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Abstract

Deployment of terahertz communication and spectroscopy systems relies on the availability of low-noise
and fast detectors, with plug-and-play capabilities. However, most currently available technologies are
stand-alone, discrete components, either slow or susceptible to temperature drifts. Moreover, phase-sensitive
schemes are mainly based on bulk crystals and require tight beam focusing. Here, we demonstrate an
integrated photonic architecture in thin-film lithium niobate that addresses these challenges by exploiting
the electro-optic modulation induced by a terahertz signal onto an optical beam at telecom frequencies.
Leveraging on the low optical losses provided by this platform, we integrate a double array of up to 18
terahertz antennas within a Mach-Zehnder interferometer, considerably extending the device collection area
and boosting the interaction efficiency between the terahertz signal and the optical beam. We show that
the double array coherently builds up the probe modulation through a mechanism of quasi-phase-matching,
driven by a periodic terahertz near-field pattern, without physical inversion of the crystallographic domains.
The array periodicity controls the detection bandwidth and its central frequency, while the large detection
area ensures correct operation with diverse terahertz beam settings. Furthermore, we show that the antennas
act as pixels that allow reconstruction of the terahertz beam profile impinging on the detector area. Our
on-chip design in thin-film lithium niobate overcomes the detrimental effects of two-photon absorption and
fixed phase-matching conditions, which have plagued previously explored electro-optic detection systems,

especially in the telecom band, paving the way for more advanced on-chip terahertz systems.

INTRODUCTION

The ever-growing demand for applications such as artifical intelligence, augmented reality, inter-
net of things, wireless communication, and cloud-based computing is requiring ever-increasing band-
widths and frequency availability, pushing the next generation of communication systems (namely,
6G [1]) to utilize unprecedentedly high carrier frequencies, largely exceeding 100 GHz [2-4]. The
terahertz (THz) spectral range, with frequencies conventionally between 0.1 and 10 THz [5], bridges
the microwaves and optical domains and emerges as a valuable resource towards realizing these high-
speed and high-fidelity communication channels [6, [7]. Compared to optical beams, THz radiation
exhibits a much longer wavelength, thereby being much less affected by Mie scattering [8] and atmo-
spheric scintillations (i.e., random fluctuations in the refractive index of the atmosphere [9]). This
allows for the realization of communication channels that are more robust against environmental
disturbances [10-12]. On the other hand, compared to microwaves, free-propagating THz beams are

significantly more directional, which could be of interest for point-to-point communication. However,
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the generation and detection of THz waves are often implemented through very high-gain antennas
to compensate for the severe free-path loss occurring within the low atmosphere [13]. Narrower
beams allow for more accurate illuminations of the desired target, implying a more efficient use of
the THz power and a reduced risk of eavesdropper attacks [14]. The higher directionality of THz
waves demands developing a new set of hardware capable of keeping receivers oriented towards the
THz communication link, especially in the case of non-stationary access points [15HI7]. As such,
the reliable and widespread adoption of THz technology is crucially reliant on the availability of
versatile THz wireless detectors delivering high sensitivity for signals either collimated or focused
[18]. Current THz sensing technologies include bolometers [19-21], graphene-based detectors (both
for electronic and optical read-out) [22H25], Golay cells [26] and pyroelectric detectors [27) [28]. These
types of detectors are not easily compatible with available communication and sensing infrastructures
due to practical limitations, such as the requirement of cryogenic operating temperatures, relatively
high dark currents, and long recovery times. More importantly, their incoherent operational nature,
i.e., being sensitive to the THz intensity rather than the THz electric field, results in the loss of the

phase information.

In contrast, coherent detectors are particularly important in communications and sensing, pro-
viding access to both the amplitude and phase of the terahertz electric field. Among these, the most
common detection schemes are based on the coherent up-conversion of THz signals to the optical
domain, either using photoconductive switches (i.e., photomixer) [29] 30] or the electro-optic effect
in bulk crystals exhibiting a x(® nonlinearity. In the latter case, the terahertz field induces an
amplitude-dependent polarization modulation on a probe pulse via frequency up-conversion. These

detection schemes operate at room temperature and most importantly provide very low-noise read-

outs [31], 32].

However, commonly used crystals such as zinc telluride [33H36], gallium arsenide and gallium
phosphide [37] exhibit precise phase-matching wavelengths, due to their inherent dispersion relations
in both the optical and terahertz domain (Fig. ) A fixed operation wavelength severely restricts
the choice of laser technologies that can be employed (e.g., Ti:Sapphire for zinc telluride). A further
complication is that the phase-matching wavelength often overlaps with the range of two-photon
absorption, resulting in severe non-linear absorption, and limiting the maximum probe power. In
these free-space electro-optic detection schemes (Fig. [Ip), the maximum modulation is achieved
by strongly focusing the THz beam down to the diffraction limit. Owing to the up-conversion
mechanism, the THz detection relies on detecting the polarization modulation via ellipsometry
using commercially available optical detectors. However, since the THz spot is often much larger

than the probe spot, the THz energy is typically not efficiently converted to the optical domain.

A promising approach to control the phase-matching wavelength and simultaneously address



shortcomings of bulk systems is to transition these technologies to on-chip [38H40]. For instance,
integrated antennas allow for simultaneously targeting a specific terahertz frequency range where
the performance is optimized and achieving strong field enhancement beyond diffraction limit[41].
This is in contrast with THz systems based on bulk crystals, where the sensitive bandwidth is
dictated by the phase-matching condition. Consequently, THz antennas were integrated with chip-
based plasmonic waveguides based on organic electro-optic molecules [42H44]. Despite the large
second-order nonlinearity of the organic molecules, plasmonic approaches suffer from large propaga-
tion losses of (0.25 dB/um), which prevents the integration of multiple antennas in sequence, thus
hindering the realization of large photonic circuits. Therefore, those devices were hampered by an
inefficient collection of the THz power due to the large mismatch between the THz spot and the
antenna collection area. Given these constraints, it is imperative to develop strategies that enable
an improved collection and up-conversion of THz waves to maintain both a high signal-to-noise
and a spectral selectivity to millimeter-sized incident THz waves. Furthermore, the silicon-based
integrated circuits suffer from large two-photon absorption, thus limiting the on-chip optical probe
power and resulting in poor signal-to-noise ratio of the electro-optic detection [45]. Amongst avail-
able integrated photonics platforms, thin-film lithium niobate (TFLN) is particularly well suited,
as it can achieve phase-matching outside the two-photon absorption range, for example at 1550 nm
where fiber technologies are well developed [46H48]. Here, we propose a low-loss electro-optic-based
terahertz detector operating at a nominal frequency of 0.5 THz (Fig. ) We exploit the low prop-
agation losses of 1.3 dB/m [49] and absorption-limited loss of 0.2 dB/m [50], along with the high
Pockels coefficient (rss ~ 30.9 pm/V [51]) of lithium niobate (LN), to realize a millimeters-long
Mach-Zehnder interferometer (MZI). The THz imparts a phase modulation onto the optical probe
and is collected from an increased area defined by an array of 18 gold bow-tie antennas, each provid-
ing a 60-fold enhancement of the THz field. An appropriately chosen distance between individual
antennas allows for quasi-phase-matching, which extends the nonlinear interaction between the THz
and optical probe beams, resulting in a coherent build-up of the probe modulation across the entire
array. Our TFLN platform provides combined merits of about 25-fold larger THz field enhancement,
100 times larger collection area, 3-5 times larger Y (for THz-optical nonlinear interactions), 30
times lower linear loss of the telecom and twice larger energy gap compared to routinely used bulk
crystals (summarized in Fig. ) Furthermore, the nanoscale design allows us to partially mitigate
the approximately twice higher loss of lithium niobate compared to zinc telluride. Altogether, these
properties enable peak-to-peak time-domain modulation efficiencies exceeding n = 0.8 x 1073, ob-
tained under the illumination of a test THz pulse with a field strength of approximately 4.5 V/cm.
Second, the phased array provides spectral sensitivity around the operating frequency, with a mini-

mum linewidth of 46 GHz. Third, we demonstrate that our detector maintains similar performance



even when subjected to off-center and out-of-focus THz beams. Finally, the large area of the detec-
tor enables efficient mapping of the THz beam profile through a single one-dimensional (1D) scan.
This capability opens avenues for applications in radar systems and target-locking mechanisms for

moving objects.

