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Supplementary Note 1 (Sample)

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 where changed

for different investigations.

thickness of silicon substrate: hSi 500µm

thickness of bottom silicon oxide layer: hSiO2,b 2µm

thickness of lithium niobate layer: hLN 300 nm

thickness of top silicon oxide layer: hSiO2,t 800 nm

gold thickness: hAu 300 nm

length of bow-tie arm: Lant 40-200µm

inner bow-tie arm width: want 5µm

outer bow-tie arm width: Want 30µm

gap length: lgap 20-120µm

antenna bar width: wbar 3µm

antenna gap width: wgap 3µm

width of lithium niobate waveguide: wwg 1.5µm

waveguide height: hwg 600µm

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

A Optical loss characterization

The minimum tolerable gap between the gold nano-antennas and the optical waveguides sets the maximum efficiency

of the THz generation process. To determine the minimum allowable antennae gap, identical optical waveguides

were fabricated with varying electrode separations and lengths. Optical absorption loss, shown in Supplementary

Fig. 1 was characterized using an optical transmission measurement with -3.9 dBm on chip optical power at 1580 nm.

Light is coupled into the system from a fiber grating array via grating couplers and transmission is normalized to

bare waveguide transmission to extract loss figures and determine separation at which absorption in gold becomes

the dominating loss mechanism. Gap separations below 3.6µm were recorded at the noise floor of our detector. In

order to estimate absorption in gold for gap separations below wgap = 3.3µm, we fit the absorption to a decaying

exponential and estimate that wgap = 3µm corresponds to expected 0.727 dB cm−1 loss.

B Waveguide modes

We simulated group refractive index for near-infrared signal inside the waveguide using CST microwave studio.

In this case two waveguide ports are placed at the front and back surface of a short waveguide piece using the

dimensions shown in Supplementary Table 1. The near-infrared field is mainly confined inside the LN waveguide

and the simulations confirm the low interaction between gold and near-infrared signal for the chosen gap width

wgap = 3µm, so that the waveguide mode is similar for both cases (Supplementary Fig. 2 a and b). The group

refractive index in the near-infrared determined from simulations are ng = 2.337 for the bare waveguide and ng = 2.343

inside the gap. The THz field along the gap for a discrete port is determined from the simulation of an antenna with

a resonance frequency of 385 GHz (Supplementary Fig. 2 c).

3



3 4 5 6 7 8
Electrode Separation ( m)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Lo
ss

 (d
B/

cm
)

Supplementary Fig. 1: Optical loss of waveguides fitted with electrodes. Measured (blue) optical loss in 1.5µm

lithium niobate waveguide due to absorption in gold nano-antennae were fit to an exponential (orange) to estimate optical

absorption for narrow antennae gaps.

a: Pump mode b: pump mode inside antenna gap c: THz mode inside antenna gap 
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Supplementary Fig. 2: Near-infrared and terahertz modes. a and b: near-infrared pump field inside the bare waveguide

(a) and within the antenna gap (b) simulated with CST Microwave Studio. c: THz mode inside the waveguide simulated in

CST Microwave Studio.

C THz transmission through sample

One of the disadvantages of bulk lithium niobate for THz is the high absorption of the generated field. In our case the

lithium niobate layer measures 600 nm, much shorter than the terahertz wavelength, so we assume the losses to be

negligible. We measured the transmission of broadband THz signal through the fabricated TFLN wafer at a location

without antenna structures to extract the transmission losses utilizing a commercial time-domain spectroscopy system

provided by MenloSystems. The time-trace transmitted through the sample is compared to a reference measurement

performed without the sample (supplementary Fig. 3 a). The signal transmitted through the wafer exhibits a second

pulse after the main pulse, caused by reflection at the sample surface. The time distance of δt = 2nSiD
c = 11.4 ps

between the two pulses is related to the sample thickness D = 500µm and its refractive index nSi = 3.425 [1]. In case

of THz signals shorter than 11.4 ps, we observe a second pulse in the measurements of our on-chip antenna emitters

(compare Fig. 2 a in the main text) with a similar time-delay, which is also explained by reflection. To investigate the

frequency dependent losses due to reflection and absorption the Fourier transformation of the main peak giving the

spectral electrical field is compared to reference measurement (Supplementary Fig. 3 b). The bandwidth of the utilized

THz source reaches up to more than 1.5 THz, which is larger than the frequency range covered by the measurements in

this work. The ratio between the field transmitted through the sample without being reflected and the reference field

shows a flat behavior up to 1 THz (Supplementary Fig. 3 c). Considering the reflection at two silicon-air-interfaces

described by Fresnel equations, the expected ratio between input and transmitted field measures

Et

Ein
= (1 − r2) = 4 · nSi

(1 + nSi)2 = 0.70. (1)
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Supplementary Fig. 3: THz tranmission through TFLN wafer stack. a: Time-trace of the transmission through

the thin-film lithium niobate chip (blue) compared to the emission of the utilized THz source (grey). b: Comparison of the

spectral electric fields of the main peak with the reference measurement and the reflected signal in a. c: Measured ratio between

incoming and transmitted THz spectral field compared to the value expected from Fresnel equations.

The determined value (dashed line in Supplementary Fig. 3 c) and matches the measured coefficient, indicating that all

losses can be explained by reflection at the sample surfaces. The layer of high-absorbing lithium niobate does not effect

the transmitted field noticeably due to the thickness of only 600 nm (300 nm after etching the ridges). Consequently

the THz radiation generated inside the waveguides can leave the lithium niobate without significant absorption losses.

Given that the propagation loss of the terahertz radiation inside the lithium niobate layer is negligible, we presume

that cooling the chip may not lead to significant increase in the emitted terahertz field amplitude.

