communications
physics

ARTICLE () ook o s
https://doi.org/10.1038/s42005-021-00667-4

Front-induced transitions control THz waves

Aidan W. Schiff-Kearn® '3, Lauren Gingras1'2'3, Simon Bernier!, Nima Chamanara', Kartiek Agarwal1,
Jean-Michel Ménard? & David G. Cooke!™

Relativistically moving dielectric perturbations can be used to manipulate light in new and
exciting ways beyond the capabilities of traditional nonlinear optics. Adiabatic interaction
with the moving front modulates the wave simultaneously in both space and time, and
manifests a front-induced transition in both wave vector and frequency yielding exotic effects
including non-reciprocity and time-reversal. Here we introduce a technique called SLIP-
STREAM, Spacetime Light-Induced Photonic STRucturEs for Advanced Manipulation, based
on the creation of relativistic fronts in a semiconductor-filled planar waveguide by photo-
excitation of mobile charge carriers. In this work, we demonstrate the capabilities of SLIP-
STREAM for the manipulation of terahertz (THz) light pulses through relativistic front-
induced transitions. In the sub-luminal front velocity regime, we generate temporally stret-
ched THz waveforms, with a quasi-static field lasting for several picoseconds tunable with the
front interaction distance. In the super-luminal regime, the carrier front outpaces the THz
pulse and a time-reversal operation is performed via a front-induced intra-band transition.
We anticipate our platform will be a versatile tool for future applications in the THz spectral
band requiring direct and advanced control of light at the sub-cycle level.
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important for spectroscopy and imaging applications!, has

been touted as a frontier for next generation high-speed
wireless communications?~4, As with other spectral bands, the
advancement of future THz technologies will be done in lockstep
with the development of new methods for controlling the spatial
and temporal properties of THz light>-1l. While significant
advances have been made on controlling the spatial evolution of
THz waves with metasurfaces and wavefront engineering!2-1°,
methods for actively controlling the temporal properties of THz
light on the level of the electric field cycle are typically only
possible through self-induced temporal phase modulation using
intense THz pulses!®24. Only recently an arbitrary THz pulse
shaper was introduced, employing a hybrid digital wave synthesis
technique using light-induced structures in a waveguide®®. Such
planar waveguide approaches have the benefit of being amenable
to chip-scale integration.

Alternative approaches to nonlinear optics, however, draw on
the concept of time-varying linear media introduced first by
Morgenthaler”-11:27. These ideas were tested in experiments
involving plasma physics via the rapid ionization of gases?® or
sudden carrier injection through optical excitation in
semiconductors?®. Temporal modulation is attractive for wave-
length conversion as it does not require nonlinear media or
strong field interactions. Subsequently, several studies have
emerged, focused on temporally modulated photonic crystals30-31
and cavities3>33 for wavelength conversion applications. The
non-adiabatic modulation of meta-atoms was recently demon-
strated as a means to achieve wavelength conversion in the THz
band34. In addition, sub-cycle slicing using intense optical pulses
illuminating semiconductor surfaces is also capable of pulse
narrowing and spectral expansion in the THz band3>3¢.

Simultaneous control over the wavevector and frequency of
light through combined spatial and temporal modulation can
produce a variety of exotic photonic operations>37-38. These
spacetime, front-induced transitions can be used to time-reverse a
light pulse,®3%49, for example, which has important applications
in dispersion compensation*! and imaging through random
scattering media*2. THz interactions with moving fronts were
first investigated in pioneering experiments using photoexcitation
in a semiconductor to create an overdense, reflective plasma
interaction that is counter-propagating with the incoming THz
wave. Considerable spectral broadening was observed via relati-
vistic Doppler shifts*3-45.

