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Abstract: We explore the tilted-pulse-front excitation technique to control the superradiant
emission of terahertz (THz) pulses from large-area photonconductive semiconductor switches.
Two cases are studied. First, a photoconductive antenna emitting into free space, where the
propagation direction of the optically generated THz beam is controlled by the choice of the
tilt angle of the pump pulse front. Second, a THz waveguide structure with an integrated
photoconductive window for the generation of THz radiation, where the injection of the THz
radiation into a waveguide mode is optimized by the pulse front tilt. By providing long interaction
lengths, such a waveguide-based optical-pump/THz-probe set-up may provide a new platform for
the study of diverse short-lived optically induced excitations.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The application of tilted optical pulse fronts for the excitation of nonlinear phenomena has a long
history. Initially introduced in 1981 for an improvement of the time resolution of optical pulse
autocorrelation measurements [1], it was soon instrumental for the realization of traveling-wave
lasing using molecular dye solutions as gain media [2,3]. Notably, it enabled efficient pump power
conversion into amplified spontaneous emission from infrared-emitting dyes which suffer from a
very short excited-state lifetime and hence a low fluorescence quantum yield [2]. Since, then, the
technique has found abundant applications in such diverse fields of photonics as traveling-wave
excitation of X-ray lasers, ultrafast electron diffraction, achromatic phase matching for sum and
difference frequency generation, e.g. in noncollinear-optical parametric amplifiers (NOPA), and
— probably the most famous of all — for the phase-matched generation of very intense single-cycle
THz pulses by optical rectification in inorganic [4-9] and organic [10] crystalline solids. Such
THz radiation sources are now a standard tool in nonlinear THz spectroscopy. For an overview
of work on the application of tilted-pulse-front excitation published until 2010, see Ref. [11].
For the future, one can expect more applications of the technique for the investigation of
short-lived excitations especially in the THz spectral regime. An example where tilted-pulse-
front excitation appears promising, is the study of optically induced transient THz gain with
experiments to be performed in a similar way as reported in Refs. [2,3]. For instance, THz
gain has been predicted for graphene excited by intense laser pulses [12—14] and population
inversion has been verified [15,16]. But direct measurements of the gain by amplification of THz
pulses by conventional pump/probe spectroscopy has not been successful until now, since the
maximum gain of graphene is only 2.3% per layer, which is easily lost beneath the noise level of
amplifier-laser-based measurement systems. A second example is Bloch gain (dispersive gain),
expected for superlattices (lateral and vertical) and other quantum well structures as a consequence
of k-space bunching by scattering processes [17-21]. Weak gain in the infrared has been measured
in the case of structures of quantum cascade lasers [22]. In vertical semiconductor superlattices,
where the gain is predicted to be substantial in the THz frequency regime, the gain is rapidly
lost by the ultrafast formation of bias field domains [23,24]. This has prevented the observation
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of THz pulse amplification in transmission-type optical-pump/THz-probe experiments. The
alternative of pumping by an optical pulse with tilted pulse front, procuring gain just-in-time
to a THz pulse propagating along the superlattice planes, appears promising. A third example,
where traveling-wave-type gain experiments may be used is the study of photoluminescence (PL)
quenching mechanisms. A representative example is PL. quenching of molecules which exhibit
aggregation-induced emission (AIE) [25-27]. It has long been speculated that PL quenching
is mediated by the rotational/vibrational motion of the individual molecules. It is tempting to
investigate this hypothesis by the excitation of amplified spontaneous emission from the molecules
and then to investigate whether the emission is disturbed by excitation of molecular motion
with THz radiation. With such applications in mind, we explore in this report tilted-pulse-front
excitation in a semiconductor model system, a distributed photoconductive emitter [28,29].
It consists of a gapped microstrip line on a GaAs substrate where the optical pulse excites
electron-hole pairs in the slot-like gap region. The charge carriers are accelerated in an applied
bias field emitting a burst of broadband THz radiation. If properly synchronized with the optical
excitation, the emission occurs in a phase-matched superradiant way and leads to the formation
of a THz pulse, which propagates along the optically pumped waveguide and is emitted into free
space at its end facet.

