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Supplementary Note 1: THz antenna design and frequency response.

The THz detector comprises of an antenna and a plasmonic slot waveguide filled with a nonlinear
material. The collected energy by this antenna can be optimally concentrated into the nonlinear
material for maximum detection efficiency. An expression describing the field enhancement (FE),
defined as the ratio between the electric field in the plasmonic slot (ETtHz¢) and the incident electric
field (Etnz,i), as a function of the device parameters was previously derived!
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where Zg is the device’s impedance, wsiot is the plasmonic slot width, Ath, is the THz wavelength,
Gr is the antenna gain and Zj is the free-space impedance. Clearly, the slot width has a strong
impact on the efficiency. The nanoscale plasmonic slot can therefore enable optimal field
enhancement. In addition, maximum voltage drop (electric field) in the nonlinear material is
achieved for a device with a high impedance. This is achieved by exploiting the full-wave
resonance of the antenna’. Finally, strong resonance, i.e. high impedance, can be achieved with
magnetic resonators such as the four-leaf clover antenna. In such a structure, the inductive part
comes mainly from the split ring features, and therefore, wider antenna arms can be used to reduce
ohmic resistance and increase the antenna quality (Q) factor. This however comes with a
bandwidth-efficiency trade-off. In other words, the stronger the resonance the narrower the
bandwidth. A broadband antenna response can still be achieved by combining multi-resonance
structures.

Supplementary Figure 1a shows a microscope image of the detector, including the electrical
contacts used for electric field poling. The total dimensions (Lant X Wp) of the detectors are
649 x 124 um? and 318 x 89 um? for the 12 THz and 2.4 THz detector, respectively.
Supplementary Figure 1b shows a schematic view of the antenna structure with crucial parameters.
All parameter values for both antennas are summarised in Supplementary Table 1. All parameters

are given in micrometres (pUm).

Supplementary Table 1 Antenna dimensions in micrometres.

Dx Dy Gx Gy w L1 L. Li We Ne hauw  Lant Wp

1.2THZ‘ 29 32 11 22 37 40 30 30 3.7 5 015 649 124
2.4THZ‘ 10 155 58 23 1 19 15 15 1 5 015 318 &9
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Supplementary Figure 1 Device geometry. a Microscope image of the fabricated device. b Schematic view of the
antenna. Note that the antenna is symmetric but only one side of the PBG structure is shown. ¢ Top schematic view
of the plasmonic slot section. The shaded red area indicates where the silicon dioxide cladding is locally removed.
The inner boundary is where the etch stop layer is additionally removed. d Cross-sectional view (A) of the Si
waveguide. The dimensions of the waveguide are wsi=450 nm and /=220 nm, and the SiO; cladding /ciadding 1S
700 nm height. e Cross-sectional view (B) of the plasmonic waveguide. Height of the metal is 150 nm.

A detailed top-view of the active section (plasmonic waveguide) including the silicon access
waveguide and photonic-plasmonic coupler is shown in Supplementary Figure lc. The SiO2

cladding covering the whole chip is locally removed around the active section of the device, see



depicted area in Supplementary Figure 1c. A 100 nm alumina layer before the cladding deposition
is used as the etch stop layer when opening the SiO cladding. The etch stop layer is additionally
removed (inner boundary of the shaded area in Fig. S1c). The cross-section view of the silicon
waveguide (A) and the plasmonic waveguide (B) are respectively shown in Supplementary Figure
1d and e, respectively. The silicon waveguide dimensions are given in Supplementary Table 2. All

parameters are given in micrometres (pm).
Supplementary Table 2 Silicon waveguide dimensions in micrometres.

wsi hsi hcladding hs
0.45 0.22 0.7 0.1

The detector was optimized for the reception of THz signals by combining the antenna with
phase shifters integrated into a MZI. This allows for directly measuring the electric field amplitude
and phase in absolute units (V m™) for frequencies up to several THz. It should also be noted that
the THz electric field received by both antennas (in both MZI arms) has the same electric field
polarity. So for the detector, as opposed to traditional MZI modulators®, the nonlinear material in
the two phase shifter arms should come with an opposite orientation in order to achieve push-pull
operation®. This is achieved by poling the device asymmetrically between the two antennas, see
Supplementary Figure 1a.