Here, we introduce SLIPSTREAM, Spacetime Light-Induced
Photonic STRucturEs for Advanced Manipulation, for exploring
front-induced transitions in the THz band. The SLIPSTREAM
technique is based on the same compact platform for spatio-
temporal manipulation we have previously introduced, capable of
performing a range of photonic operations including pulse
steering?®, mode control#’, spectral shaping®®, arbitrary pulse
shaping?®, and phase control*®. As shown schematically in
Fig. la, a parallel plate waveguide (PPWG) supporting dis-
persionless, low loss, TEM THz propagation is formed by coating
both sides of a d = 50-um-thick high resistivity float zone silicon
(p>10,000 Q2 cm) slab with optically transparent and conducting
indium tin oxide (sheet resistance of 1 {2/sq). The transparency of
the ITO coatings allows optical excitation of the silicon through
the top plate with a near-infrared (1035 nm, 190 fs, 30 pJ) pump
pulse derived from a Yb:KGW amplified femtosecond laser sys-
tem (Light Conversion, PHAROS). This excitation is close to the
indirect band gap of Si, with pump penetration depths exceeding
100 pm, ensuring a homogeneous excitation across the Si slab.
The pump pulse has its pulse front tilted using a diffraction
grating, producing a linear gradient in the pump arrival time
along the waveguide propagation axis. A portion of the NIR beam

Light in the terahertz (THz) band, already immensely

is split off to a CMOS camera to record the pump intensity spatial
profile. Control over the pulse front tilt of optical pump pulses is
routinely used to optimize phase-matching in THz generation
schemes, notably via optical rectification in lithium niobate>0-1,
at semiconductor surfaces®?, or in biased gapped microstrip
lines®3->>, We utilize the fact that as the pump pulse front illu-
minates the silicon, a moving front of photoinduced carrier
density is created within the PPWG. With the SLIPSTREAM
platform, our work takes the next step in the continuing pro-
liferation of THz technology by engineering the speed and travel
distance of moving dielectric perturbations in a silicon-filled
parallel plate waveguide, leading to two unconventional photonic
operations: the temporal stretching and time-reversal of THz
pulses.

Results and discussion

The photoexcitation of a moving front results in the emission of a
phase-locked THz pulse within the waveguide that propagates in
the TEM mode. Since no electrical bias is applied and the plates
are grounded, the sole source of THz emission is due to transient
currents created by built-in Schottky fields, oppositely oriented at
the metal-semiconductor interfaces, upon arrival of the pump
pulse at the top and bottom waveguide plates, as shown in Fig. 1b.
Photoinjecting free carriers within the band bending regions at
these interfaces leads to the transient currents Jiop(t, 2) and Jpo(t
—(, z) directed normal to the waveguide plates and temporally
separated by the transit time of the NIR pump pulse {. These
delayed and transient currents emit THz light in the same
manner as an Auston switch, and similar to a continuous version
of a segmented dc-to-ac radiation converter®3>4°6-61, For an
estimate of the NIR-to-THz power conversion efficiency, see the
“Methods” section. Once coupled out of the PPWG, the THz
emission is collected by an off-axis parabolic mirror with an
effective focal length of 76.2 mm, and then detected by free-space
electro-optic sampling in a 5-mm-thick (110) GaP crystal using a
weak NIR detection pulse split off from the pump. Such a
thick crystal is optimal for detecting the low-amplitude, low-
frequency THz pulses we generate as it displays phase-matched
response for frequencies below 2 THz, allowing sizeable coherent
signal to build up®2.