Supplementary Note 2 (Theory)

A Optical rectification

Based on the theoretical description of optical rectification in bulk nonlinear crystals [2] we will describe the electric

field generated inside the antenna gap and conclude on the expected spectral characteristics of signal emitted by our

on-chip THz emitters. In general, the nonlinear polarization introduced by optical rectification

POR(Ω) = χOR(Ω, ω0)
n(ω0) · c

· I0(Ω) (2)

is determined by the intensity envelope of the optical pump pulse I0(Ω) = FT (I0(t)) propagating in y-direction, the

second order susceptibility causing optical rectification χOR(Ω, ω0) and the refractive index of the interaction medium

at the center frequency of the pump n(ω0). By solving the nonlinear wave equation in a plane wave approximation

Schneider et al. [2] derives the electric THz field generated in a bulk crystal after a propagation length y as:

Ebulk(Ω, y) = Cbulk · I0(Ω) · Ω ·
exp

(
−i Ωn(Ω)

c y
)

− exp
(

−i
Ωng

c y
)

i · Ω
c · (n(Ω) − ng)

, (3)

where the absorption of the both, the THz and the near-infrared, are neglected. Cbulk = µ0·χOR(Ω;ω0)
i·n(ω0)·(n(Ω)+ng) is a

constant term that depends on the vacuum permeability µ0, the second order nonlinear susceptibility causing optical

rectification χOR(Ω; ω0), the refractive index at the THz frequency n(Ω), at the pump frequency n(ω0) and the group

refractive index of the pump pulses ng. The term I0(Ω) · Ω includes the spectral behavior of optical rectification

and the fraction describes the phase-matching between of the THz and pump field along the generation region. If
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Supplementary Fig. 4: Calculated THz spectrum generated by a Gaussian pump pulse of varying pulse length, but constant

pulse energy.

only interested in the amplitude of the generated spectral field, the latter can be expressed by a frequency dependent

effective generation length leff(Ω, y) defined as the absolute value of the phase-matching term:

leff(Ω, y) =

∣∣∣∣∣∣
exp

(
−i Ωn(Ω)

c y
)

− exp
(

−i
Ωng

c y
)

i · Ω
c · (n(Ω) − ng)

∣∣∣∣∣∣ . (4)

For small generation lengths below the coherence length lcoh = c
4ngfTHz

the spectral properties of the generated field

are mainly determined by the pulse length tFWHM of the near infrared signal. For a Gaussian pulse with a pulse

length tFWHM = 2
√

2 ln 2 τ , pulse energy Epulse and effective mode size Amode, I(Ω) is given by

I(Ω) = Epulse

Amode
√

2π
exp

(
−τ2Ω2

2

)
. (5)

As shown in Supplementary Fig. 4 a, ETHz increases linearly with frequency in the low spectral range independently

from the pump pulse length. The latter determines the upper frequency limit. With increasing pulse length the

deviation from the linear increase shifts towards lower frequencies. The slope of the increase is determined by the

pulse energy Epulse per mode size Amode.

We assume that the spectral behavior of optical rectification inside an antenna gap is mainly determined by

|EOR| ∼ |I0(Ω)| · Ω · leff(Ω, lgap) as well. Strictly speaking, for the case of optical rectification inside a metallic gap of

sub-wavelength dimensions, the description by a 1D nonlinear wave-equation and the plane-wave approximation as

in [2] does not fully apply anymore.

B Phase matching

The THz field is detected perpendicular to the chip surface. The locally generated field excites the antenna, and

the phase-delay between the different sources along the antenna gap is mainly determined by the propagation speed

of the pump pulse vg = c
ng

. We neglected the influence of the THz signals propagating along the antenna because

of their very small intensities. Consequently the high absorption of lithium niobate does not significantly affect the

performance of our emitters. Losses occurring while propagating through the substrate are constant for all local fields

along the generation area, so that they only affect the constant factor Cgap. The overall electric field exciting the
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THz antenna EOR is derived by integrating the locally induced electric field Elocal ∼ I0(Ω) · Ω · exp
(

−i
ngΩ

c y
)

along

the antenna gap in y-direction:

EOR(Ω) = Cgap · I0(Ω) · Ω ·
∫ lgap

0
exp

(
−i

ngΩ
c

y

)
dy (6)

= Cgap · I0(Ω) · Ω · (−i) · lgap · exp
(

−i
ngΩ
2c

lgap

)
· sinc

(
ngΩ
2c

lgap

)
(7)

|EOR(Ω)| = Cgap · |I0(Ω)| · Ω · leff(Ω). (8)

The integration over the phase-factor exp
(
−i

ngz
c Ω

)
is giving the effective generation length leff(Ω) for the on-chip

optical rectification. For a gap length lgap ≤ 2πc
4ngΩ = lcoh – as it is the case for all investigated antenna designs –

the local fields will sum up constructively, so that the influence of phase matching is rather small. Consequently the

spectrum generated inside the antenna gap is mainly determined by the temporal shape of the pump pulse described

by the spectral intensity envelope I0(Ω). For low frequencies the spectral electric THz field grows linear with the

intensity, while the upper limit of the spectrum is mainly limited by the pulse length of the pump signal, which

determines the spectral width of its envelope I0(Ω).

C Distributed pulse phase matching
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Supplementary Fig. 5: Schematic illustration of the phase-delay between THz pulses originating from different

gold antennas at positions ri. The generating pump pulses are distributed in different device arms using a waveguide splitter.

The relative distances of the antennas to the first one δLi determine the time-delay between the respective generation progresses

due to the finite propagation speed of the pump signal vg. Additionally the THz signals travel different distances |r − ri| before

they overlap in the particular observation point r resulting in a certain phase-shift at this position.

To describe the overall field emitted by a device Etot, the electric fields generated by the contributed antennas Ei

are summed up, whereby the temporal and spectral properties of Ei is determined by particular antenna design. The

position of the antennas on the chip ri as well as the waveguide distance between them δLi lead to a phase-shift of

the THz pulses (Supplementary Fig. 5). Therefore we describe the total field observed at a position r as the sum the

contributed signals including a retardation time:

Etot(r, t) =
∑

i

Ei

(
t − δLi

vg
− |r − ri|

c0

)
. (9)

The first correction term corresponds to the time delay between antennas being triggered by the pump pulse due to

the difference in propagation length δLi inside the waveguides. Additionally the THz signals travel different distances
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|r − ri| through the free space until they arrive at the point of observation. Therefore the choice of antenna design in

combination of their arrangement on chip and the waveguide path enables to custom-tailor the frequency-components,

their phase-delay and the farfield shape of the emitted radiation.

D Temporal mode decomposition

In this section, we provide a theoretical model that allows to decompose an arbitrary terahertz field into a superposition

of orthogonal temporal modes. Then, we show how the various free parameters of this mathematical decomposition

can be directly mapped onto physical parameters of a fabricated TFLN terahertz waveform synthesizer that uses the

basic blocks discussed in the main manuscript. We show that following this approach, a library of terahertz emitters

may be generated to create the necessary basis of temporal modes. A careful arrangement of the terahertz emitters

on-chip can then further be employed to synthesise any desired waveform.