RESULTS

Geometry and properties of the large area terahertz detector

A schematic of our Mach-Zehnder interferometer-based detector and an optical microscope image
of its top view is depicted in Fig. [k and Fig. [l, respectively. A series of THz antennas is realized
by patterning the metallic contacts on both sides of a waveguide fabricated on an x-cut TFLN
wafer. Such antennas allow for coupling the free-space THz radiation onto the chip (fabrication
details of our devices are provided in Methods, whereas the exact geometric dimensions are listed in
Supplementary Note 1). An optical probe beam traveling inside the TFLN waveguide splits into two
at the input y-splitter of the interferometer. Our design aligns the optical mode polarization to the
crystallographic z-axis of the TFLN waveguide, thus exploiting the 733 Pockels coefficient [52] - the
largest available in a waveguide geometry (see the optical mode simulations in Supplementary Note
1). The THz beam is incident orthogonally from the backside of the high-resistivity silicon substrate
and simultaneously illuminates all bow-tie antennas, leading to their synchronous resonance. The
incident THz radiation is polarized along the z-axis, thus maximizing the collection efficiency of
the bow-tie antennas (Fig. ) After crossing the arms of the interferometer, the two probes are

recombined at the output y-splitter and then sent to an infrared photodetector for acquisition.

Quasi phase-matching with terahertz antenna arrays

In our detector, both the individual antenna and array configuration are designed in order to
maximize the cumulative modulation of the probe beam induced by the impinging THz signal.
Specifically, each antenna features a pair of elongated metallic electrodes (with a length Lg,,), which
significantly prolongs the THz-probe interaction and consequently improves the efficiency of the
nonlinear interaction, in contrast to more conventional designs [53-55]. Figure [2a the THz electric
field established across the z-y plane of the antenna, which reveals a homogeneous field distribution
along the gap length, with a 60-fold and 30-fold field enhancement near the gold electrodes and in
the center of the gap, respectively. In this geometry, the probe beam propagates through the gap
within a time interval 7,,, = Lg.pny/c, where ng is the optical group index and c is the speed of light

in vacuum. By choosing a gap length much shorter than a THz wavelength (e.g., Lyqp ~ Ar/10), the
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probe beam will take a fraction of the duration of a complete THz cycle to cross the entire gap length,
i.e. Tgop ~ 1/(10fr), with fr = c¢/Ar being the resonant frequency of the antenna. This ensures
that the phase modulation imparted by each antenna builds up constructively along its entire gap
[42], [43], accounting for a contribution Ag(t) oc r33 B (t), linearly dependent on the instantaneous
THz electric near-field E%¥ (¢). In a geometry where a series of antennas resonate synchronously,
the probe beam encounters the n-th antenna at the time instant ¢,,, thus experiencing a phase delay
A¢, x r33BTH,(t,). As such, the total phase modulation accumulated at the end of the series is
simply the sum over all N,,; contributions, i.e., A¢;y = Zﬁfi“f Ado,,. If the time instants t,, are all
different, A¢y,; may be much lower than that of a single antenna. Therefore, in order to effectively
benefit from the array configuration, it is crucial to engineer its periodicity to allow for a coherent
adding-up of A¢;,; beyond the value of the single antenna element. To this end, we implemented a
mechanism analogous to quasi-phase matching [56H58], yet without the requirement of performing
periodic poling of the nonlinear crystal (Fig. [2b). Along each arm of the interferometer, we designed
the distance between two consecutive antennas (D;) in such a way that the oscillation period of the
THz electric field within their gap matches the arrival time of the probe beam at each antenna. This
type of synchronization leads the probe beam to acquire identical phase modulation contributions
A¢' while crossing each antenna along the array. Ultimately, this results in a cumulative phase

modulation equal to A¢Y = Ny Agt for the upper arm.

The coherent accumulation of the phase modulation contributions effectively extends the coher-
ence length of the nonlinear interaction beyond the size of a single antenna element, thus boosting

the detection sensitivity. The value D; defines the specific operating frequency of the array, which

g

D1 the group delay

we refer to as the phase-matching frequency fpy = A%l of the array, with At; = =

of the optical probe between two antennas. To benefit from a push-pull effect where the lower and
upper arm contribute equally to the total phase modulation, the array in the lower arm is displaced

by a distance Dy = D;/2 (Fig. ) with respect to the upper one. Such a displacement causes

the lower probe to lag behind the upper one by a time delay Aty = % = 3 fliM. As a result, the

probe beam crosses the antennas of the lower array during the negative half cycle of the THz near-

field oscillations, resulting in a phase retardation contribution A¢~ of an opposite sign compared
to the upper arm. Consequently, the lower probe will build up a total phase modulation with a
reversed sign Ap” = Ny Ad™ = — N AdT. The two arms of the interferometer are designed with
slightly different optical path lengths so that the built-in phase difference ¢z for the telecom probe
is equal to m/2. Under this condition, the interferometer operates in the so-called quadrature point,

providing an unmodulated output intensity [ @

o that is half of that at the maximum transmission

19, as indicated in Fig. . On this point, the curve slope dl,,/d¢ = I0,/2 exhibits a maximum,

U

thus allowing for the highest sensitivity to a phase change, and consequently to the incident THz



electric field. Any additional phase imbalance A¢Y (or A¢P) due to the terahertz-induced Pockels
effect, changes the output intensity by AILl, (or Al,,). For small values of A¢ < 5, the intensity
modulation is directly proportional to the phase modulation, i.e., Al o< (ApY — A¢P) < Erg.,
where Erp, is the incident THz amplitude (see Supplementary Note 4). In order to demonstrate the
frequency selectivity and the quasi-phase matching mechanism of the interferometer, we derived an
analytical expression describing the frequency response of our detector AI(f) (see Supplementary

Information for a detailed derivation):

sin(m f None Aty)
sin (m fAty)

AI(f) X A¢U - A¢D - _QZEant(f) sin (’ﬂ'fAtZ)einAtl(Nant—l)eiﬂ'fAtg (1)

where f is the THz frequency, AI(f) is the THz-induced intensity modulation of the probe beam
at the output of the interferometer and E,,;(f) is the THz electric near-field established inside the
antenna gap, assuming a uniform THz illumination across the entire device. Equation [1] provides
guidelines to realize a detector sensitive at a desired frequency with a chosen bandwidth. In the

specific case of Aty = At1/2 = At/2, Eq. [l| becomes:

AI(f) L sin(mf NoAt) . wfAt i f At (Name—1/2)
Byut) Tt = =250 Ay s g e )

where we have introduced Tysz;(f), defined as the complex spectral response of the device. In
the Supplementary Information Note 4 we demonstrate that a higher number of antennas inversely
decreases the detector bandwidth. At the same time, the peak response quadratically increases as
more antennas are added to the interferometer arms. This outcome is in line with the quasi-phase-
matching theory.

To experimentally demonstrate the proposed quasi-phase-matching mechanism, we measured the
time-domain response of our detector under the illumination with a collimated broadband coherent
THz pulsed beam (Fig. ) This allows for reconstructing its time- and frequency-domain response.
To record the temporal response, we performed on-chip electro-optic sampling using femtosecond
laser pulses as optical probes (full measurement details in the Methods and Supplementary Infor-
mation Note 2). Here, we generated phase-locked terahertz pulses via a photoconductive antenna
excited by a femtosecond near-infrared laser. We then acquired the intensity of the out-coupled
probe beam by scanning the mutual delay between the arrival times of the THz and probe pulses in
the chip using a mechanical delay line. This allows for the acquisition of a time-varying waveform
reproducing the temporal response of our detector. We tested our devices under a collimated THz
beam with a diameter W = 4 cm, propagating in free space for a distance of CL. = 57 c¢m before
reaching our chip, respecting the assumption underlying Eq. |1l We further verified the performance
of our device when illuminating just the antenna array in the upper arm (Fig. ) or the arrays
in both the upper and lower arm (Fig. ), by covering half of the interferometer with a metallic
blade (Fig. [2[1). We present the measured THz transients in units of absolute amplitude modulation
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AV/V of the electrical signal acquired from the photodiode to back-track the modulation efficiency.
We observe that the amplitude of the signal retrieved for the fully illuminated double array (f) is
twice larger than that of the singly-illuminated array (e), confirming the outcomes of our analytical
model. Briefly, to reproduce the experimental temporal response of the device, we simulated the
broadband THz electric near-field established in the antenna gap F,,.(f) and included it into the
analytical expression of Eq.[2l More details are provided in the Supplementary Note. This way, we
experimentally confirmed that the fundamental frequency fpy; is highly enhanced for the case of the
fully illuminated double array, with a phase-matching frequency of 487 GHz and a linewidth of only
46 GHz, in excellent agreement with simulation results predicting 487 GHz and 48 GHz, respectively
(see Fig. 2p for comparison). Finally, we observe in the inset of Fig. , that the frequency com-
ponent at 2fpy, is much stronger for the case of the single array, while the opposite occurs for the
third harmonic at 3fpy;, demonstrating clear suppression of even components in the double array
case.

These experimental findings demonstrate that our design has the ability to enhance the responsiv-
ity of a THz detector in a desired band spanning a few tens of GHz while suppressing its out-of-band
response. This capability is beneficial for ensuring large data bandwidths and reducing cross-talk in

communication systems.