The emitted THz electric field transients, shown in Fig. lc,
depend critically on the pulse front velocity, v with respect to the
THz TEM mode phase velocity ¢/ng; with refractive index ng; =
3.418%3. The front velocity is continuously tunable from the sub-
luminal to super-luminal regime with the femtosecond pump
pulse front tilt angle. In the sub-luminal regime, v¢< ¢/ng;, a THz
plateau pulse is created with a stretch of quasi-dc electric field
bookended by unipolar structure, shown in the top panel of
Fig. 1c. The emitted THz waves escape the excitation front, which
produces a superposition of linearly delayed single cycle pulses
along the propagation axis. The result is a temporally stretched
THz pulse, whose duration is tunable with front velocity and total
propagation distance. Such pulses displaying quasi-static plateaus
in their temporal electric field profile are new to the THz regime,
but recently have been theoretically proposed®. At the luminal
condition v¢= c/ng;, the resultant THz pulse is of single cycle
duration, as all emission points add in phase along the entire
propagation axis. Tuning the front to the super-luminal regime v¢
= 1.5¢/ng;, the pulse character remains single cycle but loses some
high frequency components as the front overtakes the THz wave,
and it experiences approximately homogeneous loss in the
plasma, here with a plasma frequency w,/2m~1 THz. This is
verified by the Fourier amplitudes plotted in Fig. 1d, also wherein
the sub-luminal data peaks at a low frequency of about 0.1 THz,
reflecting its quasi-static form. The total integrated power of these
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Fig. 1 Demonstration of the SLIPSTREAM platform. a Schematic of the SLIPSTREAM platform, generating and manipulating THz pulses using the injection
of a near-infrared (NIR) pulse with a tilted intensity profile into a Si-filled parallel plate waveguide (PPWG). The velocity of the intensity front v¢ is set by the
tilt angle relative to the THz velocity ¢/n, where c is the vacuum speed of light and n is the refractive index. b Symbolic construction of a THz plateau pulse
by the space-time-delayed, ultrafast switching of static Schottky currents built into the top (Jiop) and bottom (Jpet) interfaces, shown in successive
snapshots in time until the moving front has ended its travel at time t = T. ¢ Measured THz transients typical of the sub-luminal, luminal and super-luminal
regimes of front velocity for a maximal induced photocarrier density of approximately 5 x 10'6 cm3, with d the corresponding spectra normalized to unity.
e Integrated spectral power peaking for the luminal case due to synchronicity with the emission, maximizing the interaction with the moving front. Each
datapoint is an average over several scans and is accompanied by the standard deviation, and arb. u. stands for arbitrary units.

pulses, normalized to the respective optical fluence used, is shown
in Fig. 1le to peak at luminal velocity due to maximal interaction
with the moving front. Each of these pulses were produced by
similar excitations of about 1.6+0.2 mm in width, with the
exception of 1 mm width for the sub-luminal data in Fig. 1c. We
observe no effect from any secondary emission events due to
delayed, multiple reflections of the excitation pulse in the PPWG.

Stretching of the electric field cycle. In the sub-luminal regime,
the duration of the THz field plateau is tunable with propagation
length as shown in Fig. 2. Truncated carrier density profiles,
calibrated from camera images and power measurements, are
given in Fig. 2a with the subsequently measured THz pulses
plotted in Fig. 2b. The positions of two sharp knife edges in the
beam map directly to start fg,, and stop times t.,q of the THz
pulse, corresponding to the measured pulse arising from the
leading and trailing edge of the carrier density front, respectively.
Sliding either knife edge by Az and measuring the pulse duration
change At allows a precise calibration of the front velocity as
described in the “Methods” section, which in this case yields a
sub-luminal velocity of v¢= 0.86c/ns;. The amplitude of the pla-
teau follows the Gaussian profile of the NIR beam due to the
linearity of field emission with the local current density.
Two-dimensional finite-difference time-domain (2D-FDTD)
simulations were performed to further understand the influence
of the moving front on the THz pulse waveforms. A perfectly
conducting layer was chosen to bound the domain and Schottky
fields were placed on the top and bottom extending into the

silicon by the Debye length (about 1pm). The dispersion of
photoexcited silicon was modeled with a Drude form governed by
the carrier density profiles in Fig. 2a which reach a maximum
value of about 1017 cm~3 and a scattering time of 7=0.1 ps®°.
The electric field of the emitted THz wave coupled to the TEM
mode was extracted at a fixed position within the waveguide just
outside the illuminated region, and a filter function was applied in
order to approximate the experimental losses from the waveguide
and detection response function®®. The simulated THz pulses,
shown in Fig. 2b agree well with the measured THz waveforms,
qualitatively reproducing the variations in the plateau amplitudes.
Residual disagreement, particularly at the negative endpoints of
the pulses, can be accounted for by a thorough spatial analysis of
the THz beam at the detection crystal.