In general, one can describe an arbitrary terahertz electric field that propagates in x-direction through its Fourier

decomposition into coherent components that oscillate at frequencies ω:

ETHz(r, t) =
∫

dωE(r, ω)e−iω(t− |r|
c ). (10)

To ease the notation and without loss of generality, we will consider in the following only plane waves of a single

polarisation. This allows us to reduce the description to

ETHz(x, t) =
∫

dωE(ω)e−iω(t− x
c ), (11)

where c is the speed of light and E(ω) are the complex amplitudes of the individual coherent components.

We show in the main manuscript that single antennas generally emit broadband single- or few-cycle terahertz pulses

around one particular center frequency, depending on their exact geometric dimensions. As a result, a decomposition

of the total desired terahertz waveform into short temporal modes is better suited than into coherent modes at narrow-

band frequencies as done above. Consequently, we now introduce here a different decomposition into a sum of discrete

temporal modes described by an orthonormal set of complex envelope function fi(ω) [3, 4], with a characteristic center

frequency ωTHz,k, a carrier envelope offset phase ϕi,k and a group delay τi,k:

ETHz(x, t) =
∑

i

∑
k

bi,k

∫
dωfi(ω − ωTHz,k)e−iω(t−τi,k− x

c )−iϕi,k . (12)

All complex envelope functions are defined around ω = 0, and fulfil the orthonormality and completeness relations∫
dωf∗

i (ω)fj(ω) = δij (13)∑
i

f∗
i (ω)fi(ω′) = δ(ω − ω′). (14)

In practice, we will also assume that the envelope functions are relatively narrow-band in the frequency domain,

characterized by a linewidth Γ:

∫
dωf∗

i (ω)fi(ω′) = 0, |ω − ω′| ≥ Γ + Γ′. (15)

As a results of these conditions, it becomes possible to construct an orthonormal basis of envelope functions fi(ω)

that govern the complex envelope of the terahertz signals, but also allow another dimensionality in frequency space,

characterized by the center frequency ωTHz,k. We can choose for example Laguerre-Gaussian modes in frequency

domain as the basis for fi(ω), as an alternative to otherwise suggested Hermite-Gaussian modes in ref. [4].
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In a more rigorous approach, a Gran-Schmidt orthogonalisation procedure may be performed on the discrete basis

of frequency-dependent Laguerre-Gaussian modes, e.g. on all fundamental Laguerre-Gaussian modes at all considered

center frequencies f0(ω − ωTHz,k), ∀k. For simplicity, we do not pursue this possibility further in our treatment.

Now that we have defined the orthogonal set of modes {i, k} that are required for the decomposition, the only

remaining question is whether it is - in principle - possible to control all the free parameters of equation (12) by

chip-scale design alone. In the main manuscript, we show that the amplitude of the generated terahertz pulse can

be engineered by the length of lgap. This gives us a way to selectively set all amplitudes bi,k. In addition, we have

seen that the center emission frequency of an antenna ωTHz,k can be set by the arm length. The group delay of an

emission τi,k can be influenced by the length of the LN waveguide prior to the THz antenna. The linewidth of the

antenna can be also influenced by the antenna design (e.g. LC-resonator vs bow-tie antenna). Finally, the carrier

envelope phase of an antenna can also be set by antenna design.

Supplementary Note 3 (Simulation of waveguide propagation)

A Current power configuration
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55 W, chip 2, Fourier-lim.

55 W, chip 2, chirped

155 W, chip 2, Fourier-lim.
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770 W, chip 1, Fourier-lim.

770 W, chip 1, chirped

Supplementary Fig. 6: Calculated THz spectrum assuming Fourier limited (solid line) and chirped (dashed line) pump pulses

based on the spectra measured in different experimental configurations (shown in Supplementary Note 5 C) after propagating

through the TFLN chip.

In Supplementary Note 2 A we have shown the THz spectrum generated by optical rectification depends on

the pulse shape of the NIR pump signal. To understand how the spectral and temporal changes inside the fiber and

waveguide can affect the optical rectification process we now calculate the generated THz spectrum based on the pump

spectra presented in the supplementary material figure 10 b and c for two simplified cases. First assuming the pump

pulses being Fourier-limited (solid line in Supplementary Fig. 4 b) and secondly including a group delay dispersion

of -0.02 ps2 (dashed line in Supplementary Fig. 4 b) corresponding to the propagation in 1.1 m of optical fiber

(GVD = −19.65ps2/km) and 5 mm of TFLN waveguide (GVD = 280 ps2/km, determined for particular waveguide

design with COMSOL Multiphysics Software). The phase shift caused by nonlinear effects inside the optical fiber

and waveguide strongly depend on the pulse energy but will counteract the negative group delay dispersion. As a

consequent, the true pulse length will be in between those two simplified cases.

Below 400 GHz the calculated spectral THz field is barely influenced by the different spectra or the considered

chirp (Supplementary Fig. 4). For higher frequencies we observe a flattening of the THz field generated by the chirped

pulses, while the spectral differences still do not influence the efficiency of the THz generation in a crucial manner.
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In our specific experimental conditions, most of the investigated devices emit frequencies below 400 GHz. There-

fore, the dispersion and nonlinear effects do not influence the THz signal significantly. For the study of the different

antenna sizes, the spectral and temporal changes inside the fiber and TFLN waveguide have to be taken into account,

since we reach frequencies up to 680 GHz. For this study we decreased the pump power to exclude the influence of

nonlinear effects in both - the fiber and waveguide - onto our measurement results. For simulations we are comparing

to the measured results, nonlinear effects will not be taken into account.

B High-power limit

While for the current study comparably low pump pulse energy of up to 100 pJ are utilized, the question arises as

to how much we can increase the pump power in the future - especially to improve the generation efficiency and

the emitted THz intensity. The nonlinear effects occurring inside the fiber coupling the laser signal to the TFLN

chip can in principle be mitigated using free-space propagation of the pump light prior to the chip in combination to

edge coupling. On contrary, the lithium niobate waveguides are an elementary part of our THz generation technique.

Consequently, nonlinear effects inside the TFLN chip will limit the maximal power we can use for the generation

process. This aspect is investigated based on simulation in the following.
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Supplementary Fig. 7: Simulation of a 500 fs-long Gaussian pulse with a pulse energy of 1 nJ in a 5 mm long TFLN

waveguide performed with the python package fmas [5]. Left: Evolution of the temporal pulse-shape. Right: Signal evolution

in the spectral domain.

We use the python package fmas [5] that solves the unidirectional nonlinear Schrodinger equation to simulate the

pulse propagation inside the TFLN waveguides. The total dispersion is calculated starting from the effective mode

refractive index that we simulated using the COMSOL Multiphysics Software. We assume a Kerr nonlinear refractive

index to be the one of bulk LN: n2 = 1.8 · 10−19 m2/W [6]. Furthermore, Raman scattering is expected to occur

in lithium niobate. Here, we chose values of fR = 0.635 for the Raman fraction, a period time of τ1 = 21 fs and a

decay of τ2 = 544 fs in our simulation [7]. We note that the different values for fR reported in the literature cause

uncertainty in our simulations.