The broad frequency response of the antenna can be decomposed into two parts, i.e. high- and
low-frequency. The simulated field enhancement of the low- (dashed curves) and high-frequency
(dotted curves) antenna parts of the 1.2 THz and 2.4 THz detector are shown in Supplementary
Figure 2a and b, respectively. The part of the antenna providing the high-frequency response is the
four-leaf clover (4LC) resonator at the centre of the structure (Fig. 1c in the manuscript). The 4LC
resonator is designed for a strong field enhancement within a reasonably broad spectral window.
The geometry is therefore ideally suited for the high frequency response of the antenna,
considering that the THz source is weakest at highest frequency. For the low frequency part of the
spectrum, photonic-band gap (PBG) lines acting as a Bragg mirror, provides several resonances in
the frequency range of 0.1-0.7 THz. The photonic bandgap structure is optimized such as to
minimize the influence on the high-frequency resonance provided by the 4LC structure, and

simultaneously provide a broad field enhancement at low frequencies. The simulated overall field
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Supplementary Figure 2 Frequency response of the terahertz antenna. a and b Individual field enhancement
contributions of the low frequency (dashed) and high frequency (dotted) part of the antenna for the 1.2 THz (blue
lines) and 2.4 THz (red lines) detectors, respectively. In addition, the combined field enhancement of the 1.2 THz and
2.4 THz antenna is given for both structures (solid lines). The shaded area indicate the expected measurable signal.
¢ Field enhancement for four-leaf clover antenna structure for different spectral windows.

enhancement (solid lines) provided by the 1.2 THz and 2.4 THz detectors are also shown in
Supplementary Figure 2a and b, respectively. By controlling the 4LC resonance and PBG
geometry, the overall frequency response of the device can be tuned. The scheme offers the
opportunity to optimize the RLC resonance to a wide variety of THz fields. For instance, a single
4LC resonator could be optimized with a centre frequency of 6 THz, see purple curve in
Supplementary Figure 2c. However, such an antenna offers a limited passband which depends on
the Q factor of the resonator. The higher the Q factor the higher the sensitivity of the detector, but
the lower the bandwidth. However, using an integrated circuit allows for parallelization. One could
align multiple detectors in parallel, each optimized for a different spectral window, as shown in
Supplementary Figure 2c. It would also be possible to use different kinds of antennas with, for
example, a more broadband response (bowtie antenna) or polarization in-sensitive (log-spiral
antenna). It should be noted that, although the simulations help to understand the device operation

and give a rough estimate of the expected frequency range, it is only part of the story.



Supplementary Note 2: Operation principle of the Mach-Zehnder interferometer.

The working principle of the Mach-Zehnder Interferometer (MZI) is discussed in this section with
respect to its sensitivity to an externally applied THz field of amplitude Etn.g. For this purpose,
we assume an input probe intensity I;, (which is proportional to the square of an electric field Ej;,)
which is fed to the MZI. The probe signal is first split and further propagates through the two
branches of the interferometer. Subsequently we will show, that the path imbalance between the
two branches of the interferometer at zero applied THz field greatly determines the sensitivity of

the interferometric detector. The path difference can be given by the phase offset @ggrser =

2m . . .
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Supplementary Figure 3 Mach-Zehnder interferometer transfer function. The quadrature point with the linear regions
is shown. The quadratic dependence point (max and min) are also shown.

probe pulse in the dielectric waveguide and Al the geometric path difference between the two
branches. We further assume Lg,: to be the length of the plasmonic slot, @ the attenuation

coefficient of the probe intensity in the plasmonic slot and A@y, = i—“Aneffleot = APesrLgior the
P

phase delay introduced by the in-gap THz electric field Etnzg. Aneg can be modulated upon
applying an electric field Ety,g. Also, it should be noted, that in a MZI that is operated in push-
pull operation mode one will induce a phase shift of Ay, in one arm and a phase shift of =A@y,
in the other arm. The total phase shift thus is 2ZA@Ty,. We assume A@ry, <K gto be very small.

The electric field and intensity of the probe after the interferometer then is

PDoffset + 2 A‘ﬂTHz)
2 2

g
Eoue = Ejp e 27" COS( (2)

Iin

Iout = ? e_aLSIOt[]- + C()S((poffset + 2 A(pTHz)] (3)



Clearly, since

0lout : ]
aA(;’lI‘le =—ILe *Lslot Sln((poffset + 2 A(pTHz) (4)

the sensitivity of the output intensity to an incident THz field is highest for sin(@qffser +
2 A@pTy,) = 1, that is for @greer = T/2 (quadrature point).

If the MZI is operated near the maximum transmission point, then @,¢er = 0 and

Iin _ Do
Iout = % e aLSlOt(z - OTM -2 A(:0'%‘Hz - 2(poffset A(pTHz) (5)
Al = Iy — IoutlA(pTszo = Iine_aLSIOt( A(p%Hz + Qoffset AQDTHZ)- (6)

Hence, the intensity modulation contains a quadratic and a linear dependence on the THz electric
field. Since typically we have, @qffset > A@THz, the linear term dominates. A similar behaviour

occurs for @yffset = T

Conversely, if the MZI is operated near the quadrature point, then @ fger = g and

— lin —al
Iout - ? e SIOt(l + 2 A(pTHZ) (7)
Al = oy — IoutlA(pTHz=O = Iine_aLSlot AQrHz- (8)

In this point, the average output intensity is I‘?“ and the intensity modulation depends only linearly

on the THz electric field.