Time-reversal of a THz pulse. Setting v¢> c/ng; forces the emitted
THz waves to interact with the moving front over the entire
propagation distance, bringing about front-induced transitions.
Deep in the super-luminal regime, the underdense plasma rapidly
overtakes the THz wave and the pulse experiences both absorp-
tion and dispersion much the same as it would for transiting a
static dispersive plasma®’, as we have verified for v¢=1.5¢/ng
conditions. For v¢ very close but still exceeding c¢/ng;, however, the
front interacts with the THz emission for an extended interaction
length without being consumed by the absorptive plasma. The
wave therefore exists within the plasma skin depth, which is about
150 um at f= 0.5 THz and that spans a single wavelength in the
photoexcited silicon, supporting single cycle pulses.
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Fig. 2 Stretching the electric field cycle using a sub-luminal moving front.
a Carrier density profiles in the waveguide for different beam clippings of a
sub-luminal front at v; = 0.86¢/ns;, varying either its termination (top) or
start position (bottom), where the vacuum speed of light is ¢ and the
refractive index in silicon is ns;. b Measured (solid and filled) and simulated
(dashed) electric fields of the THz plateau pulses. Each curve is color-
matched to an input pump profile from a, with red and blue fill indicating
the positive and negative parts of the electric field, respectively.

Figure 3 demonstrates the concept of a front-induced
transition, which is explained in more detail in ref. . For
dispersionless (w,7 < 1) and underdense (w, < w) plasmas, where
hard reflections can be ignored, the photonic band structure of
the photoexcited silicon is approximately linear with a phase

velocity given by
2.2
W, c (UPT
—~— 14— (1)
B, ns ( 2 )

The two insets of Fig. 3a show that increasing the plasma
frequency from low (blue) to high (red) adds curvature to the
band, flattening at low THz frequencies. Front-induced transi-
tions on a dispersion diagram, from an initial state (w;, f3;) to
a final state (w,, f8,), must obey the phase continuity relation
w1t — zgf; = wyt — zff, where zg=vt. The ratio of frequency
change to wavenumber change is equal to the front velocity, i.e.,
Aw/AB = (w; — w1)/(B2 — B1) = vr. Thus the allowed transitions

are tunable with the dispersion of the perturbation via the optical
excitation power controlling w, and the pump tilt angle
controlling vx. The main diagram in Fig. 3a shows the dispersion
relative to unexcited silicon for three possible perturbations with
increasing wy, labeled by 1, 2, and 3. Again, the dispersion of the
plasma is modeled in Drude form as before but now a variable
plasma frequency wy, is set by the pump fluence. In each plot, the
phase continuity condition is denoted by the dashed black line,
where a slightly super-luminal front velocity of v¢=1.0035¢/ng;
has been chosen for reasons that will be explained below.

The Schottky THz emission mechanism produces an outgoing
spherical electromagnetic wave containing components traveling
towards the detector (positive ) as well as those pointed
backward into the plasma front (negative f3). For a super-luminal
front, the emission is immediately swept up by the plasma so only
intra-band front-induced transitions may take place. Considering
that only positive wavevectors will be detected, three scenarios are
indicated in Fig. 3a, the first for which (1—blue line) w,/B, < v,
where transitions involving solely positive wavenumbers can
occur. For high fluences (3—green line) w,/f, > vs transitions
from backward propagating initial states to forward propagating
states within the plasma become possible. In this scenario, the
backward wave undergoes a time-reversal as the spatial distribu-
tion remains unchanged but the group velocity changes sign.
Higher plasma frequencies forbid intraband scattering at lower
frequencies until time-reversal scattering from —f; to +f3, takes
over. Here, in the intermediate regime, the special case (2—cyan
line) w,/f3, = v¢ prohibits all forward initial states from under-
going transitions. The plasma frequency that satisfies this
dispersion condition allows Eq. (1) to be solved for the front
velocity.