As an example, we investigate the scenario of pumping the TFLN chip (with waveguide dimensions as in our

experiments) with Fourier-limited Gaussian pulses with a FWHM intensity duration of 500 fs and 1 nJ energy (10

times higher than in our experiments). Our findings reveal that using such a pulse length still contributes to optical

rectification up to 500 GHz. However, shortening the pulse (increasing the peak power), would result in strong
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Supplementary Fig. 8: Simulation of a 500 fs-long Gaussian pulse with a pulse energy of 100 nJ in a 0.5 mm long TFLN

waveguide performed with the python package fmas [5]. Left: Evolution of the temporal pulse-shape. Middle: Signal evolution

in the spectral domain. Right: Pulse shape after the propagation length of a typical antenna gap length (150µm) and a device

of several antennas (0.5 mm) compared to the initial pulse shape.

nonlinear effects. We do not find any significant change in the temporal pulse shape up to distances of 4 mm for

our given waveguide geometry. Hence, we predict the terahertz generation to remain unaffected for this length

(Supplementary Fig. 7). In the frequency domain we can see the spectral broadening due to nonlinear effects

(Supplementary Fig. 7). Further, we find that pulses of 100 nJ (1000 times higher than in our experiment) propagate

without significant pulse broadening over a length of 500µm, even if strong spectral broadening occurs (Supplementary

Fig. 8). From these simulations, we conclude that pulse energies in the range of ∼ 100 nJ will be the upper power

limit. If successfully guiding a 500 fs pulse into one of our antenna gap, the amplitude of such a single-antenna

emission is expected to increase by 3 orders of magnitude to 1 kV m−1 and the pulse energy of the THz signal can

reach ∼ 10 fJ.

Supplementary Note 4 (Simulation of antenna structure)

The simulations of the THz field emitted by different antenna structures in this work were all computed by the

commercial simulator software of CST Microwave studio. The sample layer thicknesses and antenna dimensions were

chosen similar to the values listed in Supplementary Table 1, except of the substrate thickness. To suppress the

effect of a Fabry-Perot-etalon in the investigated frequency range, the substrate thickness was reduced to 30µm.

Aiming for a shorter computation time, the simulated area in the sample plane was adapted to the antenna size

(Supplementary Fig. 9 a) and the simulated frequency range is chosen according to the particular expected resonance

frequency. A discrete port placed in the center of antenna gap excites the antenna. For a broadband investigation

the scenario is simulated using the time-domain solver. To determine the strength of the emitted radiation, a field

probe is placed centered below the device in 500µm distance. The determined electric field at the probe Eprobe (solid

lines in Supplementary Fig. 9 b) is normalized with the field calculated for a similar port and probe but without any

antenna structure Eref (grey dotted line in Supplementary Fig. 9 b). The obtained filter function R(Ω) = Eprobe
Eref

shows

the spectral radiation properties of the particular antenna design (Supplementary Fig. 9 c), whereby the frequency

of maximum R(ω) identifies its peak frequency. Since the length of the generation area strongly affects the emitted

intensity, it needs to be taken into account for investigating the emission strength of different antenna designs. Thus

the normalized antenna emission R(Ω) is multiplied by the spectral field distribution for optical rectification EOR(Ω)
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Supplementary Fig. 9: Schematic of structure used for simulations. a: THz antenna on thin-film lithium niobate

excited by a discrete port. b: Simulated electrical field emitted by antennas of different gap length lgap (solid colored lines) in

comparison to the emission of a bare discrete port without any antenna structure (dashed grey line). c: Filter function R(Ω)

of same antenna simulations as in b.

including the effect of different effective generation lengths leff :

Isim(Ω) ∼ R2(Ω) · I2
0 (Ω) · Ω2 · l2

eff(Ω). (16)

The peak value of Isim(ν) gives a measure for the emitted intensity depending on the antenna parameters or the

properties of the pump pulse.

A Antenna size study

First, we present the simulation of the emission of antennas with different antenna sizes similar to the experimental

study (Fig. 2 c of the main text). For comparability of the determined emission strength the simulated volume and

the frequency range is kept identical being sufficient for all simulated antenna dimensions. The peaks of the simulated

response R(Ω) drift towards higher frequencies for decreasing antenna size, and a broadening and a weakening of the

response function is observable (Supplementary Fig. 10 a). Especially for larger antennas (Lant ≥ 50µm) the frequency

of the maximal response function matches the experimentally determined values (Supplementary Fig. 10 b) underlying

the emission frequency being controlled by the antenna design. In line with the experimental study, we adapt the

antenna gap length lgap = Lant
2 to the antenna length Lant ensuring a generation length below the coherence length.

According to equation (8), the field generated by optical rectification weakens with decreasing generation length.

Nevertheless the decreasing gap length of smaller antennas is compensated by the increasing resonance frequency,

which can be approximated to follow the relation Ωres ∼ 1
Lant

= 1
2lgap

. Consequently the antenna response function

R(Ω) and the Fourier transformation of the pump’s temporal intensity envelope I(Ω) determine the observed signal

strength emitted by different antennas of this particular design. We estimate the generating intensity envelope I0(t)

by Fourier transforming the spectrum measured after propagating through the chip (blue line in Supplementary

Fig. 10 c). As discussed in Supplementary Note 3 A, the spectral phase is assumed to be exclusively caused by

the dispersion of the single-mode fiber (1.1 m SMF 28 from Thorlabs, setup details in Supplementary Note 5 A)
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FWHM:
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FWHM:
1.7 THz

Supplementary Fig. 10: Emission frequency constrains. a: Antenna response function R(Ω) simulated with CST

Microwave Studio for bow-tie arm lengths Lant between 40µm and 200µm similar to the experimentally investigated antenna

designs (Fig. 2 c of the main text). b: Comparison of the peak frequency Ωres determined from the measured antenna emission

(black crosses) and the antenna response function R(Ω) (solid blue line) depending on its antenna arm length Lant. c: Spectral

intensity I0(ω) of the pump signal (blue line, left vertical axis) and spectral phase caused by dispersion inside the fiber (orange

line, right vertical axis). The full width at half maximum intensity of the spectrum measures 1.7 THz. d: Simulated pump

intensity in time-domain I0(t) with a full width half at half maximum intensity pulse duration of 462 fs. e: THz field EOR

generated in the antenna gap by optical rectification of the pump pulse shown in (d), evaluated at the resonance frequency

Ωres when the gap length is linked to the antenna size antenna via lgap = Lant
2 . f : Measured spectral electrical field emitted

by antennas of arm lengths between 40µm and 200µm (solid lines) in comparison with the expected signal strength at the

resonance frequency Ωres of the different antenna designs (black crosses connected by dashed line).

guiding the pulses onto the TFLN chip (orange line in Supplementary Fig. 10 c) and the dispersion inside the on-chip

waveguide. The influence of nonlinear effects inside the fiber or the waveguide are neglected due to the comparable low

power of 31 mW in this particular study leading to a pump signal of 462 fs pulse duration (Supplementary Fig. 10 d).