2. THz beam steering

In a first test experiment without THz waveguiding, we explore superradiant emission from a
large-area photoconductive antenna. The measurements are performed with a Ti:sapphire laser
emitting 800-nm pulses with a duration of 100 fs at a repetition rate of 82 MHz. The experimental
set-up is shown in Fig. 1. As per other pump-probe experiments, the laser beam is split into a
pump beam to generate the THz pulses and a probe beam to detect them by balanced electro-optic
sampling. Tilting of the pump pulse front, i.e. such that the wave-front (perpendicular to the
diffracted rays) and the pulse-front across the beam no longer coincide [11], is achieved with
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Fig. 1. Experimental set-up for the investigation of beam steering by tilted-pulse-front
excitation. L1, L2 are two lenses in the telescope system, "1/4 WP" stands for "quarter-wave
plate", and "Pol. BS" for "polarization-selective beam splitter".
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a reflective grating (1600 line/mm). A 4-f telescope consisting of two planoconvex lenses L1
and L2 with focal lengths fi = 200 mm and f, = 250 mm (magnification factor: 1.25 [6]) allows
for more flexibility with the adjustment of the pulse-front tilt and helps to achieve both wave-
and pulse-front flatness on the surface of the photoconductive antenna [30,31]. The collimated,
p-polarized pump beam impinges onto the emitter with a power of 42 mW.

The photoconductive antenna consists of two Ti/Au patches (5/115-nm thick, each 3-mm wide,
4-mm long, unannealed) on top of a 380-um-thick semi-insulating GaAs wafer, as shown in the
inset of Fig. 1. The separation of the metal patches is | mm. Between them, a bias voltage of
300 V is applied. THz radiation polarized parallel to the GaAs surface is emitted. We collect
and collimate the radiation propagating in a cone perpendicular to the sample with an off-axis
gold-coated paraboloidal mirror (diameter: 50.8 mm, focal length from vertex: 76.2 mm) and
focus the radiation with a second identical one onto the 500-um-thick (110) ZnTe crystal for
electro-optic detection. An iris (outer diameter: 57 mm; inner diameter: 24 mm ) between the
two paraboloidal mirrors serves to enhance the signal contrast upon changes of the tilt of the
pump pulse front (for the optimal tilt angle, all THz radiation leaving the GaAs wafer transmits
through the iris).

The pump beam (diffraction order m = —1) impinges onto the GaAs surface at an angle of 45°.
The tilt angle of the pulse front is determined by the angle of incidence of the pump beam on
the grating and by the magnification factor of the telescope [6,9]. With the angle of incidence
changing from 14° to 33°, the tilt angle varies from 39° to 50°, which allows to control the
emission direction of the THz pulses into the GaAs wafer. When the tilt angle (6;) is 45°, the
pulse front of the pump beam is parallel with the semiconductor surface, and the THz beam is
emitted perpendicular to the sample surface, as indicated in the inset of Fig. 1.

Figure 2 shows the measured time-domain traces (a) and their spectra (b) of the THz pulses for
various tilt angles, and compares them with the reference pulse shape and spectrum measured for
6, = 0° and THz pulse emission at 45° in reflection direction from the sample’s front surface
(pump power: 170 mW). Variation of 8, gives the shortest THz pulses with the largest bandwidth
and amplitude for 8, = 45°, as expected. Compared with the spectrum of the reference pulse, the
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Fig. 2. Temporal waveforms (a) and spectra (b) of THz pulses collected from the optically
excited GaAs photoconductive antenna at several values of the tilt angle 6; of the pump pulse
front. The temporal waveforms in (a) are shifted vertically for better visibility. Black solid
lines are the temporal waveform and spectrum of a reference measurement.
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bandwidth for this optimal case is reduced only moderately, the peak is shifted, however, to lower
frequencies (from 0.65 THz to 0.5 THz).

3. Synchronized THz emission from a gapped microstrip line

We now come to the waveguide experiments. The measurement set-up is shown in Fig. 3. It
is similar to that of the previous experiment, except that the pump beam now impinges onto
the waveguide at normal incidence, and the THz radiation is collected at the end facet of the
waveguide. The waveguide, schematically displayed in the inset of Fig. 3, consists of a Ti/Au
metal layer (5/115-nm thick, 3.3-mm total width, 8-mm long, unannealed) with a slot window on
top of a 380-um-thick semi-insulating GaAs wafer and a 5-nm/115-nm-thick Ti/Au ground plane
on its backside. The slot in the top metal has a width of 320 um. It serves as a window for the
optical excitation. It is covered with a semi-transparent Ni/Cr film (2-nm/2-nm thick) to allow
optical beam penetration, while supporting the THz wave guiding of the neighboring thicker
Ti/Au layer [32,33]. A voltage of 80 V is applied between the top and back metallic layers, such
that the electric dipole moments of the photo-generated and field-accelerated charge carriers
and the polarization of the emitted THz pulse are oriented perpendicular to the surface of the
GaAs waveguide. One has to note that the semi-transparent layer is crucial for the experiment,
as it ensures the presence of the bias field in the optically excited region of the GaAs; no THz
emission was recorded from a sample without the semi-transparent layer.
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Fig. 3. Experimental set-up for the investigation of synchronization of the optical pump
pulse and the THz pulse propagating in a gapped microstrip waveguide. "CL" stands for
"cylindrical lens", "TPF" (in the inset) for "tilted pulse front".