Operation under off-center illumination and beam profiling

In many applications, another desirable feature for a detector is the capability of functioning
under diverse illumination conditions and potentially performing an auto-correction of the device
illumination to maintain optimum performance [59]. Specifically, a THz detector should provide an
adequate response even when the impinging THz wave is off-centered. To verify this capability, we
studied the performance of our device as it moves away from the focal point. This is in contrast
to the collimated illumination discussed in the previous section. We placed our chip into a focused
THz spot and vertically shifted the device along the length of the interferometer (y-axis) as sketched
in Fig . The THz spot covers an area of around 660 x 700 pum?, determined using a time-
domain knife-edge measurement (see Supplementary Information Note 3), thus being smaller than
the entire interferometer footprint. In Fig. [3b, we show the THz waveforms acquired while moving
the interferometer along the y-axis to align the THz spot with the various antennas. In all cases,
we observe a multi-cycle THz waveform that oscillates with a period of roughly 2 ps and has an
envelope maximum value that is independent of the exact location of the THz spot, providing
similar dynamic ranges and hence robustness against misalignment. Moreover, we note that the
peak of the envelope shifts from earlier towards later time delays as we move the chip upwards.

In addition, the number of cycles within the envelope depends on the position of the THz spot,



indicating an incomplete illumination for positions too far off the center. When the THz beam is
centered on the most peripheral antenna pairs (the 1°¢ and 9%, respectively), roughly only half of
the beam illuminates the array, resulting in an asymmetric envelope. However, as the THz spot
moves towards more central positions along the array, a larger number of antennas are efficiently
excited. Consequently, the recorded waveform becomes more symmetric with a longer duration of
its envelope. The spectral amplitude at the fpy; & 0.5 THz component increases in value as the THz
cross-section occupies more central positions, as visible from the power spectra in Fig. |3k calculated
via the Fourier-Transform of the curves in Fig. [3p. Finally, we observe in Fig. [3d that our device
allows us to maintain a similar modulation peak frequency (within 6 GHz), regardless of which and

how many antennas are illuminated.

These observations provide insights into the temporal response and capabilities of our large-area
detector. A modulation peak invariant with the position indicates that the time response of each
antenna lasts only a few cycles, exhibiting a relatively fast decay. Because of this, when the probe
beam crosses each antenna at the time instant corresponding to the peak of the THz near-field, the
phase modulation due to previous antenna encounters is negligible. Therefore, we conclude that
the instantaneous values of the reconstructed THz waveforms are always due to contributions from
a single antenna. This effect is here achieved by choosing antennas with low quality factors and
resonances significantly different in value from the phase-matching frequency (fpys = 487 GHz and
fant = 360 GHz). This effect is especially apparent while comparing the THz transients acquired
from central and peripheral illumination. Conversely, if the antennas had a relatively high quality
factor (i.e., featuring long-lasting oscillations), the amplitude of the resulting waveform would keep

growing with the number of antennas illuminated by the THz wave.

We took advantage of the fast response of the antennas to reconstruct the profile of the THz
beam illuminating the chip, using the pairs of antennas as pixels. This is possible because the
chosen spacing between antennas allows them to have collection areas that are not fully overlapped.
Consequently, the near-field established within the gap is mainly dependent on the THz electric field
locally captured by each antenna, and hence can be directly linked to the beam section just above
the plane of the antenna. The latter is encoded in the amplitude of the various cycles composing the
complete waveform, each of them uniquely associated to specific antenna pairs along the array. We
now use the envelope of these waveforms to reconstruct a two-dimensional beam profile of the THz
spot at the TFLN chip. As shown in Fig. [3h, this is achieved by mapping the time axis of panel
Figs. |3f to a spatial position using the group velocity of the probe beam (v, = ¢/n,). The THz spot
image reconstructed through our chip unveils a non-centered, elliptical shape. Cut-lines at y = 0 and
z = 0 reported in the two insets of Fig. are accurately confirmed by beam profile measurements

obtained via standard knife-edge measurements. This showcases the capability of TFLN circuits to



be used for THz beam profiling, providing an adequate dynamic range even at significantly low THz

field strengths.

Operation under out-of-focus terahertz beams

Various terahertz applications in spectroscopy and communications typically require well-defined
central frequency and bandwidth. Moreover, maintaining these characteristics across a wide range of
illuminations is equally important. Here, we investigate to which extent the proposed quasi-phase-
matching mechanism exhibits resilience to off-focused illumination. Specifically, we characterized a
series of detectors operating at the same phase-matching frequency fpy; = 487 GHz, yet featuring
different numbers of antennas per array, i.e., 3, 6, and 9. This selection allows for direct control
over the detection bandwidth using simple lithographic techniques, ensuring high reproducibility
and robustness. The detector arrays were placed at three locations, i.e., 0, 5, and 15 mm away from
the focal plane so as to be illuminated by a diverging THz beam, as sketched in Fig. [dh. By applying
Rayleigh’s law of diffraction for the THz wave, we calculated that the THz spot (around 0.7 mm)
expanded to a diameter of 4.2 mm and 10 mm after the 5-mm and 15-mm propagating distances,
respectively. This is sufficient to cover the entire array length on any device. Because of the reduced
size of the 3-antennas detector (Fig. ), we aligned its center with the THz spot and then kept the
same illumination condition for the other two cases, as depicted in Fig. [df and Fig. [dm.

The THz transients recorded for each detector type are shown in Figs. [de,g,n for an increasing
number of antennas, respectively. Since the arrays on the 3-antenna device are shorter than 1 mm
across, the THz beam covers a great area of the detector already at the focal plane. As such, the
corresponding waveforms do not significantly differ in terms of the number of cycles, whereas the
transient amplitude decreases for larger longitudinal shifts along the THz path. This is due to THz
beam diffraction resulting in a weaker THz electric field intensity. We note that in the frequency
domain (Fig. ) the spectral amplitude at fp); first increases and then decreases, as the THz
beam diverges (Fig. [f{d)-(h)-(p)). Here, both spectrum peak and linewidth associated with fpy
are plotted as a function of the longitudinal shift (x-axis). While the THz modulation is the highest
for intermediate THz beam sizes, the linewidth monotonically diminishes for increasing THz beam
size covering the array. These results suggest that there is an optimum THz illumination condition
for the operation of the device in terms of spectral response, as a result of two concurrent effects:
field enhancement within the single antenna and additive contributions from a larger number of
them. Finally, we notice a very similar behavior for the 6- and 9-antenna devices, as depicted in
Figs. [g,h and Figs. [n,p, respectively, with some noticeable differences. The transient duration
considerably changes for larger longitudinal shifts, especially for the 9-antenna case, since the initial

THz illumination is only partially exciting all the antennas. This also leads to a faster decrease of
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the associated linewidth, which shrinks down to ~40 GHz for the 9-antenna device, 15 mm away

from the focal plane (Fig. [4j).

DISCUSSION

In summary, we demonstrated a coherent THz detector (i.e., measuring both phase and amplitude
of the incident field) relying on the Pockels effect in TFLN photonic circuits, operating at a frequency
of 500 GHz. Compared to state-of-the-art integrated terahertz detectors, the low optical losses of
our platform enable the realization of a Mach-Zehnder interferometer hosting arrays of up to 9
THz antennas (on each arm) to effectively collect THz signals from free space. This is achieved
by exploiting the considerably larger collection area provided by the array compared to a single
antenna. Without suffering from optical losses, the optical probe beam can travel along a large
circuit from TFLN waveguides and interact with the enhanced THz near-field generated at the gap
of several antennas.

Our THz-antenna-driven quasi-phase-matching mechanism ensures that all the collected fields
contribute constructively at a selected THz frequency, thus effectively suppressing out-of-band sen-
sitivity. This design is robust since the large and distributed detection area provides flexibility and
high sensitivity under diverse types of THz beam illumination. Compared to other phase-matching
mechanisms, our work avoids complex periodic poling techniques [60, [61] by quasi-phase-matching
two electromagnetic waves of extremely distant spectral ranges, namely the THz and optical do-
mains, via the lithographic patterning of field-enhancing THz antennas. Similar to quasi-phase
matching, the periodicity of the array (analog to the poling period) and the number of antennas
(analog to the length of the poled region) determine the center frequency and the detection band-

width of the detector, respectively. With our approach, we demonstrated a relative bandwidth as

FWHM
fpum

channel jamming attacks [14].

= 8.2% that is highly relevant for applications sensitive to out-of-band

narrow as BW =

Furthermore, we showed that the detector can operate as a THz beam profiler, encoding the
in-plane THz field into the time coordinate. This is enabled by the nearly single-cycle response
of individual antennas, off-resonance to the phase-matching frequency of the device. This scheme
could already pair with a feedback loop to open up possibilities for optimizing the illumination of
the detector, similar to quadrant detectors, a missing component in the THz frequency range. While
our proposal does not yet provide full two-dimensional and real-time terahertz imaging capabilities
compared to state-of-the-art bolometric [62H64] or field-effect [65H67] cameras, the sensitivity of our
design to low THz field strengths, its linearity, and high dynamic range, and our proposed read-out
methods are anticipated to sparkle future work in building more complex architectures such as a

photonics-based THz camera by combining several devices in parallel with synchronous read-out.