Based on these assumptions the electric field exciting the antenna EOR(Ωres) is maximal in the limit of 0 THz and

decreases in strength extending up to almost 2 THz (Supplementary Fig. 10 e). In combination with the decreasing

emission efficiency observed in the antenna simulation the trend of the expected signal strength at the particular

resonance frequency explains the experimentally observed signal behavior (Supplementary Fig. 10 f). Only in case of

small antenna sizes (Lant ≤ 50µm) the measured field strength deviates from the predicted curve. Due to the larger

focal spot size, low frequencies are less sensitive to slight misalignment of the sample with respect to the collecting

parabolic mirror. Additionally, also the overlap between THz and probe becomes more critical to alignment mistakes

for higher frequencies and therefore lower spot sizes. Both effects lead to a less efficient detection of higher frequencies

explaining the shift to lower frequencies and weaker signals emitted by the smaller antennas (Lant ≤ 50µm).
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Supplementary Fig. 11: Impact of gap length on emitted THz field a: Effective generation length normalized to the

gap length for the different gap dimensions investigated in Fig. 2 d-f of the main text. b: Simulated spectral intensity emitted

from devices of different gap length corresponding to a. The solid line shows the simulation taking into account the frequency

dependent effective generation leff(Ω) described in equation (3), while the dashed line neglects the influence of phase matching

assuming leff = lgap. c: Simulated peak frequency according to the the product of the antenna resonance and the effective

generation length R(Ω) · leff(Ω) compared to the measured values (Fig. 2 d of main text).

In the following we investigate the influence of the gap length on the emitted THz field, discussed in Fig. 2 d-e

of the main text. The frequency dependent effective generation length leff described in equation 7 can influence the

spectral properties of the emitted THz signal. Therefore the ratio between leff and the true gap length lgap is plotted

in Supplementary Fig. 11 a for the experimentally investigated devices. Within the relevant frequency range between

200 GHz and 600 GHz even for the longest gap of 60µm the effective generation length decreases by less than 15 %,

so that the shift of the measured peak from 483 GHz to 358 GHz cannot be explained only by phase matching. In

Supplementary Fig. 11 b the simulated response function R(Ω) is once multiplied with the effective generation length

leff(Ω) (solid line) and in comparison to that with the full gap length lgap (dotted line). The main difference is a

increase intensity assuming the full generation length but the spectral properties are almost identical. The comparison

of the measured and simulated peak frequencies shows an accordance explaining the spectral shift (Supplementary

Fig. 11 c). In conclusion for the gap lengths investigated in this work, which are below the coherence of lcoh = 64µm

calculated for a frequency of 500 GHz, the phase matching within the antenna gap has a minor influence on the

emitted spectrum.

C Control of THz polarization

Since the highest nonlinear coefficient of lithium niobate - and therefore the most efficient THz generation - occurs

along the [001]-axis, within our experimental study, all the antenna structure is always oriented to emit THz fields

polarized along this axis. To expand our platform by a new degree of freedom in THz control, we investigate modified

antenna designs keeping the orientation of the waveguide inside the antenna gap along the y-axis of the lithium-niobate

while we control the polarization of the emitted wave through the design of the antenna alone. Supplementary Fig. 12

shows the simulation results for two new antenna geometries on the same material platform as in the manuscript.

By departing from the standard bow-tie geometry, we show that we can control the polarization state of the emitted

THz wave. In Supplementary Fig. 12 a an antenna with bowtie-like arms is placed parallel to the y-axis of the crystal.

We choose an antenna arm length of Lant = 90µm and a gap length of lgap = 45µm keeping the parameters similar
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Supplementary Fig. 12: a: Antenna structure for THz emission perpendicular to the excitation direction. The dimensions

are similar to the ordinary bowtie antenna (reported in Supplementary Note 4 ) using an antenna arm length of Lant = 90µm

and a gap length of lgap = 45µm. b: Antenna response of the structure shown in (a) along the y- and z-axis simulated with

CST Microwave studio plotted in logarithmic scale. c: Spiral antenna structure for elliptically polarized THz emission. A

logarithmic spiral with an inner radius r = 10µm, phase-shift of δ = 90◦ and progression of α = 0.35 is placed around the

antenna gap formed by two gold bars of length lgap = 25µm defining the generation area. d: Antenna response simulated with

CST Microwave studio for the log-spiral antenna shown in c along y- and z-direction and the phase difference between the two

different polarization directions.

to the original bow-tie antenna designs. Even when keeping the THz excitation along the z-axis, the emitted signal

is mainly polarized along the y-axis (Supplementary Fig. 12 b). In other words, the antenna rotates the polarisation

of the outcoupled THz field. Our simulations reveal that, in this case, the field ratio between the z-polarization and

the y-polarization is below 4 % at the resonance frequency of 370 GHz, corresponding to an intensity extinction ratio

of -28 dB. This demonstrates that y-polarised terahertz emission is achieved by such an antenna structure.

Following the same principle, log-spiral antennas (Fig 12 c) can be employed to generate elliptically polarized THz

signals [8]. The log-spiral with an inner radius r = 10µm, phase-shift of δ = 90◦ and progression of α = 0.35 is placed

around the antenna gap formed by two gold bars of length lgap = 25µm defining the generation area. We find that

such antenna design can generate elliptically polarized light (Fig 12 d).