For the phase-matched synchronization of the pump pulse and a given spectral component of
the THz pulse, the group velocity of the optical pump pulse (here, the speed of light ¢y in air) and
the phase velocity vy, of the THz radiation in the waveguide have to fulfill the tilted-pulse-front
condition [4,11]:

tan(0;) = <0

ey

VTHz
Under the synchronization condition, the pump pulse sweeps across the surface with the same
velocity as that of the THz pulse propagating along the waveguide. If one assumes the THz pulse
to be confined within the GaAs (no leakage through the slot window) and modal (plasmonic)
modifications of the propagation speed to be negligible, then the effective refractive index of
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the waveguide should be equal to the intrinsic refractive index of GaAs (nty, = 3.6; for the
dispersion, see Ref. [34]), and the tilt angle is predicted to be about 74.5°. In order to reach such
a large tilt angle, lens L2 in the telescope is replaced by a planoconvex lens with f, = 70 mm,
which gives a magnification factor of 0.35. A cylindrical lens of 15-mm focal length is used to
focus the pump beam into the slot of the waveguide. The length of the illuminated section of the
slot is 2.7 mm, after which the THz pulse has to propagate another 2 mm to reach the end facet.
Tuning of the tilt angle 6, is achieved by changing the horizontal tilt of the grating and fine-tuning
two subsequent mirrors to re-establish the beam axis approaching the sample (defined by two iris
apertures in the beam path).

The THz transients measured at different tilt angles and the corresponding spectra are presented
in Figs. 4(a) and (b), respectively. At a tilt angle of 74.5° (corresponding angle of incidence on
the grating of 21°), one observes the strongest THz pulses with the largest bandwidth. Any small
variation of 6, leads to a loss of power and bandwidth. This indicates that the synchronization of
the pulses is indeed achieved at this tilt angle, and confirms the assumptions made above with
regard to the effective refractive index. The ringing in the trailing part of the best phase-matched
pulse is consistent with the signature of THz absorption by water vapor in the air (the THz
beam propagates in unpurged air). Similar ringing is observed in the corresponding transient in
Fig. 2(a). In contrast to the spectra of Fig. 2(b), the peak frequency changes only weakly with 6;,
and it is located at lower frequency (at about 0.3 THz); however, in both case, frequencies above
1.5 THz are reached in the high-frequency tail of the spectrum for optimal phase-matching. The
differences in the spectra may result from the influence of dispersion on the phase-matching, or
from the modal properties of the THz beam, which may either propagate as a surface plasmon
polariton along the top metal layer or as a double-sided plasmon polariton between the top and
bottom metal, or as a mixture of both [35]. A precise angle-resolved analysis of the emission at
the end facet of the waveguide might allow one to address the question of the modal character
[35], but for such measurements, the THz signal turns out to be too weak. We also note that
the THz pulse from the waveguide has about ten times less amplitude than the THz pulse from
the photoconductive antenna. We attribute this difference mainly to the lateral divergence of
the beam in the waveguide. The divergence is controlled by the constructive interference of the
emission along the pumped segment of the slot and by the outer edges of the metal stripes. We
have performed additional measurements with a second waveguide sample with wider waveguide
stripes, but the same slot width (data not shown). There, the power is even lower, which we
explain by a reduced lateral wave confinement. One should keep in mind that any radiation,
which hits the end facet at an angle of more than 16°, experiences total internal reflection. Even
for smaller angles, the out-coupled radiation may miss the collection cone of the first paraboloidal
mirror. These effects are also likely to influence the spectral characteristics of the measured THz
radiation. In order to improve the spectral fidelity, one could consider near-field detection [36,37]
at the end facet of the waveguide.

In order to better understand our experimental results, we simulate the experiment with a simple
1D wave model for the total surface electric field emerging from the waveguide as a function of
frequency and pulse-front tilt. This involves integrating the contribution from emission at each
point x € [0, L] along the tilted-pulse-front beam profile, i.e.