11



All the functionalities shown here represent a significant step towards plug-and-play and deploy-
able THz field-resolved detectors that can be adopted in practical scenarios. By further engineering
both the optical waveguides and the THz antennas, control over the device spectral response can be
achieved to enable simultaneous operation on multiple THz bands. Alternatively, the single-period
array may be replaced by a collection of frequency-chirped antennas, properly spaced, to achieve
broadband detection. Furthermore, the entire array could be designed to be sensitive to THz ra-
diation propagating parallel to its axis, rather than perpendicularly (i.e. an end-fire array type
[68, 69]), paving the way for detection of THz waves locally generated on the same chip towards
spectroscopy applications [46]. Our detector requires relatively low optical energies of around 10 pJ
and thus can be readily integrated with modern chip-scale femtosecond sources [70, [71]. By inte-
grating well-established telecommunication photodiodes on the same device can enable a chip-scale
THz detector, paving the way toward the realization of fully integrated THz spectroscopy systems,
time of flight measurements, and THz communications, all in a single and portable miniaturized

device.
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Fig. 1. Electro-optic sampling in bulk crystals versus on-chip in thin-film lithium niobate.
(a) Available material platforms for THz transient detection using the EO-sampling technique. Due to
their inherent dispersion properties, the phase-matching wavelength is fixed for bulk crystals, such as ZnTe,
GaAs, and GaP. The bottom axis shows the most widespread laser technologies used for EO-sampling,
which do not always provide emission at the exact phase-matched wavelengths (see GaAs). Thin-film
lithium niobate (TFLN) provides means to engineer group and phase velocities at both THz and optical
frequencies, enabling phase-matching in a rather continuous optical range. Moreover, thanks to its large
bandgap, TFLN allows for THz detection far from wavelength ranges affected by two-photon absorption
(TPA). This is especially advantageous in the telecommunication band, where fiber optic infrastructure is
available, whereas crystals such as GaAs are impractical due to TPA. (b) Conventional implementation
of EO-sampling in bulk crystals. Both the optical and the THz beams are tightly focused onto the EO-
crystal. The THz beam induces a field-dependent polarization modulation on the probe beam. The latter is
measured via ellipsometry (not shown in the figure). In this approach, a great limitation to the THz signal-
optical probe interaction is the large mismatch between the THz and optical spot sizes. (c) Implementation
of EO-sampling in waveguide-based TFLN platform. This approach relies on the interaction of the probe
pulse with an array of THz antennas deposited on each arm of an interferometer on-chip. The incident
THz beam generates a phase modulation on the probe beam traveling through each arm, leading to the
THz-induced amplitude modulation of the probe beam at the output of the interferometer. The antenna
arrays effectively increase the sensitive area of the detector to a physical footprint of a few millimeters,
extending the use of this type of device to operate with both large area and off-center THz beams. (d)
Radar chart reporting a comparison among the main THz-detection platform properties for the cases of
TFLN (blue), ZnTe (orange), and GaAs (yellow). Values represented by circles are data taken from [37] and
[72] for ZnTe, from [73] and [74] for GaAs, and from [49] and [75] for TFLN. Numbers on the chart mark
the lower and upper boundaries of each property range. TFLN supersedes the other platforms in THz field
enhancement, TPA, optical losses, sensitive area, and nonlinearity. Terahertz losses are greater for bulk
LN, yet TFLN technology mitigates this effect owilg to the deep sub-wavelength size of the waveguides
compared to the THz wavelength. (e) Optical micrograph of the Mach Zehnder interferometer realized in
TFLN, with a length of Ljsza = 2.6 mm and a width of Wyszp = 670 pum.
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Fig. 2. Quasi-phase-matching with antenna arrays. (a) CST simulation of the enhanced THz electric
field on the z-y plane of the antenna, at the resonance. The field is uniformly distributed along the entire
gap ensuring coherent build-up of the probe phase modulation. (b) Sketch depicting the coherent build-
up of the phase modulation imparted to the probe beam by the THz wave and leading to the amplitude
modulation operated by the Mach Zehnder interferometer (MZI). The MZI is realized with an arm length
difference leading to a build-in phase imbalance (¢ p) allowing for operation at its quadrature point. A probe
beam with with an initially null THz-induced phase retardation (A¢ = 0) enters the MZI and is split into
two identical beams. Each probe crosses an array of Ng,; antennas (shown in number of 3 for simplicity),
where it experiences a phase retardation that is proportional to the THz electric field established in the
antenna gap. The spatial period of the array (D;) sets the arrival of the probe beam at each antenna at
multiples of the time interval At;. This leads to a coherent build-up of all phase modulation contributions
imparted along the entire array. If the lower array is displaced by a distance Dy (corresponding to a time
interval Atg), the probe beam in the lower arm will cross each antenna when the THz field oscillations
exhibit an opposite polarity compared to the top arm. The latter will impart a total phase modulation of a
reverse sign, interfering with that of the top arm and leading to the intensity modulation of the probe beam
at the output of the MZI. (¢) Transmission curve of the interferometer operating at the quadrature point
excited by a bipolar THz wave where the phase modulation A¢Y /A¢P changes the output probe intensity
by ALf,/AI,. Scanning the mutual delay between THz and probe beams allows for recording the time
evolution of the THz field transient into the array after excitation of the incident THz pulse from the free
space. (d) Experimental configuration to demonstrate the phase-matching mechanism. The THz beam is
collimated with a diameter of W = 4 ¢m and sent to the device after propagating for CL. = 57 cm in free
space. To test the case of the single-arm illumination, half of the interferometer is covered with a metallic
blade. (e) THz electric field waveforms reconstructed for the case of single arm illumination (red solid line)
and (f) double arm illumination (blue solid line). In both panels the black dash/dotted lines represent the
results of the analytical model computed via Eq. [l using the simulated complex field E,,.(f) as described
in the main text. (g) Power spectra obtained by Fourier transform of the waveforms in (e) and (f), for
both experimental and simulated cases. The full-width half-maximum linewidth A fﬁngM retrieved for
the double arm illumination shows an excellent agreement with that calculated analytically and shown in
panel (g). (h) zoom-out of plot in (g) showing higher harmonics.
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Fig. 3. Large area TFLN circuits for waveform detection and beam profiling in the focal
plane. (a) Experimental configuration for measuring the response of the TFLN chip at different positions
of the THz spot along the antenna array (y-axis). (b) Terahertz waveforms recorded for various values of
vertical shifts (solid lines) and fitted envelopes (dashed lines). The position of the peak of the envelope
coincides with the pair of antennas that are spatially aligned with the THz beam. The maximum THz
modulation remains relatively constant across all measurements. All curves are vertically separated for
clarity. (c) Calculated power spectra of the waveforms in (b), showing larger spectral amplitudes at fpas
for the case where the THz spot is aligned with the center of the antenna array. (d) Terahertz modulation
peak (stars) and peak frequency (open circle) show little dependence on any specific antenna pairs under
illumination. A zoom-in of peak frequency behavior upon horizontal shifts is given in the inset in (d),
showing that the operating frequency only varies by a few percent of the average value. (e) Experimental
configuration for measuring the TFLN chip response as a function of the horizontal shift (z-axis) and to
reconstruct the beam profile at the chip. (f) Terahertz waveforms recorded for various values of horizontal
shifts (solid lines) and fitted envelopes (dashed lines). The position of the peak of the envelope and the
maximum THz modulation remains relatively constant similar to (b). Curves are vertically separated for
clarity. (g) Calculated power spectra of the waveforms in (f). (h) Two-dimensional image (z-y plane) of
the focused terahertz spot reconstructed combining the waveforms shown in (f). Cut-lines at z = 0 (red
circles) and y = 0 (blue diamonds) overlaid with curves profiles (black dotted/dashed line) retrieved via
knife-edge measurements.
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Fig. 4. Detection under off-centered illumination for increasingly long antenna arrays. (a)
experimental configuration for detecting a diverging THz beam. The device is initially placed on the THz
focal plane, where the THz spot mainly illuminates the initial pairs of antennas. The device is then moved
out of the focal plane on the z-axis. Time-domain acquisitions have been carried out at positions z = 0, 5,
and 15 mm, away from the focal plane. Three different detector types have been used, featuring (b) 3, (f)
6, and (m) 9 antennas per array. Time traces are reported in panel (c)-(g)-(n) for the above-mentioned
devices, whereas (d)-(h)-(p) shows the corresponding Fourier-Transform calculated spectra. The general
trend among all cases is that the THz transients acquire more cycles as the detectors get farther from
the focal plane, due to the broadening THz illumination, which covers an increasing number of antennas.
Besides, all spectra reveal that at the intermediate z-position of 5 mm, the peak frequency exhibits a higher
amplitude, due to an augmented contribution from more antennas, despite the decrease in electric field
strength of the diffracting THz beam, compared to the focal plane. These considerations are summarized
in plots (e)-(1)-(q), which show the trends of the frequency peak and its linewidth as a function of the
longitudinal shift. In panels (c)-(g)-(n), curves are vertically shifted for clarity.
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METHODS
Design and fabrication of the MZM devices