Supplementary Note 5 (Supporting Measurements)

A Time-resolved THz electric field measurement

The principle of dual-wavelength time-domain spectroscopy is utilized in the present work to investigate the signal

generated by on-chip optical rectification (Supplementary Fig. 13). The Er:fiber-based laser system provided by

MenloSystem emits a pulsed signal at 1560 nm and its second harmonic at 780 nm. Since both signals origin from

the same laser cavity, the pulses are perfectly synchronized at a repetition rate of 60 MHz. The pump signal centered

around 1560 nm is coupled into 1.1 m of single mode fiber ending in a cleaved fiber tip. Due to the high peak power

of initially 70 fs short pulses, the spectra after 1 m of SMF is changed by nonlinear effects inside the fiber depending

on the pulse energy (Supplementary Fig. 13 panel I). To optimize the fiber tip (FT) position a second cleaved fiber

collects the light transmitted through the chip at the output grating coupler. By the use of two 3D-piezo-stages

provided by SmarAct with nm-precision, both fiber tips are placed into the position of maximum transmitted power.
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The coupling efficiency of the grating couplers is characterized in Supplementary Note 5 C. A pair of identical

parabolic mirrors with a numerical aperture of 0.45 collimates and focuses the emitted radiation into a 3 mm ⟨110⟩

zinc telluride detection crystal (DTX), where it is overlapped with the probe signal centered at 780 nm.

The nonlinear interaction between the THz and near-infrared signal inside the detection crystal maps the electric

THz field onto the polarization state of the probe beam. Measuring the polarization change in the probe signal

accesses the information of the electric field strength of the THz signal within time-overlap of the probe signal. By

stepwise delaying the probe pulses with respect to the THz signal, the electric field of the generated THz is sampled

in time-domain, which is also known as electro-optic sampling. Thereby the time-resolution is limited by the pulse-

length of the probe signal. The auto-correlation determines a pulse length of 180 fs of the probe pulses (Supplementary

Fig. 13 panel II). Consequently, the achievable frequency-limit of about 10 THz is above the frequency range of the

investigated signals (< 1 THz). In our case the THz field is polarized along the [-110] crystallographic axis and the

probe signal along [001], so that the THz field strength is given by [9]:

ETHz(t) = c · ∆I

ω0 · n3 · r41 · lZnTe · Iprobe
, (17)

where ∆I denotes the intensity difference at the two diodes of the balanced detector (BD), ω0 the center angular

frequency of the probe pulses, n = 2.87 the refractive index of zinc telluride in the near-infrared, r41 = 3.9 pm/V

it’s second order nonlinear coefficient, lZeTe = 3 mm the crystal length and Iprobe the intensity of the probe inside

the detection crystal. The Fourier-transformation of the measured time-trace delivers the measured spectral field

EOR(Ω), whereby Ω always denotes the angular frequency.

B THz polarization

In the configuration of the probe pulse polarized along the [001]-axis of the detection crystal, electro-optic sampling

is sensitive to electric THz fields along the [-110]-axis, whereby the chip is in all cases oriented to have the bow-tie

antenna along this direction. To check for THz emission along the perpendicular polarisation, the crystal is turned

by 90◦, keeping the original probe polarization, which is now along the [-110]-direction of zinc telluride. In this

configuration the crystal is still exclusively sensitive to THz fields along the [-110]-axis, which is now perpendicular

to the bow-tie antenna. Since no signal is observable for the turned configuration, as can be seen in to comparison to

a regular measurement (Supplementary Fig. 14), the antenna emits linear polarized THz radiation, as expected.

C Coupling of optical signals

The near-infrared power pumping the THz on-chip are determined for different configurations, since the measurements

presented in the main text are taken for different incoming powers and samples. Inside the optical fiber guiding the

pump-pulse to the on-chip grating couplers, the high peak power leads to nonlinear self-phase modulation. Con-

sequently the input spectrum before coupled to the chip, as can be seen in Supplementary Fig. 15 a for the two

input power configurations of 64 mW and 31 mW in the present work. Since the coupling efficiency of the gratings

is frequency dependent, a spectral change leads also to a different coupling efficiency. Additionally chips origin from

two separate fabrication processes are investigated, whereby a significant difference in coupling efficiency is observed

(Supplementary Fig. 15 b and c). For the study of different antenna sizes (Fig. 2 c of the main text) done with chip

2, the input power of the pump signal was reduced to 31 mW leading to a higher spectral width behind the chip. This

enabled us to reach the higher frequencies of small antenna’s, since the bandwidth of optical rectification is influenced
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by the pulse length and the bandwidth of the pump signal. To determine the power on chip, we first calculate the

frequency-dependent ratio between outgoing and incoming spectral density:

dPout(λ) = C(λ) · dPin(λ). (18)

Assuming a equal influence of the input and output grating coupler on the spectral density, the power density on chip

is directly calculated as:

dPchip(λ) =
√

C(λ) · dPin(λ). (19)

By integration the power on-chip, the corresponding pulse energy is determined. In the case of the first chip, a pulse

energy 98 pJ is determined, while for the second chip in the case of 70 mW (31 mW) a pulse energy of 40 pJ (16 pJ) is

coupled into the waveguide.

D Efficiency of THz generation

To determine the generated THz pulse energy from the measured electric field in time-domain, we first calculate the

root-mean square of the measured electrical field Erms within a time-interval ∆t covering the full THz pulse. The

intensity averaged over the time-interval ∆t is given by:

Ipulse = c · n · ε0

2 · |Eamp|2 = c · n · ε0 · |Erms|2. (20)

From the spatial measurements presented in Supplementary Note 5 F we find a Gaussian width of the THz focus of

w0 = 1.7 mm, so that the pulse energy is calculated by:

Epulse = π

2 · fw2
0 · ∆t · Ipulse. (21)

We achieve THz pulse energies in the order of 10−20 J leading to an efficiency of ∼ 10−10, which is defined as the

ratio between the generated THz pulse energy (∼ 10−20 J) and the pump pulse energy on chip (98 pJ).

E Pump power dependency

According to equation (8) the spectral electric field EOR(Ω) generated via optical rectification is proportional to the

input optical intensity I0(Ω). In this section we investigate the THz signal emitted by a 3-antenna array emitting

radiation mainly at 205 GHz for changing power of the incoming pump signal between 4.9 mW and 58.7 mW before

coupled into the chip. For this device the nonlinear effects of the pump signal inside the coupling fiber does not

influence the generated signal significantly, since its emission frequency is low enough to not be affected by slight

changes of the pump pulse shape (Supplementary Fig. 16 a). The measured field distributions, which are plotted

in Supplementary Fig. 16 a, confirms a decrease in the THz signal while maintaining the spectral shape. Moreover,

the evaluation of the peak electric field of the main peak around 205 GHz (blue curve) and of the side peak around

425 GHz (orange curve in Supplementary Fig. 16 b, left axis) confirms the linear relationship to the incoming power.

The THz pulse energy (green line in Supplementary Fig. 16 b) shows the quadratic dependency typical for second

order nonlinear process, as expected.

