodes separated by a 1.5-mm-large air
gap or through our micro slit devices (SSBCD). In both cases, the
probe beam propagates through the hole of the last parabolic
mirror and is focused by means of a 120 mm lens. In particular, the
probe power was fixed at 100 mW for ABCD and 100 uW for SSBCD.
The tip electrodes for ABCD as well as the gold pads of the slit
devices were then connected to a bipolar DC modulated (square
wave) high voltage source, necessary for the generation of the
required bias electric field. The square wave modulation frequency
of the bias voltage is fixed at 500 Hz, i.e. half of the pulsed laser
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repetition rate. A Photomultiplier tube (PMT) provided with a
bandpass filter centered at 400 nm (necessary to block the residual
NIR) is used to record the time-varying SH signal (proportional to
the THz electric field). The polarizations of the optical probe and
THz pulses are parallel to each other to ensure the highest efficiency,
and orthogonal to the long side of the slit. The measurements were
carried out by scanning the relative delay between the THz and
optical probe beams, which led to a noticeable change of the SH
signal once the two were temporally overlapped. We measured the
SH intensity as a function of such delay, thus retrieving the THz
waveform.

Ultra-broadband coherent detection mechanism

The SSBCD method is based on the same detecting mechanism
underlying the conventional ABCD, firstly reported by Karpowicz et
al.[2]. More in details, in order to perform a fully coherent detection
(i.e. reveal the complete THz transient), an external low-frequency
oscillating electric field Ebiss is added to the interaction region, that is
the focal spot in air where the probe and THz beams are
superimposed. In first approximation and according to the electric-
field-induced-second-harmonic (EFISH) generation process, the
THz electric field - which can be considered as static compared to
the faster oscillating probe pulse - breaks the symmetry of air (itself
a purely Kerr material), thus inducing a quadratic-like behavior.
The probe beam is then frequency doubled while travelling through
the symmetry-broken material. However, since the THz electric
field is actually pulsed (i.e, with no negligible bandwidth), the whole
process can be better described as a four wave mixing mechanism.
Here, two photons of the probe beam combine together so to
generate a photon at a slightly lower frequency than the probe
second harmonic. In particular, the difference is equal to the THz
photon energy. Nevertheless, such a process is incoherent in nature
and only allows to detect the THz intensity:
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To overcome such a limitation, the additional bias electric field
added across the interaction region induces an extra SH term via
EFISH, which linearly mixes with the term generated by the THz
pulse. In turns, this gives rise to three contributions in the total
induced SH intensity:
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where |©@ is the total intensity of the second harmonic beam
DsH

acquired by the PMT, x©® the third-order susceptibility of the

nonlinear medium, I the optical probe intensity, Em. the THz
electric field, whereas the double sign in the cross term depends on
the relative phase between Emy; and Ebis. The heterodyne nature
comes from the fact that the modulation frequency of the bias is
usually set at half of the repetition rate of the optical pulsed laser
(and therefore of the THz pulses). By synchronizing the lock-in
amplifier to the modulation frequency of the bias voltage, the first
and second terms in Eq. S2 are suppressed. Only the cross term,
which proportionally scales with the first power of the THz electric
field, will be recorded. This ensures the recovering of both
amplitude and phase at the same time, i.e. the coherent detection of
the THz pulse.

Simulation of the bias electric field across the slit

One of the main advantages of our SSBCD devices is to “localize” the
bias electric field in the slit region when the voltage is applied to the
gold electrodes. Indeed, the detection is really efficient only if such
bias field does not spread inside the air. In order to investigate the
distribution of the applied field across the micro slit device, we
numerically solved Laplace’s equation for the bias potential via a
Finite Difference Method (FDM) [3]. This allowed us to determine
the minimal thickness of the cover silica layer required to prevent
the field from leaking into the air, whose lower breakdown voltage
may lead to discharge. In particular, in our simulation we assumed
a150 pm x 150 pm domain surrounded by perfectly matched layers
to cancel out the reflections from the boundaries. We considered
the gold electrodes, 100-nm-thick and separated by a 30-pm-wide
pure silica gap, to be featured by an infinite conductivity. We also
assumed that the gold pads were biased with a voltage equal to 1 kV
and covered by a 30-pm-thick silica layer (note the identical size we
have chosen for the gap). The corresponding results are shown in
Fig. 1 (c) and (d) in the main manuscript, depicting the static bias
voltage and electric field distributions, respectively. One can note
that the bias electric field is strongly localized across the whole gap
and extends few tens of micrometers along the y-axis. We also
confirm that the bias field is mainly x-polarized, i.e. parallel to both
the THz and the optical probe polarizations.