A graphical representation of the device is presented in Fig. [[lc. The optical circuit is fabricated
starting from a 600-nm-thick film of X-cut lithium niobate (LN), bonded onto a 500-um-thick high-
resistivity silicon substrate stacked with a 2-um-thick buffer layer of thermally-grown silicon dioxide
(Si02). A rib waveguide with a 1.5-um-wide core is realized by etching 300 nm of the LN film,
with a sidewall angle of # = 63° [51]. The waveguide then splits into two arms through a 50/50
directional coupler so as to form a Mach Zehnder interferometer configuration (MZI). A series of
gold bow-tie antennas is deposited across the two arms of the MZI. The two antenna arrays are
displaced along their arms by a length dependent upon the operating phase-matching frequency of
each device (see main text). The lateral distance between the arms of the MZI is 670 pm in all
devices. The waveguides are separated from the 15/285-nm Ti/Au electrode contacts by a distance
of 0.9 pum-thick, on each side, thus forming a total antenna gap of G = 3.3 um. This value has been
determined in such a way as to relieve plasmonic losses due to the leaking of the optical mode outside
the waveguide core [46]. The antenna gap is filled with an 800-nm-thick Inductively Coupled Plasma
Chemical Vapor Deposition SiO2 layer, which acts as a cladding material for the LN waveguide (see
Supplementary Fig. 2). Finally, the optical circuit features a pair of grating couplers realized at

each end of the MZI to couple in/out the optical probe beam from/to free space.

THz Time-Domain-Spectroscopy setup

The experimental setup is fed by a femtosecond laser oscillator (C-Fiber 780, Menlo Systems),
free-space coupled and providing two beamlines, one at 1560 nm (first harmonic) and another one
at 780 nm (second harmonic) wavelength. The 780 nm line excites an LT-GaAs PCA antenna,
emitting THz pulses while biased by a 12-V-square wave voltage, oscillating at 5 kHz. A series
of four 90°, off-axis parabolic mirrors collect, collimate, and refocus the THz beam onto the final
detector under nearly diffraction limit conditions. We experimentally retrieved a spot size radius
of 0.7 mm at 0.5 THz (see section 3 of Supplementary Information). The 1560 nm line acts as the
probe beam. Because of the operation with the integrated devices, for the sake of a fair comparison
between the detection methods, the probe beam is fiber-coupled to a standard 2-m-long single-mode
fiber (SMF28). When operating the FS-EOS to acquire the reference THz pulse, the probe beam is
again coupled in free space and sent to a <110> 3-mm-thick GaAs crystal, which provides a superior
collinear phase-matching condition at the 1560 nm wavelength, compared to, e.g., a ZnTe crystal (see

Fig. . After interaction with the THz wave, the probe beam is acquired by an amplified, balanced
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photodiode pair (Nirvana, Newfocus), connected to a lock-in amplifier (UHFI, Zurich Instrument).
The latter is synchronized to the PCA bias modulation frequency. When the OC-EOS technique
is operated, the GaAs crystal is replaced by the MZI devices, while the 2-m-long fiber carrying the
probe beam is terminated on an etched fiber tip, which illuminates the grating coupler. A second
etched fiber tip collects the probe beam out-coupled from the second grating placed at the opposite
side of the optical circuit sends it to a single channel of the balanced photodetector, which now
operates in the single-ended configuration. Lock-in acquisition is carried out at the bias modulation
frequency, as for the FS-EOS case. The integrated devices were fed with an estimated 4-mW-probe
power, coupled through gratings and directly traveling along the waveguide. The THz waveforms
were recorded by acquiring the readout signal generated by the photodiode while scanning the

temporal delay between the probe and THz pulses.
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1 Supplementary Note 1: Device parameters

The fabrication process of our samples is explained in the methods section. The dimensions of the samples are listed
in the Supplementary Table 1. For some antenna parameters, we give a certain range, since these values were changed

for different investigations.

thickness of silicon substrate: Hg; 500 um
thickness of silicon oxide isolation layer: Hgio, 4.7 um
thickness of lithium niobate slab layer: Hg.p 300 nm
thickness of silicon oxide cladding layer: Hiaqa 1100 nm
gold thickness: Hay 300 nm
length of bow-tie arm: Lant 90 um
inner bow-tie arm width: Want 5 um
outer bow-tie arm width: Want 30 pm
gap length: lgap 60 pm
electrode gap width: Whar 2 um
antenna gap width: Wgap 3 um
waveguide width: Wyg 1.5 pum
waveguide height: Hyg 600 nm
distance between two antennas (same arm): D, 266 pm
distance between two antennas (opposite arm): D, 133 pm
length of the antenna array: Lyrzm 2.6 mm
width of the MZM: Wharzm 677 um

Supplementary Table 1: List of antenna and waveguide design parameters.

2 Supplementary Note 2: Terahertz Time Domain Spectroscopy setups for experimental

characterizations

A simplified sketch of the two-color time-domain spectroscopy setup is shown in Supplementary Fig. 4. The Menlo
C-780 fiber laser provides a train of 60-fs-long optical pulses (with an extremely broad spectrum ranging from 1420
nm to 1600 nm) and a peak average power of 550 mW at a 100 MHz repetition rate. The laser also provides a
second output at the second harmonics (780 nm) of the nominal fundamental wavelength (1560 nm). Since they
both originate from the main beam, the timing of the two pulses at the two different colors can be easily retrieved.
Therefore, we use the 780 nm beamline to pump an LT-GaAs photoconductive (PCA) antenna, which acts as a THz
source. The average pump power used is 100 mW, loosely focused to cover the active area of the PCA. The antenna is
biased with a bipolar square wave having a peak-to-peak amplitude of 12 V, on-off modulated at 5 kHz. The emitted
THz pulsed beam is collected through a 2-inch-diameter off-axis parabolic mirror (OAM1), with a 2-inch focal length.
The latter forms a THz beam with a mean diameter of around 1.2 cm. Such a THz beam is subsequently handled by
a series of parabolic mirrors (OAM2-3-4), which expand the beam diameter by a factor of two before being tightly
focusing it onto the final detector. On the detection side, the probe beam is coupled into a single-mode fiber (SMF28)

and then coupled out again in air to carry out free-space electro-optic sampling (FS-EOS) in a 1-mm-long <110>
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Supplementary Fig. 1: Schematics (a) of the waveguide geometry used to perform simulations in CST Microwave Studio
and (b) of the top view of the THz antenna layout. All numbers are listed in the table 1.
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Supplementary Fig. 2: (a) Simulated electric field profile of the fundamental mode supported by the TFLN waveguide.
The mode is polarized along the z-axis. (b) Effective refractive index (blue solid line) and group index (red solid line) of the
fundamental mode as a function of the wavelength in the telecom range.

GaAs crystal (indicated as EOX in Fig. 4). The probe beam is focused using a 30-cm-lens and then re-collimated -
after interacting with the THz pulse - by a 5-cm-lens, thus ensuring a complete illumination of the sensitive area of
the balanced photodiode pair (BPD, Nirvana, Newfocus). Acquisition of the reference THz waveform is performed
via lock-in detection (synchronized to the bias modulation frequency, 5 kHz) of the differential signal generated by
the BPD while scanning the delay between the THz and the probe pulses. The latter is mechanically introduced by
a delay stage placed on the optical pump path and controlled through a software application.

To carry out the on-chip electro-optic sampling, the probe beam path is modified as depicted in Supplementary
Fig. 4. Specifically, we bypassed the second fiber coupler, and directly connected the SMF fiber to a free-standing
“fiber-probe”. The latter consists of a short bare fiber patch that terminates with a cleaved facet. This way, the
light beam emitted from the fiber probe shines on top of the grating coupler realized on the chip. To do so, we used
a piezoelectric module that enables extremely fine movements with a step size in the order of nanometers. A CCD
camera images the chip, allowing the operator to pinpoint the position of the grating couplers, as well as keep track
of the relative position between the MZM device and the focal point of the parabolic mirror (which, in turn, indicates

the position of the THz beam spot).
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Supplementary Fig. 3: Two-color THz Time-Domain Spectroscopy set-up. An optical beam at a wavelength of
780 nm drives a photoconductive antenna (PCA) emitting a burst of THz pulses. The THz beam is handled by a series of 4
parabolic mirrors (OAM) and finally focused onto a bulk electro-optic crystal (EOX). The 1550-nm probe beam overlaps in
time and space with the THz beam into the EOX crystal to carry out free-space electro-optic sampling. The THz-induced
polarization modulation of the probe beam is revealed by using a quarter waveplate (QWP) and a Wollaston prism (WP),
which split and send the two polarization components to a balanced photodiode pair (BPD). A function generation feeds the
PCA with a square wave bias voltage, also providing the reference signal for the lock-in amplifier that acquires the readout
signal from the BPD.