17



F Spatial map of cascaded antenna emission

To investigate the spatial properties of a three antenna array , the sample is moved within the focal plane of the

collecting parabolic mirror. Shifting the device perpendicular to the waveguide direction (Supplementary Fig. 17 a),

the signal strength in time domain (Supplementary Fig. 17 b) as well as in the frequency domain decrease with the

distance from the center antenna while the spectral shape remains similar (Supplementary Fig. 17 c). By fitting

the peak spectral intensity with a Gaussian function, the beam waist within the focus is determined to measure

1.69 mm (Supplementary Fig. 17 d). For a moving direction along the optical waveguide (Supplementary Fig. 17 e),

the signal envelope changes in time-domain (Supplementary Fig. 17 f). Since the distance between the different arrays

measuring 0.58 mm is in the order of the focal spot size, the peak associated with the antenna closest to the focal

point in the particular configuration appears to be the strongest. Additionally, the difference in THz path length

discussed in Supplementary Note 2 C becomes observable even though the large aperture mirror collects signals

emitted under different emission angles. Moving the focus against the propagation direction (negative direction, blue

lines), the THz signal triggered first, travels the shortest propagation path leading to a slight shift of the spectrum

towards lower frequencies (Supplementary Fig. 17 g). In contrast, for the opposite direction (orange lines), a shift

of the spectrum towards higher frequencies is observed, since the THz phase shift counteracts against the time-delay

caused by the propagation path of the optical pump signal. Due to the extension of the devices itself of ∼ 1.2 mm,

the measured spot sizes along the waveguide direction increases to 1.95 mm, whereby the Gaussian shape is still

observable (Supplementary Fig. 17 h).

Supplementary Note 6 (Comparison with other terahertz generation schemes)

In this work, we depart from the commonly employed approach to generate terahertz transients in bulk nonlinear

crystals and instead demonstrate on-chip generation that explores many of the advantages of integrated photonic

circuits. Nevertheless, various prior works have attempted to generate terahertz transients with various characteristics.

Since most of the works so far however are performed in bulk nonlinear crystals (among which lithium niobate) or

by shaping the terahertz waveform after its generation by pulse shaping elements positioned after the emitter, our

approach here using integrated circuits is an entirely different approach.

We provide in the table below a comparative analysis with some of the works that have succeeded in the past to

custom-tailor the emission of terahertz transients. Approaches based on quasi-phase matching as e.g. periodically

poled LN generate narrowband multi-cycle radiation, where the emission frequency is controlled by the domain

period [10, 11, 12, 13, 14]. In fanned-out PPLN, the spatially varying domain period allows to control the frequencies

contributing to the THz signal [15]. Designing PPLN the signal strength emitted from each individual domain

is directly linked to the domain thickness. In contrast, in our case, the distance of the antennas can be varied

independently from the gap length determining the signal strength giving a further degree of freedom in the waveform

generation. TFLN offers the ability of poling the LN as well allowing more efficient devices by reducing the required

antenna distance. While in PPLN the number of periods is limited by absorption of THz signal, the perpendicular

antenna emission circumvents THz propagation though the LN. Due to the low optical losses in TFLN waveguides,

the number of antennas can be further increased, mainly limited by the desired chip size. Poling of LN allow the

modification of the crystallographic structure only along the [001] axis, so that the THz polarization is fixed to one

direction within a PPLN crystal. The overlap of THz pulses via photo-injected reflection offers a almost similar degree

of flexibility [16], but also in this approach the THz field is determined by the parallel-plate waveguide preventing any
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polarization modification. THz shaping based on diffractive surfaces is another promising approach offering besides

the spectral and temporal tuning the control over the polarization properties of the THz radiation. However, all

the above mentioned approaches rely on the overlap of many single THz pulses determining spectral and temporal

properties. Inherently, these approaches are not suited for the generation and control of few- or single-cycle THz

pulses with broadband spectra. Using single or parallel antenna emitters, we have the additional possibility to few-

cycle pulses maintaining the control of the center frequency by the antenna design. Using GaP instead of LN, the

crystallographic structure allows the generation of single-cycle THz field along two perpendicular axis depending on

the pump signal’s polarization state. Consequently shaping the polarization of the incoming pulses by the use of

an optical pulse shaper gives the full control of the THz polarization [17]. This approach might be combined with

quasi-phase-matched GaP generating many-cycle waveforms combined with polarization control. Nevertheless we do

not see the opportunity to also control the spatial pattern of the THz radiation, as the distribution of several antennas

within the 2D-chip plane of TFLN can offer. Within a nonlinear meta-surface the variation of the antenna orientation

is utilized to create custom-tailored spatial THz field pattern, but this approach is restricted to the generation of

single-cycle pulses missing the possibility of arbitrary waveform generation [18].

Consequently, using integrated photonic circuits provides unique flexibility of tailoring THz radiation within a single

technology and this approach shows the potential to be further developed into a fully integrated design.

method broad narrow polarization spatial at source

Our work

Integrated circuits in TFLN

On-chip

circuits
✓ ✓ ✓(sim.) ✓ ✓

Quasi-phasematched

crystals [10, 11, 12, 13]
bulk ✗ ✓ ✗ ✗ ✓

Fanned-out

PPLN [15]
bulk ✗ ✓ ✗ ✗ ✓

Polarization

shaping [17]
bulk ✓ (✓) ✓ ✗ ✓

Photo-injected

reflection [16]
p.s.a.e. ✗ ✓ ✗ ✗ ✗

Nonlinear

Metasurfaces [18]
free-space ✓ ✗ (✓) ✓ ✓

Diffractive

surfaces [19]
p.s.a.e. ✗ ✓ ✓ ✓ ✗

Supplementary Table 2: Comparison of the flexibility in the THz properties offered by integrated circuits in TFLN to

common THz generation approaches. p.s.a.e = pulse shaping after the emission e.g. through spatial light modulators placed

downstream from the emitter, sim = simulations only.

As a result of this comparison, we now underline the clear unique advantages that our platform provides. While

other works covers certain degrees of freedom in tailoring the THz radiation, our work can control all properties of

the THz wave using a single platform (see table 2).