Slit features and operating conditions

In order to explain our results, we need to focus the attention on the
characteristics and the working principle of the SSBCD devices. As
illustrated by the inset of Fig. 2 in the main manuscript, and here
reported in Fig. S1 as 3D sketch, the actual interaction region
between THz and probe beams is expected to be mainly localized
inside a very thin (subwavelength) silica layer. Indeed, the coherent
detection mechanism can only occur where the bias electric field is
distributed, that is within the silica sandwiched between the two
100-nm-thick gold contacts. Actually, we established from the static
simulation that the bias electric field is somewhat spreading in both
the top and the bottom of the slit. Taking also into account the bias
electric field distribution presented in Fig. 1(d) of the main text, the
thickness of this effective interaction region is expected to be two-
three orders of magnitude smaller than for the best performing
ABCD [4], i.e.a few microns instead of millimeters.
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Fig. S1. Cross-sectional view of the layers forming the SSBCD devices.
Both THz and probe beams are focused onto the silica gap in between
the two biased gold electrodes. The generated SH beam is emitted from
the region where THz, probe and bias electric fields interact, eventually
emerging from the rear of the SSBCD device.



However, the much higher (three orders of magnitude) nonlinear
susceptibility of silica can compensate for the shorter interaction
region, also allowing to mostly neglect both the dispersion in silica
and the THz Gouy phase shift. In addition, for the second generation
of SSBD devices, the 3-um-thick cover layer guarantees that no
notch frequencies fall within 25 THz of bandwidth (see main text).
Therefore, by taking into account eq. (S2) we expect that the SH
intensity generated in the SSBCD devices should be comparable to
that achieved in ABCD, when fixing all the other parameters in the
measurements. Such a short interaction length ensures a broad
phase-matching bandwidth for all the beams, which in turn
promotes an efficient SH generation. We would like to recall that, in
order to achieve a similar field intensity, the standard ABCD
technique typically requires relatively high probe energies (~100
W), since air is a weak nonlinear medium (yair® ~ 1.68 x102 m2/V2
[5]), whereas for both generations of SSBCD devices the probe
energy was 100 nJ only.

Study of the subwavelength slit response as a function

of the finger and gap size.

In our study we tested four devices of the second generation. Three
of them were featured by 2-mm-long, 10-pm-wide fingers and three
different gap sizes of 3,4 and 5 um, respectively. The fourth sample
was featured instead by 2-mm-long, 100-pum-wide fingers and a gap
of 3 um. For all the samples, the distance between the finger edge
and the contact pad of the other electrode was fixed at 10 um, larger
than any gap size to avoid spurious discharges [see Fig. 1(b) in the
main manuscript]. The amplitude response as a function of the gap
size is reported in Fig. S2(a) for the case of the 10-um-wide
electrode fingers and a 200 V bias voltage. Our plots reveal that the
waveform recovered for the 3-um-gap configuration is fully
resolved from the background noise and shows an almost single-
cycle shape, due to a stronger bias electric field for the same applied
voltage. Likewise, Fig. S2(b) demonstrates that the broadest
possible spectrum is also recorded for the 3-um gap size. The slight
discrepancy among the three recorded waveformsis ascribed to the
different static fields inside the slits. Indeed, the bias voltage (here
fixed at 200 V) leads to a static electric field which is inversely
proportional to the gap size. According to the discussion on the
dynamic range trend provided in the main text, this immediately
explains why the THz waveform retrieved with the 3-pm-slit is
indeed the least noisy of the three. However, the lower strength of
the bias electric field for the larger slit brings about another effect
related to heterodyne mechanism of the coherent detection. In
particular, the PMT acquires the whole SH beam coming out from
the SSBCD device, including the two incoherent terms presentin eq.
S2. Those actually act as sources of noise, hiding the cross term. The
lock-in amplifier extracts such cross term by means of synchronism
with the bias modulation frequency. However, the mechanism in
question becomes less efficient as the bias decreases, resulting in a
stronger noise contribution. For lower bias voltages, the weak tails
ofthe THz field remain buried in the noise, thus preventing the exact
reconstruction of the THz transient. However, such issue was fully
solved by using the 3-pm-slit.