The out-coupled probe beam is collected through the use of a second fiber probe, controlled by a second piezoelectric
stage, and operated reciprocally with respect to the previous one. The light is then sent to a single photodiode. Note
that no differential technique could be implemented in this configuration as the output of the interferometer is single-

ended. Acquisition of the THz waveform is performed in the same manner as the free-space case.

3 Supplementary Note 3: Spatio-temporal knife-edge technique for THz beam profiling

In this section, we explain how we characterized the THz beam in terms of the radial dimension associated with
each frequency component. To do so, we carried out a modified version of the well-known knife-edge technique for
conventional optical beams [1]. We recall that a traditional knife-edge technique [2] assumes that the emitted beam
exhibits an electric field profile with separable temporal and spatial distributions. This is usually the case for a beam
either emitted by a large-area source (i.e., larger than the wavelength squared) or collimated with very long Rayleigh
ranges. In this case, the intensity profile can be decomposed into the product of two functions solely dependent upon
one single transverse coordinate. In formulae, if the beam propagates along the z direction and its intensity profile
I(z,y) is distributed on the zy-plane, the separability condition allows to write: I(z,y) = I,(z)I,(y). When a blade
is inserted in the zy-plane and cuts the beam, for instance, along the x-axis up to the coordinate x¢, the power P(z)
unblocked by the blade and reaching an optical detector can be written as:

zo +00

Plao) = [ Lizds [ 1)y (1)

—o0 —o0

By varying z( through the translation of the blade across the entire beam size, the function P(z() can be reconstructed

(with xo being now a continuum variable). The intensity profile can be then retrieved by differentiation of Eq. 1.
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Supplementary Fig. 4: Modified two-color THz Time-Domain Spectroscopy set-up for on-chip electro-optic
sampling. The generation path is unchanged. On the detection side, the probe beam is coupled in and out of the chip through
the fiber probes placed on top of grating couplers. The chip is placed on the THz focus and imaged via a CCD camera to allow
alignment of the fiber probes. The out-coupled probe beam is sent to a single-ended photodiode for acquisition.

Using the same procedure along the y-axis, it is possible to reconstruct P(y) and the associated intensity profile,
thus providing the entire characterization of the beam dimensions. The application of this technique to THz beams
is generally not of an immediate implementation. Indeed, owing to the sub-wavelength geometries often adopted to
generate THz beams, the standard knife-edge technique fails to reproduce the exact spatial profile, since the temporal
and spatial coordinates couples along the propagation. However, in this work, the THz beam is emitted by a large
aperture PCA provided with a hyper-hemispherical silicon lens that forms an emerging beam with a size comparable
to the lens radius (around 0.5 cm). In addition, the series of parabolic mirrors in our setup forms a THz beam with
a diameter of a few centimeters, thus making the use of the knife-edge technique possible. Furthermore, the access
to the electric field waveforms through TDS measurements (i.e., to both its amplitude and phase) can be exploited
to perform a superior implementation compared to the optical case. More in detail, in the field-resolved system
depicted in Fig.4 of the main manuscript, where the transverse plane is zy, when the blade cuts a spatio-temporal
THz beam, the uncut section of the beam becomes a new source of radiation with a resultant electric field E7%5, (20, t)
proportional to the incident electric field E¥; (z,t) as:

Z— 20
R.

Er5.(20,t) x / EFy . (z,t)dx TOerfc( ) (2)
20

where zq is the blade position, while we are assuming that the input THz beam resembles a Gaussian spatial profile
(B, (2) < Egexpl(—z/R.)?]), with R, being the radius of the collimated beam that we want to estimates.

In Eq. 2, ’erfc’ stands for the complementary error function. The same considerations apply to the y-direction,
leading to the estimation of R,. Therefore, by performing several acquisitions as a function of the blade position
zo, the transverse profile of the collimated THz beam can be retrieved by differentiating Eq. 2 with respect to the
z-coordinate. In practice, we utilized the FS-EOS configuration to record a series of the THz waveforms for different
blade positions inserted in the THz beam path right in front of OAM2, with focal length foaps. This way, the uncut
section of the THz beam will be straightforwardly captured and focused by the parabolic mirror into the detection

crystal. Supplementary Fig. 5a shows the waveforms recorded as a function of blade position, whereas Fig. 5b
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Supplementary Fig. 5: Time-Domain Spectroscopy of a transversely cut THz pulsed beam. (a) THz waveforms
retrieved as a function of the relative position of the blade inside the THz beam. (b) FFT spectra of the waveforms in (a).
Curves are normalized with respect to their maximum. The inset shows the non-normalized spectra. As the blade cuts deeper
into the beam, the peak of the reconstructed spectra moves towards lower frequencies.

represents the FFT-calculated spectra corresponding to the waveforms in panel (a). Larger numbers for the blade
position correspond to a deeper insertion into the THz beam path. Since a THz beam is quite broadband, it could
be regarded as a superposition of a virtually infinite number of beams at different frequency components. As lower
frequencies diffract out in larger radiation patterns compared to higher frequencies, it is plausible to assume that the
periphery of the THz beam is more low-frequency rich compared to its central part. Conversely, the energy associated
with low-frequency components is spread across a much larger area. Because of this, as the blade moves deeper into
the THz beam, not only does the amplitude of the acquired THz transient diminish (see Supplementary Fig. 5a),
but also their waveforms and consequently their spectra experience a significant reshaping. In particular, we observe
a noticeable red-shift of the calculated peak frequency (Supplementary Fig. 5b), which has to be ascribed to the fact
that the blade is more efficient in filtering high-frequency components for deeper cuts, because of the reduced spatial
extension compared to those at lower frequencies. By taking the peak values of each temporal amplitude and plotting
them as a function of the blade position along z, we constructed the curve displayed in Supplementary Fig. 6a. The
data points are then fitted with the first integral of a Gaussian function, as described in Eq. 2. The good fit between
the model and data points proves the good quality of the formed THz beam. This fit returns a mean beam radius of
R, = 6.16 mm. The same procedure returns R, = 5.84 mm. Here, the term ‘mean’ is used to stress the fact that it
accounts for an average value across the whole THz spectrum. To retrieve more specific values, we take advantage
of the time-resolved knife-edge technique. Indeed, similarly to the time data, we can build a graph similar to that in
Supplementary Fig. 6a, yet in a dense range of frequency components, as reported in Supplementary Fig. 6b. We
repeated the same procedure by cutting the beam along the y-axis and obtaining the plots in Supplementary Fig.
6c-d. By fitting the spectral curves in Supplementary Fig. 6b-d with different ’erfc’ functions, we can reconstruct a
trend of the beam radius as a function of the THz frequency components, which are reported in Supplementary Fig.
7a and b, for the z-axis and y-axis, respectively. It results that the THz beam has a frequency-dependent beam radius
(R{) slowly decreasing with the frequency, ranging approximately between Rf = 4.5 mm - 8 mm, in the spectral
window between 0.2 and 1.5 THz. Finally, by using the laws of Fraunhofer diffraction, we can reconstruct the profile

of the THz electric field at the focal point of the parabolic mirror, by taking the spatial Fourier transform of the
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Supplementary Fig. 6: Knife-edge characterization of the THz beam. Amplitude peak of the THz waveform recorded
as a function of the blade position (blue dots) fitted with the theoretical error function (’erfc’) characterizing ideal Gaussian
beams (blue solid line) for the case of horizontal cut along the z-axis (a) and vertical cut along the y-axis (c). (b) Peak value
trends of the spectral amplitude for selected frequency components as a function of the blade position, for the (b) horizontal
and (d) vertical cut.

collimated beam profile (i.e., the spatial derivative of Eq. 2):
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where k, = kz'/ foam, being k = 27 /) the THz wavevector, and 2’ the conjugate spatial coordinate of z in the focal
plane of the parabolic mirror (reciprocal plane). From Eq. 3, we derive that the mean waist size w?j;, at the final focal
plane can be calculated as: w7y, = )‘WORAZM = 660um. Once again, a similar equation to that in Eq. 3 can be utilized
for each frequency component, which allows to reconstruct the trend of the waist size as a function of the frequency.
The latter is reported in Supplementary Fig. 7a, showing a THz waist ranging between 3.2 - 0.375 mm in the 0.2 -1.5
THz range along the z-axis. Supplementary Fig. 7b shows the frequency dependent waist size calculated for the for
the y-axis, showing slightly larger values than the z-axis case, due to the fact that the collimated beam radius are in
opposite relationship (i.e., R, < R.). The mean waist size along the y direction is w/.,, = )‘J;OTA;” = 700um. These

two values are reported in Fig. 3h of the main manuscript.