Supplementary Note 3: MZI tuning with thermo-optic phase shifter.

In this section we discuss the performance of the demonstrated THz detector with respect to the
proper choice of the operation point within the MZI. More precisely, there is a freedom to adjust
a phase offset @¢rser ON the two arms of the MZI by means of a thermoelectric heater and in this
way to change the operation point of the transfer function of the MZI. The geometry of the detector
is shown in Supplementary Figure 4c. Before the plasmonic phase shifters, the probe beams pass
through a dielectric Si waveguide which is covered by an Ohmic resistor. Upon an applied current,
the resistor dissipates heat, which in turn tunes the imbalance between the two arms of the
interferometer. Upon tuning, the amplitude of the electro-optic signal and the total transmission
through the interferometer is changed. Supplementary Figure 4a shows the normalized transmitted
optical power as a function of the phase offset @ ¢fser between the two MZI arms, i.e. the transfer

function.
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Supplementary Figure 4 On-chip interferometer tuning. a Measured transmitted power as a function of the phase
offset between the MZI branches. b Measured time traces. The colours correspond to the measured transmitted power
in a. ¢ MZI THz detector structure with thermo-optic heater.

In Supplementary Figure 4b we show the detected time-traces for different phase offsets, with
the corresponding phase offsets shown in Supplementary Figure 4a. We annotate in the legend
also the measured output power and applied current to the thermo-optic heater to tune the MZI.
When the interferometer has zero phase offset, i.e. @qyfser = 0, maximum optical power is
transmitted, i.e. -44.1 dBm. It is worth noting that when the phase offset between both MZI arm
changes from a negative offset (Qfrser < 0) to a positive offset (@qeser > 0), the measured field
amplitude changes sign accordingly.

Next, we discuss the THz detector performance with respect to its MZI operation point as

summarised in Supplementary Figure 5a. For this purpose, we analyse the total peak-to-peak



modulation Al = Alax — Al of the probe intensity (see left y-axis of Supplementary Figure
5a) as obtained from the measurements shown in Supplementary Figure 4b. Al ¢ and Al
correspond to the maximal positive and negative THz field, respectively. In addition, we normalize
Al by the detected average intensity (/) to exclude the linear dependence of the electro-optic
signal on the probing pulse intensity (eq. 1 in manuscript) and demonstrate the performance of the

detector itself. We name this ratio the modulation efficiency 7, i.e. n = Al /(I) (see right y-axis

of Supplementary Figure 5a).
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Supplementary Figure 5 Detector efficiency and linearity as a function of the MZI operation point. a Terahertz
detector efficiency as a function of the MZI operation point. The black dotted curve shows the transmitted intensity
as a function of the MZI operation point, i.e. the MZI transfer function, going from the dark state (¢¢rser = T relative
phase shift) to the bright state (0 relative phase shift). On the left y axis, we show the measured (blue squares) and
expected (blue dotted line) absolute peak-peak (Alpp) amplitude at a constant input probe intensity. The right y-axis
plots the measured (red squares) and expected (red dotted line) modulation efficiency 7. b The linearity of the electro-
optic signal peak amplitude is investigated for the quadrature point where the response is linear and for the bright state
where the response becomes quadratic.

In case the phase offset between the two MZI arms is @yfrset = T, We are in a destructive
operation mode — the so called Null-point operation point. Unfortunately, the intensity modulation
around the Null point is then weak. Although the modulation efficiency 7 is maximal, not enough
optical power reaches the photodiode to detect the THz field. Conversely, when the phase offset
1S Qofrset = 0, maximum light reaches the photodiode. However, due to low modulation efficiency
1, no THz field is detected as well. Furthermore, in the vicinity of the maximum transmission
Qottset = 0, the response of the detector contains linear and quadratic terms (see equation in

Supplementary Note 2), as shown in Supplementary Figure 5b. In other words, the detector

becomes a photon detector. Finally, when the phase offset is set to @ frser = g, i.e. quadrature point

of the MZI, the intensity modulation becomes largest and a maximal THz field amplitude



modulation is detected (see Supplementary Figure 5a). Also, the response of the detector is linear

in field, as shown in Supplementary Figure 5b.

Supplementary Note 4: Electric field induced phase modulation.