SE (w, x) o< P(w, x) d(L — x) g~ "mal@/ co)l=x) 2)

where |
P(w, X) = p(w) e—l(w/ co)x tan 6; (3)

is the THz polarization (where p(w) is determined from the phase-matched THz spectrum),
and d(L — x) represents the decay of the local emission with distance due to beam divergence.
Here, we neglect waveguiding effects, due to the large width of the metal stripes and thick GaAs
substrate. We note that in the THz frequency range, one does not expect any significant plasmonic
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Fig. 4. Measured time-domain waveforms of the THz pulses (a) and corresponding spectra
(b) extracted from a waveguide at different tilt angles of the pump pulse front. The temporal
waveforms in (a) are vertically shifted for better visibility.

confinement of the field at the metal-dielectric interface. We then assume a decay factor factor

-1
d(x) = (1 + (x/ Ld)z) , as per Gaussian beam divergence in two directions. The simulated decay

curves are shown in Fig. 5(a), and show qualitative agreement with the experimental spectra,
using values L = 2.7 mm, Ly = 500 um and nty, = 3.6.
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Fig. 5. Results of simulations with a 1D wave model: (a) Calculated THz spectra vs.
pulse-front tilt angle assuming bulk wave divergence in the substrate. (b) Corresponding
results for optimal pulse-front tilt angle vs. propagation distance L. (c) As per (b) for a
proposed microstrip waveguide with sub-wavelength substrate thickness (see text for details).

It is interesting to consider how the performance could be enhanced by a more effective
waveguiding of the emission, e.g. by using a microstrip waveguide with a strip width much
smaller than that used here and a sub-wavelength substrate thickness. Such microstrip waveguides
have demonstrated relatively low-loss, low-dispersion broadband guiding for their TEM mode
in the THz region [38], although the dispersion can increase at lower frequencies as the mode
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extends further into the surrounding air at the edges [39,40]. Here we consider a waveguide
with strip width of w = 0.5 mm and GaAs substrate thickness of 7 = 10 um, where 4 is chosen
to provide a reasonable compromise between mode coupling from the emitting layer and the
resultant mode attenuation coefficient. For such a sub-wavelength thickness, the TEM mode
possesses a homogeneous mode distribution in the depth direction [38]. We perform a simulation
of the surface field propagation similar to that above, only where the divergence term in Eq. (2) is
replaced with the mode field attenuation factor for the TEM mode (d(x) — e‘%‘”), where both
the mode effective refractive index ny,(w) and the absorption coeflicient @(w) (due to metallic
losses) can be calculated via the approximate analytic formulae in [41-43]. As we now consider
a specific mode, we also apply a coupling factor from the emitting layer (thickness &, ~ 1 ym)
and the TEM mode, i.e. a power ratio of n = h,/h = 0.1 and field ratio /. For the microstrip
waveguide considered, nty; is within 0.01 of the bulk value of GaAs in the range 0.1-3 THz,
while @ varies from ~ 0.1-0.6 mm~!. Here we concentrate on how the waveguiding can improve
the total emission vs. the propagation distance L. In Fig. 5(b) we show the predicted spectra
vs. L for our experimental structure based on the divergence properties used in Fig. 5(a). Here
one sees that the coherent growth saturates already for L>2.5 mm due to the divergence. In
comparison, in Fig. 5(c) we show the corresponding results for the microstrip waveguide. As can
be seen, the coherent growth can be maintained for propagation distances of even up to L = 10
mm, before the mode attenuation saturates further growth. While the magnitude of surface field
is still comparable between the two cases (due partly to the additional mode coupling factor +/;7
applied for the microstrip mode), we note that the output coupling of the homogeneous TEM
mode should also be superior in practice. The performance of such a microstrip waveguide could
be improved even further by introducing lateral confinement such as a ridge waveguide (where
the waveguide dielectric also has a narrow width) as used in THz quantum cascade lasers [38].

Another interesting waveguide candidate for certain emission geometries would be a coplanar
strip waveguide, e.g. with a lateral bias field between the two parallel strips on the substrate
surface. This could allow a superior coupling to a more confined mode, and one can avoid the
need for a semi-transparent metal strip for the optical excitation. However, in this case, the mode
field has a substantial contribution parallel to the substrate surface, and hence is not well suited
for coupling to the polarization (perpendicular to the substrate) of gain media such as graphene
and quantum wells.

4. Conclusion

In this paper, we have demonstrated THz beam steering by phase-matched excitation of large-area
photoconductive emitters with optical pump pulses exhibiting a tilted pulse front with adjustable
tilt angle. The technique has been applied for free-space emission of THz pulses from a
photoconductive antenna and for injection and guidance of THz pulses in a THz waveguide. The
perspective of our work is that similar waveguide-based THz measurements can be used to probe
short-lived optically induced excitations, such as THz gain in graphene, other van-der-Waals
materials or superlattices, as well as relaxation mechanisms and dynamics in molecules.
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