4 Supplementary Note 4: Analytical modeling of the quasi-phase-matching mechanism occurring in

arrays of THz antennas

In this section, we derive the spectral response of the TFLN device in terms of its intensity transmission function
Tarrza reported in Eq.1 of the main manuscript. We start the digression by considering the scheme in Supplementary
Fig. 8a. It depicts a conventional MZM geometry, where each arm imparts a different phase retardation to each of

the two optical beams guided through two distinct components, represented as the red (up) and green (low) blocks.
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Supplementary Fig. 7: Reconstruction of the THz beam radii and waist sizes as a function of the frequency.
(a) Calculated collimated beam size (blue dotted line) and waist size (black dotted line) as a function of the frequency. The
red stars curve represents the Rayleigh ratio indicating that the THz source operates above the diffraction limit.

Here, we assume that the input optical beam has an electric field E§", which splits into two components with identical
initial amplitude E§"/ V2 and phase (here, conveniently fixed at zero for simplicity). After propagating along each

arm, the THz electric field established in the antenna arrays will modulate the two optical beams as:
gV — B0 it +oa) )
2
B 4o
= —_e¥WTH= 5
7 9

where ¢%,,, and ¢2,;, are the phase retardation experienced by the upper and lower beam, respectively. Here, we

ED

are still treating a generic case where the two modulations might differ between arms. The term ¢¢g accounts for the
built-in dephasing between the two arms, intentionally introduced to operate the MZM device at its quadrature point
(i.e., with its output intensity equal to half of that of the input). At the MZM output, the superposition of the two
optical beams will give rise to:

U D U D
i¢THz+¢Q_¢THz _i¢THz+¢Q_¢THz
2 2

+e (6)

i U D
E(Z)n i¢THz+¢Q+¢THz [
2 e

Eout = EU + ED = % |:6i(¢¥Hz+¢Q) + €i¢¥Hz = Te

The quadrature point correspond to the condition ¢g = 7/2, thus, after applying further simplifications, we achieve:

_|._

R 2 ¢U — ¢D
_ pain im ITH2 "THz THz TH=z ™
Eou = Ei"eTe 2 cos [# 1 (7)

Since the photodetector is sensitive to the intensity of the probe electric field in Eq. 7, we can estimate it as:

: u._  —¢p Ein|2
Iout X |Eout|2 = |E8n 2C082 w + %:| = % [1 + cos ((ngHz - ¢$Hz + g)} (8)
Now, by defining A¢ = ¢ ;. — ¢2,;. and using I, oc |EZ?|2, we can finally write:
Iin
Tt = % [1 + sin Ag] 9)

By taking the difference between the readout intensity measured with and without THz-induced modulation Ag,

we can write the THz-induced intensity modulation as:

AIom& - Iout (ETHz 7& O) - Iout (ETHz = O) = (2) s1n A¢ ~ ; A¢ (10)

where we have used the fact that A¢ < 1 under weak THz modulation.
Equation 10 states the linear dependence of the probe intensity variation upon the THz electric field, implying a

coherent reconstruction of the THz wave. Let us now consider the case that the phase retardation is imparted to the



Supplementary Fig. 8: Electro-optic modulation in a Mach Zehnder interferometer hosting arrays of THz
antennas. The input optical beam E{" is split into two sub-beams with identical initial amplitude and phase. (a) In
the symmetric case, the two sub-beams undergo the same phase modulation (qbg 1. and ¢X . for the upper and lower arm,
respectively) as each beam encounter the array on (red and green boxes) at the same time instant. The two sub-beam recombine
generating an output beam that carries twice the phase modulation of the single arm case. (b) In the displaced case, the same
array is translated along the arm by a length D/2, so that the lower sub-beam has to travel for an extra time delay At before
interacting with the array. The unbalancing of the two different phase modulations leads to the amplitude modulation of the
recombined beam at the output.

Supplementary Fig. 9: Building-up of the phase modulation in an array of THz antennas. The sub-probe
propagates through an optical waveguide that crosses the gaps of an array of N antennas with a spatial period D (semi-
transparent red box). At each antenna encounter, the probe beam experiences a phase modulation ¢75,, withn =0,..., N —1
imparted by the instantaneous THz electric field Efy,(t), withn = 0,..., N — 1 established at each gap. The summation over
all contribution construct the total ¢% 5, due to a single arm of the interferometer.

two probe beams at a different time instant, as indicated in Supplementary Fig. 8b. In particular, the two blocks are

ngD
2c

spaced by a distance D/2, which corresponds to a time delay of % = where ng is the group refractive index, and
¢ the speed of light in vacuum. Let us also assume that the two blocks apply the same phase modulation when taken

singularly. Then, the lower phase modulation will only differ from the upper arm by an extra time delay, namely:

T
) = 5o, (14 5 ) (1)
that can be expressed in the frequency domain as:
LW T
S (wrh:) = ¢y, (wrr:)e' ™ 2 (12)

Therefore, the total phase modulation imparted at the output of the interferometer can be written in the frequency

domain as:

Lw 2T ;W 2T
Ap(wrnz) = ¢y (wrns) — Sy (wrrs)e ™ 2 = o8y (wrm) (1 —eE ) -

geresT | wrgT
:qﬁgHz(wTHz) —2ie'~ 4 sin 42

(13)
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Supplementary Fig. 10: Spectral transfer function (Tyz;) of the MZM devices as a function of the number
of antennas red dotted line), double symmetric (green dotted lines) and displaced array (blue solid line) for (¢) N = 3, (d)
N =6, (e) N = 9 antennas, as shown in (a) Amplitude peak of the THz waveform as a function of the blade position (blue
dots) fitted with the theoretical error function characterizing ideal Gaussian beams (blue solid line). (b) Trend of peak values
of selected frequency components as a function of the blade position. (c) Calculated collimated beam size (blue dotted line)
and waist size (black dotted line) as a function of the frequency. The red stars curve represents the Rayleigh ratio indicating
that the THz source operates above the diffraction limit.

Equation 13 allows for the computation of the phase retardation due to both arms having the same type of antenna
array, at any value of the delay T/2. We note that for 7'/2 = 0 (corresponding to the configuration in Supplementary
Fig. 8a), the phase imbalance between the two arms is zero (A¢(wrm,) = 0) at any temporal instant, thus resulting
in an identically null intensity modulation of the probe beam, as correctly predicted by Eq. 10. At this point, the
only quantity left to be computed is the phase modulation due to a single antenna array. To this end, Supplementary
Fig. 9 represents the upper sub-probe beam traveling consecutively through the gaps of a N-antenna array, separated
by a distance equal to D from each other. The probe beam crosses each antenna at time instants spaced by the

. ngD
quantity At = =2=

=T, so that the delay accumulated increases with steps of ¢,, = tg + nT, with ¢y being the time
at which the probe encounters the first antenna and n = 0,1, ..., N — 1 is an integer. As shown above, we stress that
the delay T is purposely chosen as the double of the delay mutually separating the two opposite arms (i.e., T/2). In
the time domain, the total phase retardation accumulated by the probe beam at the end of the array is then equal to

a summation over all individual contributions:

N—-1
055, (t) = drm=(to) + dra:(t) + . + dru=(tn-1) = Z drm=(to +nT) (14)
n=0
Moving to the frequency domain, we obtain:
N-1 .
Orpa(wraz) =Y Sy (wrg.)em T (15)
n=0

where ¢9.;_(wrp») is the Fourier Transform of ¢ (to). We recognize in Eq. 15 the definition of array factor typical

of a phased array [3]. The sum in Eq. 15 is simply a geometric series of ratio !“7#:T and can be easily calculated as:

iwraNT _ q Sin YrHzL NT T(N—1)
U 0 € 0 2 Srae = )
brp:(wrH:) = ¢rp.(WrHs) cinwrm T — 1 b1 (WrH:) sin @zl e : (16)
2

By merging the results of Eq. 16 and Eq. 13, we can write the total phase retardation imparted by interferometer to

the output probe beam under THz illumination as:

_ierHT sin % . wTHZT jeTHT(N-1)
1 - 7 sin e 2 (17)
sin #TH== 4

A¢(WTH2) = _2i¢(7)"Hz (wTHz)e

The information about the THz electric field is included in the term ¢%,, oc E%; ., which also accounts for the

spectral response of each antenna through its field enhancement factor FE(wrp.) = E.y,/Ef, ., where Efy  is the

11



impinging THz electric field from the free-space. Therefore, we can finally define the transfer function of the MZM
with double displaced arrays, normalized to the THz electric field enhanced in each antenna as (Eq. 2 of the main
manuscript):