Figure 3b illustrates in real space a picture of the pulse time-
reversal we obtain through control over the plasma dispersion in
the regime where v is slightly super-luminal. At low fluence, i.e.,
scenario 1, the forward propagating THz component (pulse A)
can be projected up to higher frequency states whereas its
backward counterpart (pulse B) is undetected, lost to the plasma.
When the front stops at the edge of the photoexcited region, the
blueshifted forward THz wave is ejected. In scenario 3, the optical
fluence is tuned above a critical value F, for which the slope of the
photoexcited band matches the front velocity. The additional
curvature in the plasma dispersion prohibits fast forward waves of
type A from undergoing intraband transitions. Instead, the highly
dispersive front prevents their passage and they recede back to the
plasma skin depth (pulse A’), where they are made to co-travel
with the front. Finally, in the same regime above critical fluence,
the initially-backwards wave (pulse B) is able to find transitions to
final states with positive 3, reversing its group velocity through
intra-band reflection.

Figure 3¢, d together show the influence of tuning the plasma
dispersion curve on the detected THz waveforms for a slightly
super-luminal velocity front. For these results we utilize a PPWG
composed of ITO/Si/Au layering, where 5-10 nm of Ti is used to
adhere 150 nm of Au to the bottom layer. This alternative PPWG
yielded identical results to the symmetric ITO/Si/ITO one with
the exception of less loss due to the finite sheet resistivity of ITO.
Furthermore, this PPWG served as a test of any influence from
possible built-in potentials arising from the difference in work
functions of the top and bottom coating materials. Varying the
fluence of the NIR pump pulse, we observe in Fig. 3¢ single cycle
THz pulses as expected, however for an intermediate fluence
(scenario 2), we see a near extinction of the pulse followed by a 7
phase inversion at higher fluences. This extinction marks the
crossover from forward intraband scattering to a time-reversal
scattering event. Figure 3d highlights the development at
increasing fluence of a second low-frequency THz pulse emerging
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Fig. 3 Time-reversing a THz pulse through front-induced transitions with a super-luminal moving front. a Plasma dispersion relation 8 projected onto
the unexcited transverse electro-magnetic (TEM) mode wavenumber S, (horizontal black line) for excitation conditions: (1—light blue line) w,/fB, < vi, 2—
cyan line) wo/f> = v and (3—green line) w,/pP> > vi. The dashed line is the front velocity vs=1.0035¢/ns;. The vacuum speed of light is c and the refractive
index in silicon is ng;. The left inset shows that only forward intra-band scattering is possible at weak excitation (blue line), whereas the right inset shows
that a time-reversal scattering event (—p; — f3,, empty dot to solid circle) becomes phase matched for highly photoexcited (red line) dispersion conditions.
b Real space pictures that follow the evolution of initially-forward (pulse A) and initially-backward (pulse B) propagating THz waves for plasma conditions
induced below and above critical fluence. ¢, d Measured THz pulses generated by a slightly super-luminal front for indicated levels of pump fluence. The
single cycle pulses in ¢ display time-reversal at t = 2.5 ps whereas a chirped pulse is shown in d to build up about 10 ps later from low-frequency waves

surviving the plasma. e Amplitude spectra of only the pulses displaying time-

reversal in ¢ for all fluences explored, categorized above critical fluence (and

below in the inset). f Integrated spectral power of the time-reversed THz pulses (squares) and those arising 10 ps later (circles), assuming 3% error in the
measured optical power. The shading in c-e corresponds to the different plasma frequencies indicated in f, and arb. u. stands for arbitrary units.

roughly 10 ps later, corresponding to the type A’ pulses that have
been held back in the low-frequency plasma skin before ejection.