1. the on-chip waveguides provide compactness and compatibility with fiber-based source and detector tech-
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nologies. This is critical since experiments using conventional Ti:Sapphire lasers suffer from huge pulse broad-

ening due to large GVD of standard optical fibers. Also, by using available telecommunication infrastructure

experiments can be done without the challenge of free-space propagation of the pump pulses,

2. the design of the individual antenna and the antenna distribution on-chip provides the possibility

to custom-tailor the radiation at the source - rather than through a spectral shaping element placed after a

broadband emitter (which is the case for spatial light modulators [20]), thereby minimizing the effective loss,

3. the low propagation loss characteristic for our fabrication process allows for complex photonic ar-

chitectures, where several antennas may be placed downstream rather than using discrete components with

considerable insertion losses,

4. antenna structures can also be used to pole the lithium niobate film,

5. the thermal and mechanical stability of chip-based devices. For example, the operation point of integrated

interferometers has better stability compared to hand-made free-space ones,

6. the simultaneous control over several degrees of freedom by chip-scale design alone (i.e. in our case all

emitters are pumped under the same conditions, just the chip design is changed),

7. the control of the pump-pulse propagation both temporally (compression or broadening) and

spectrally using waveguide geometric dispersion [21, 6]. For example, by changing the dimensions of the

waveguide, one can launch desired pulses with proper characteristics to the antenna where the THz generation

occurs.

8. outlook on combining our demonstration with active chip-scale components that are intrinsically fast (e.g. GHz-

speed intensity modulators to time the pump pulses, multi-port splitters to distribute pump pulses on-chip, or

integrated laser sources compatible with TFLN towards fully-integrated THz sources [22]),

9. outlook to combine the emitters with perfectly matched detectors on the same chip.

Supplementary Note 7 (Increase of generated THz power)

While we achieve THz fields in the range of only 1 V m−1 within the current study, various optimizations of the

demonstrated on-chip THz source may allow the generation of stronger THz signals in the future.

First of all, one could imagine using the available pump power on-chip more efficiently to avoid most of the pump

remaining undepleted. One can use several subsequent antennas to improve efficiency. Additionally, periodic poling

can be employed to increase the effective number of antennas by a factor of 2 by flipping the crystal domains. Also,

the number of parallel channels may be increased as well, for example by placing 20 × 20 or more antennas on chip.

In this case, the temporal pulse spreading can be managed by tailoring the waveguide dispersion as in refs.[21, 6].

In our current investigation the pulse energy of the pump signal measures only 100 pJ. In Supplementary Note 3 B

we show that for an increase of the of the pump energy to 100 nJ self-phase modulation of the pump signal within the

generation area will affect the THz generation. Consequently the emitted terahertz field amplitude can potentially

be increased by a factor of 1000. By implementing 20 antennas in parallel, we project that the field amplitudes on

the order of 20 kV m−1 should be achievable for this system.

Finally, the THz energy reported in the present work is the as-measured value ignoring any loss in the system.

For instance, the THz energy reported is what is transmitted through ≈30 cm of unpurged path length, collected
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with parabolic mirrors and focused onto the detection crystal without any correction. By plugging in the numbers,

we find that due to the high refractive index of the silicon substrate in the THz range (nSI = 3.425 [23]), the angular

width (110◦ according to the farfield in CST simulations, NA = 0.82) exceeds the parabolic mirror (NA = 0.5).

Consequently, the measured THz pulse energy is lower than the full signal emitted by the device by an estimated

factor of 2.7. A silicon lens can be attached directly into the substrate to improve the collection for the directed

farfield, similar to commercial photoconductive emitters. [24, 25].

In conclusion, the above improvements are expected deliver terahertz field amplitudes of about 20 kV m−1, which

is on-par with other electro-optic emitters used e.g. in time-domain spectroscopy, sensing.
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Supplementary Fig. 13: Dual wavelength time-domain THz spectroscopy. Both signals – the pump at 1560 nm

(dark red) and the probe beam at 780 nm (light red) – originate from one laser System provided by MenloSystem. A fiber-

collimator (FC) couples the pump pulse into a single mode fiber (SMF) guiding the signal via a cleaved fiber tip (FT) on

chip. Panel I shows the spectra the of pump signal changing for different averaged powers due to nonlinear effects inside

the fiber. A second fiber tip collects the remaining 1560 nm signal transmitted through the device to monitor its power on a

photo-diode (PD). The photographic picture (top right corner) shows the sample in front of the collecting parabolic mirror and

the piezo-stages positioning the fiber-tips to the grating on-chip grating couplers. The THz radiation (turquoise) emitted by

the LN-chip is collected and focused into the zinc telluride crystal by a pair of parabolic mirrors. The synchronized fs-probe

pulses (autocorrelation measurement plotted in panel II) are spatially and temporally overlaid with the THz pulses whereby a

delay stage enables to control the time-delay between the two signals. The combination of a λ/4, Wolliston prism (WP) and a

balanced detector (BD) enables an ellipsometric measurement of the change in the probe polarization introduced by the THz

electric field. A chopper in the pump beam path delivers a reference signal for a lock-in amplifier measuring the electric THz

field depending on the time-delay set by the delay stage (bottom right).
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Supplementary Fig. 14: Polarisation properties of emitted THz radiation. Electric field emitted by two parallel

bow-tie antennas polarized parallel (blue) and perpendicular (grey) to the antenna elongation.
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Supplementary Fig. 15: Pump power coupling to TFLN chip a: Spectral power density of the pump signal before it

is coupled into the LN waveguides for the two different power configurations used in the current work. b: Spectrum of the

near-infrared signal out-coupled from first-generation sample. The input power measured 64 mW. c: Spectral density of the

pump pulses after the second-generation sample for 64 mW (blue) and 31 mW (orange) of input power.

Supplementary Fig. 16: Pump power dependence of THz emission. a: Spectral electric field strength emitted by a

3-antenna array with varying pump power. b: In blue and orange (left axis) the peak electric field main and side peak in the

spectrum plotted depending on the input power (lower axis) and the corresponding on-chip pulse energy (upper axis). The

generated THz pulse energy determined according to the measured time-traces is plotted in green (right axis).
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Supplementary Fig. 17: Measured farfield pattern of antenna emitter. a and e: Schematic illustration of the

investigated device and the two direction the focal point is moved. b and f : Temporal electric field measured at different

exemplary positions of the sample. The position of the center of the device with respect to the focal point in the direction

perpendicular (b) and parallel (f) to the waveguide is indicated in each plot. c and g: Spectral intensity corresponding to

the measured time-traces (b and f). d and h: Spectral peak intensity depending on the position of the sample fitted with a

Gaussian function. For the perpendicular direction a focal beam diameter of 1.69 mm is determined, while in the direction

parallel to the antenna array the diameter measures 1.95 mm. The points indicated by crosses indicate the measuring series

moving in negative direction, while for the circles the sample was moved in positive direction.
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