The THz transient peak trend for the 3-um-gap size devices as a
function of the finger width is shown in Fig. S3(a). The higher signal
amplitudes achieved for the 10-pum-finger configuration with
respect to its 100-um counterpart (regardless of the bias voltage
applied) may be ascribed to fringing effects across the metal
contacts [4]. Indeed, it is well-known that narrower electrodes
(with sizes comparable to the gap width) generate a larger effective
bias electric field along the longitudinal direction, thus resulting in
an increased interaction region between the probe and THz beams.
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Fig. S2. (a) THz electric field transients recorded as a function of the gap
size (3,4 and 5 pm), for the case of 10-pm-wide fingers and 200 V bias
voltage. The curves are shifted along the y-axis for clarity. The waveform
recovered for the 3-um-gap showed the best performance in terms of
noise floor. (b) Corresponding Power Spectra Density (PSD) evaluated
via FFT of the waveforms in (a).
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Fig. S3. (a) Comparison between the THz transient peak trends as a
function of the bias voltage for the case of 10 and 100-pum-wide fingers,
and for a gap size of 3 um. (b) Comparison between the Dynamic Range
(DR) trends as a function of the bias voltage for the same two device
geometries.

Such an effect is still under study. The ideal performance in terms of
DR (>1200) was achieved for the 10-um-wide fingers with an
applied voltage of 300 V and a probe energy of 100 nJ [as shown in
Fig.S3 (b)]. For the 100-pm-wide fingers we also found an optimum
value for the bias voltage equal to 400 V, however the
corresponding maximum DR (~600) is, in this case, much lower
than the previous case.

Comparison between Solid-State-Biased Coherent

Detection and Electro-Optic Sampling

In order to prove the ultra-broadband nature of our SSBCD method,
we compared the THz pulses and spectra recorded via both SSBCD
and Electro-Optic Sampling (EOS), the latter implemented using a
<110>-oriented 20-um-thick ZnTe crystal. Both measurements
were carried out by means of a lock-in amplifier synchronized at
500 Hz (corresponding to the frequency of the mechanical chopper
for the EOS probe beam and the modulation frequency of the SSBCD
bias voltage). In either case, we setan averaging time of 100 ms. The
results collected with the two detection methods are compared in



Fig. S4(a) and (b), showing the THz transients and the
corresponding power spectra, respectively. While the THz pulse
reconstructed via SSBCD (blue solid curve) is quasi-single cycle and
is featured by a spectrum extending all the way to 10 THz, the same
pulse retrieved via EOS (red solid curve) exhibits a multi-cycle
shape and its bandwidth is essentially limited to 3 THz. The lack of
higher frequencies in the spectrum detected via EOS is due to the
significant phase-mismatch induced by the strong dispersion of
ZnTe occurring when approaching the transversal phonon
resonance at 5.32 THz. More than half of the THz spectrum cannot
be properly detected, strongly affecting the reconstruction of the
actual THz spectral emission from the source. On the contrary, our
SSBCD detector features a smooth frequency response all over the
THz range.
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Fig. S4. (a) THz transients and (b) FFT-evaluated spectra retrieved
via Electro-Optic Sampling (EOS, red solid line) and SSBCD (blue
solid line). The pulses in (a) are shifted along the x-axis for clarity.
The curves in (b) are normalized with respect to their own maxima.
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