Finally, we take a frequency-domain view of our experiment,
first by analyzing the evolution of measured type B pulses as we
alter their dielectric environment. Amplitude spectra obtained
from numerical fast Fourier transform of these pulses are shown
in Fig. 3e, revealing how the final states populate as the plasma
frequency is swept through the scenarios 1, 2, and 3 described in
Fig. 3a. A steep super-Gaussian filter has been applied in order to
window the pulses. Each spectrum displays a high-frequency
shoulder due to waveguide loss. As w, is decreased from its
highest value, the spectra acquired between scenarios 3 to 2
maintain a smooth broadband shape while reducing in amplitude,
consistent with front-induced transitions occurring across the
entire detection bandwidth. However, in the inset, between
scenarios 2 to 1 a spectral dip suddenly appears and develops near
0.4 THz. As seen in Fig. 3a, weak excitation produces dispersion
that is predominantly linear, i.e., well-approximated by Eq. (1),
and we therefore expect this dip to arise from interference
between co-propagating frequency states populated inside and
just outside the moving plasma front, both traveling in the
neighborhood of ¢/ng;. In Fig. 3f, we verify the distinct behavior of
the pulses as the plasma frequency of the excitation is tuned
through the three identified scenarios. Type A’ pulses follow a
continuous decrease in integrated power, whereas as type A
evolves into type B a minimum occurs at scenario 2, which marks
the crossover between forward intraband scattering to time-
reversing front-induced transitions followed by a resurgence and
finally a true nought.

In summary, we have demonstrated that the SLIPSTREAM
platform enables the interaction between THz light and
relativistic moving fronts of photoinduced dielectric modulation.
In the sub-luminal regime, the relativistic front generates a
structured THz pulse displaying a quasi-static electric field profile
via the extraction of energy from built-in Schottky fields at metal-
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semiconductor boundaries. The temporal profile of the electric
field can be tailored by the intensity distribution of the optical
photoexcitation. This capability allows, for example, applications
where long, tunable THz pulses may act as an ultrafast optical
bias®7:%8. In addition, we showed that when the front velocity is
tuned just above luminal in the silicon, the fluence dependence of
the dispersion of the carrier plasma is crucial in determining the
front-induced transitions that may occur. We observed time-
reversal of a THz pulse as the photoinduced dispersion of the
dielectric perturbation was optically tuned relative to the front
velocity. This work establishes our platform as a practical avenue
to explore the interaction of light with moving dielectric fronts.
The ability to apply localized dielectric modulation by optical
means on a silicon chip has significant implications for
investigating, for example, the relativistic Doppler effect4443:69,
optical horizon analogs’? and experimentally unorthodox effects
associated with the motion of shock-like dielectric modulations
traveling in photonic crystal landscapes”!.

Methods

Waveguide device fabrication. Silicon-filled PPWGs were fabricated using high
resistivity (p > 10,000 Q cm) float zone silicon wafers, double-side polished to a
thickness of 50 um. The (100)-cut silicon was cleaved to 1 square cm and the
cleanliness of the cuts was verified under microscope. Two types of waveguides
were fabricated, differentiated by the deposition on the bottom of either ITO with a
sheet resistivity of 1 Q/sq (coated by VacuLayer Corp.) or 150 nm of Au using a
5-10 adhesion layer of Ti. As explained in the main text, the high static con-
ductivity of Au provides lower loss than ITO but yielded comparable results. ITO
was used for the top surface to complete the parallel plate waveguide, while
simultaneously providing transparency to the NIR pump beam exciting the
waveguide from above.