: NT

AQS(WTHZ) . _swrHsT S 7wTH2Z  wrg,l erg.T(N-1)

———— = Tyzi(wrh,) < —2ie” "~ 4 sin e’ 2

FE i in wra=T 4
(wTHz> sin =5

(18)

Equation. 18 can be used to predict the spectral sensitivity of different MZI devices featuring arrays with increasing
antennas. More in detail, we here compare the symmetric and asymmetric (i.e., displaced) double array configurations.
Supplementary Fig. 10 shows the calculated spectral responses for D; = 2Dy = 266 pm, corresponding to a fpy =
487 GHz, and for three different values of N = 3,6, 9, respectively, as shown in Fig. 4 of the main text. As expected, the
symmetric double array (Ats = 0) exhibits no sensitivity over the entire band, regardless of the number of antennas,
since Ty z1(f, T/2 = Aty = 0) = 0. Indeed, in the latter case, the two arms operate identically, effectively acting as a
single entity (phase modulator). Therefore, the THz electric field modulation remains encoded into the probe phase,
which is not detectable with an optical photodetector. Conversely, the built-in asymmetry of the displaced double
array makes the device sensitive to relatively narrow spectral regions around the main fpj; and its odd harmonics
only. For comparison, the single array case (which also corresponds to an inherent asymmetry between the arms of
the interferometer) is displayed in Supplementary Fig. 10. The latter reveals an amplitude response four times smaller
(in power) than that of the asymmetric double array, yet with extended sensitivity to the even harmonics. This has to
be expected since the T'/2 displacement featuring the asymmetric configuration leads the even harmonics of the single
array case to destructively interfere upon recombination. Finally, we note that in both cases, the linewidth around
the frequency components at a multiple of fpys scales inversely with the number of antennas A f2if, - o ﬁ This
implies that a certain trade-off between detected bandwidth and amplitude response can be achieved by choosing a
proper number of antennas. We point out the excellent agreement between the calculated linewidth and that retrieved

experimentally, as shown in Fig. 2g of the main manuscript.

5 Supplementary Note 5: Temporal interpretation of the formation of the THz transients recorded

via antenna arrays.

The digression presented in the previous section provides an analytical description of the spectral response of the
whole MZI device. However, owing to the transient nature of the reconstructed THz signal, the operation of the device
(specifically, of the antenna arrays) can be effectively described in the time domain, by considering the interplay of
THz near-field oscillations established in the gap of each antenna as the mutual delay between the incoming THz
and probe pulses is being changed. We recall from Supplementary Fig. 4 that in our setup the probe path is kept
fixed, while the mechanical delay line varies the length of the THz beam path. In particular, all measurements shown
throughout the main text have been recorded by moving the delay line along its forward direction, thus shrinking
the THz path. Therefore, longer time delays in the temporal axis correspond to the THz pulse that arrives earlier
at the device. Let us now consider Supplementary Fig. 1la, depicting the probe beam about to cross an array of
three antennas. Let us also assume that the delay line is stopped at a position that leads the probe beam to firstly
encounter the THz pulse at the most right antenna (Ant. 1, blue gap), right at the time instant when the THz
near-field oscillation exhibits its peak (marked as A7 = 0). In this case, since all antennas resonate synchronously,
in order for the probe beam to be temporally aligned with the emergence of the THz peak at the last antenna, it has
to cross the previous two antennas without experiencing any phase modulation, as the latter were not excited by the

incoming THz electric field yet.
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Supplementary Fig. 11: Time diagram of the THz-induced phase modulation of a probe beam imparted by an
antenna array. (a) Sketch depicting an array of THz antenna illuminated simultaneously by an incident THz pulse. In these
settings, the probe pulse path is fixed, while the THz pulse path is varied via an external delay line that scans the mutual
delay between the probe and THz pulses. The specific time delay corresponding to the travel time the probe pulse takes to
move between consecutive antennas is A7. Note that the impinging THz pulse is drawn with a tilt angle only for the sake
of clarity (the incidence axis is purely orthogonal to the array plane). (b) As the time delay increases, the THz pulse path
shrinks, making the THz pulse arrive at the chip at ever earlier times. Thus, the probe pulse will effectively interact with the
THz near-field of an ever-increasing number of antennas as it propagates towards the end of the array (green, red, and blue
solid lines moving from earlier to later time delays). The most right antenna is considered as the reference for this time frame
(vertical dashed line). The total phase modulation applied to the probe pulse (black solid line) is thus the temporally-spaced
superposition of all antenna contributions. Note that while the blue, red and green curve represent actual THz electric field
waveforms, the black curve is more properly a representation of the THz-induced probe phase modulation and it is vertically
shifted for clarity only.

Since each antenna is temporally separated from its neighbors by a time interval of A7, the probe beam will
encounter the THz peak at the second antenna (Ant. 2) only after the delay line has scanned an extra time interval
equal to A7, anticipating the arrival of the THz pulse arrival at the chip. However, contrary to the first case,
after crossing Ant. 2, the probe beam will move towards Ant. 1 which has already started resonating, thus further
interacting with its THz near-field, yet during a delayed evolution of the THz oscillations. Similar considerations can
be made for all the subsequent antennas. Supplementary Fig. 11 shows the temporal order of the emergence of the THz
transients corresponding to each antenna as experienced by the probe beam. The black curve represents the resultant
phase modulation transient imparted to the probe beam due to the linear superposition of all antenna contributions.
We point out that the final waveform exhibits an oscillating behavior with each local maximum corresponding to the
arrival time of the probe beam at each antenna. Indeed, the case represented in this figure corresponds to the device
explored in the main manuscript and it has to be ascribed to the fact that the antenna resonance is detuned from the

phase-matching frequency of the array.
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Supplementary Fig. 12: Time diagram of the THz-induced intensity modulation of a probe beam imparted by
the interference of two displaced arrays of antennas. (a) Sketch depicting two arrays of antennas, each running along
one arm of a MZI device (not shown in the figure). Both top (red halo) and bottom (green halo) arrays generate the same
THz-induced phase modulation transient (as that in Supplementary Fig. 11) that modulates each corresponding sub-probe.
The different color of the halo enveloping each array indicates that the THz near-field established across the corresponding
arm only differs from a phase factor. (b) The longitudinal displacement between the two arrays leads to a mutual temporal
delay A7’ = A7/2 between the arrival times of the two sub-probe and in turn of the corresponding time-dependent phase
modulation (red and green solid lines for the top and bottom array, respectively). This leads to a specific interference of the
two sub-probes, which intensifies and converts the total phase modulation into the amplitude modulation of the output probe
beam (black solid line). The latter is vertically shifted for clarity only. (c) Fourier Transforms of the curves in (b). The
spectrum of the interference transient reveals a significant enhancement of the component at the phase-matching frequency of
the array (i.e., 1/Ar, black solid line) compared to the case of a single array (red and green lines). Curves are normalized to
the maximum of the interference spectrum (black solid line).

Consequently, any time the probe beam is temporally aligned to the THz peak of a specific antenna, the remaining
oscillations of the THz transients in neighboring antennas do not significantly contribute to its phase modulation.
This fact allows us to precisely associate each waveform peak to the spatial position of a specific antenna along the
array, which is the key feature enabling the beam profiling capability provided by our device, as described in the main
text. The time diagram used to explain the order of interaction between the probe beam and each antenna within
an array can be used to interpret the formation of the total phase modulation transient acquired by the probe beam
when the two arms of the MZI interfere, as depicted in Supplementary Fig. 12. In particular, panel (a) shows the case
of a device where the array on the bottom arm is displaced in the forward direction by a temporal delay equal to A7’
compared to that on the top arm. By considering the entire array as a single entity that gives rise to an overall phase
modulation transient as that seen in Supplementary Fig. 11b, we can draw the plot shown in Supplementary Fig.
12b. Due to the array displacement being equal to half of that between consecutive antennas (i.e., A7’ = A7/2), each
sub-probe in the interferometer will experience a phase modulation of mutual opposite polarity. As derived in Eq. 7,
the superposition of the electric field of the two sub-probes at the output of the interferometer results in the difference
between the two individual phases. Therefore, the final phase modulation transient imparted to the recombined probe
beam is the difference between the single array, which corresponds to a positive adding up of the two contributions,

due to the inherent opposite polarity. It is worth noticing that the interference between the two arms preserves the
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time position of each peak in the final waveform, and thus, in turn, the bijective mapping with the spatial location of
each single antenna along both arrays. Finally, Supplementary Fig. 12c shows the power spectra associated with the
single array and double displaced cases. We note that the interference between the two arms enhances the component
at the phase-matching frequency, which is the dominant oscillation cycle in the corresponding waveform. This further
filtering action due to the waveforms interference improves the visibility of each waveform peak, and in turn the beam

profiling capability.
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