Adiabatically tapered THz beam coupling. The top and bottom aluminum plates
comprising the housing for the silicon-filled PPWG were adiabatically tapered with a
54 mm radius of curvature. This facilitated efficient coupling of the THz light gen-
erated by the moving front to free space, where it was detected by free-space electro-
optic sampling. The aluminum plates were hand polished to mirror-like finish and
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pressed against the Si chip with four screws at the corners of the flat 21.5 mm long
central region. An 8 x 8 mm? window at the midpoint of the top plate allows optical
access to the Si chip within. At the exit of the waveguide, an HDPE cylindrical lens
with a radius of curvature of 76.2 mm is used to improve THz out-coupling and
collimation. The beam is then focused by an off-axis parabolic mirror (@ = 2”, f=3")
on a (110)-oriented, 5 mm-thick GaP detection crystal for electro-optic detection.

Beam alignment and field calibration. In order to optimally orient and align the
waveguide for THz pulse propagation in the TEM mode, we initially used a high-
field THz source based on optical rectification in a lithium niobate prism, as in
previous work#’. Electric field strengths were calibrated via standard free-space
electro-optic sampling’2.

Spatio-temporal properties of the NIR pump. Injection of NIR pump light into
the ITO-coated silicon-filled waveguide imprints a photocarrier density profile into
the device along the THz propagation axis. The photoinduced front is set in motion
through the application of pulse front tilt to the NIR beam using the first-order
diffraction from a reflection grating (1200 lines/mm). This angularly dispersed
beam is imaged into the waveguide using a f=75 mm biconvex lens. We measure
the spatial beam profile by splitting off a small portion to a CMOS camera
(Thorlabs). Background subtraction is performed by recording a dark signal in the
absence of the NIR pump. In order to calibrate the spatial profiles to pump fluence
or photocarrier density in the silicon, the pump power is measured with a power
meter (Gentec-EO) just above the waveguide.

Calibration of the front velocity. We found that the tilt angles at the waveguide
position could not be accurately calculated from the measured diffraction angle and
imaging conditions as a result of non-ideal imaging conditions in the confined
geometry and uncertainty in the grating parameters. Instead, we used a more direct
method to obtain the tilt angle from which the front velocity is easily obtained. We
perform a cutback type of experiment, where a change in the distance traveled by
the optical front is measured as a change in the timing of the THz pulse, as outlined
in Fig. 2. Two sharp knife edges placed in the NIR beam, one before and one
immediately after the grating to minimize diffraction effects, determine the start
and end of the moving photoconductivity front. A change in their respective
positions maps directly into a temporal step of either the leading or trailing end-
point of the THz pulse. The front velocity can then be accurately calculated simply
using the relation

1

vf:At/Az+n/c' @

Power conversion efficiency. Our approach to pulse engineering via the SLIP-
STREAM technique is THz source independent. Although we have utilized an
inefficient THz generation mechanism built into the PPWG, we may improve the
practicality of our technique through either boosting the achievable THz field
strength or, alternatively, integrating external sources of intense THz pulses, such
as those produced via optical rectification in LiNbO3>%, as employed in our prior
work?>48:49_ That said, in the current configuration a best-case estimate of the
optical-to-THz power conversion efficiency based on the largest-amplitude luminal
data from Fig. 1c puts it on the order of 1076. To increase the total yield from a
sub-luminal excitation front, in particular, one should take advantage of the line-
arity of the output THz field with the input optical fluence. For example, three
strategies include: (i) use of a more transparent conductive oxide than ITO,
maintaining the same sheet conductivity for THz confinement; (ii) enhancement of
the band bending regions at the metal-semiconductor interfaces via ion implan-
tation, increasing the built-in field; or (iii) incorporating a wider pump beam to
elongate the positive cycle of the field in the time domain. In the super-luminal
regime, the dispersion of the moving front must be taken into account. The fact
that the framework of front-induced transitions describes linear processes facil-
itates the use of even weak THz sources, as shown herein.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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