Here we discuss the induced phase shift of the optical probe signal, i.e. phase modulation, by the
applied THz electric field. In an electro-optic material, the phase shift is caused by the change of
refractive index Any,,; induced by the applied electric field. The accumulated phase shift over a

distance L is then given by

where [ is the propagation constant. For a small change in refractive index, the phase shift can be
rewritten in terms of the group velocity vy = i—(;,
pp~1- 20—y ey
eEE TR (10)
where ng = vi is the group index and c the speed of light. Note that L - % = S—Z = Tg s the group
g

delay. It can be seen that the phase shift can be enhanced in low group velocity systems®*. The
group index is determined by the overlap integral of the energy stored in the field and the
propagating Poynting vector’

If (EOMEE+ — ,uOHH+> ds

no=f_. dw
. ove [ R(E x H) - 2dS

(11)

where v, is the energy velocity®, € is the permittivity, R the real part and 2 is the unit vector in

z-direction.

The shift in the optical propagation mode* due to a small An,,, is given by Lo — -1 (%),

w Nmat
where I is the fraction of the total energy of the optical signal that contributes to the nonlinear
interaction. In other words, it is the overlap integral between the energy of the optical component

aligned to the nonlinear axis of the electro-optic material and the total optical energy”:
2
& ffgaplEXI ds

If (eo%z)w)EE““ —,uOHH+) ds

I. =

(12)
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We can rewrite the induced phase shift

An
A<p=L-k0-FC mat

Ne.
Nmat g (13)

where k, = % is the wavenumber. The linear electro-optic effect introduces a change in the
refractive index of the nonlinear material upon an applied electric field Ety, g
Miar = =13 753 E
Nmat = Enmatr33 THz,g> (14)

Finally, the induced phase change can be written as

Apry, = Enrznatr33ETHz,ng0R:ng' (15)

Supplementary Figure 6a shows the field profile for the optical probe signal (1560 nm) and the
THz signal (2.4 THz) for a slot width of 100 nm computed with COMSOL and CST Microwave
Studio, respectively. Both signals are well confined to the plasmonic gap with an almost perfect
overlap. Supplementary Figure 6b plots the computed effective group index change and the
induced phase shift, for a plasmonic slot width of 100 nm and length of 5 um. An electro-optic

coefficient of 120 pm/V is assumed.
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Supplementary Figure 6 Plasmonic phase shifter. a Optical and THz field distribution. b Computed change in
effective group index (black curve) and induced phase shift (red curve) for a 2.4 THz device with a slot width of
100 nm and a length of 5 um.

Supplementary Note 5: THz detector filter response.

Following the same procedure as described in the main manuscript, an approximated filter
response H'(w) for the 2.4 THz detector was obtained. In Supplementary Figure 7 we show the

retrieved signals s’ (t) using the approximated filter response for both the 1.2 THz and 2.4 THz
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detectors. It can be seen that both pulses show great similarities, indicative of a good

approximation of the filter response.
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Supplementary Figure 7 Time domain response retrieved with the approximated filter response for the 1.2THz (blue
curves) and 2.4THz (red curves) detectors.

Supplementary Note 6: Spectral response of ZnTe and water absorption lines.

Supplementary Figure 8 shows the measured spectral response with the 1 mm and 200 um long
ZnTe crystals, and the 2.4 THz MZI detector. It can be seen how the spectral response of the
2.4 THz detector compares nicely with the I mm long ZnTe crystal. Several water absorption lines
are visible in the spectrums (see dashed black lines). The absorption line frequencies are indicated

in THz unit’.
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Supplementary Figure 8 Spectral response measured with the | mm and 0.2 mm long ZnTe crystals, and the 2.4 THz
MZI detector. The probe power P, used to measure the different spectrums are 1.8 mW, 0.9 mW and 63 nW,
respectively. Visible water absorption lines are shown. The numbers indicate the absorption frequency in THz

The small frequency deviations in absorption lines are due to the low spectral resolution. The
spectral response of the 200 um long ZnTe exhibits a smaller dynamic range but with a larger
bandwidth. This is because the coherence length doesn’t limit the detection bandwidth. Note that

the ZnTe spectrums for the 1 mm and 200 um long ZnTe crystal were taken with an optical probe

12



power of 1.8 mW and 900 uW, respectively. The 2.4 THz MZI detector was measured with an
optical probe power in the photodiode of 63 nW.

Supplementary Note 7: Comparison among different technologies for THz electric field
measurement.

We further compare different platforms that are commonly used for coherent detection of the
electric field of terahertz (THz) waves with the purpose to evaluate their individual performance
and potential for improvement. In that respect, we shall compare electro-optic detection in ZnTe
crystal 1 mm, photoconductive detector at 1550 nm, large-area photoconductive detectors at 780
nm, detection in organics combined with a three-dimensional antenna and the organic-plasmonic
on-chip detectors. We will resort to distinct scientific reports about the performance of the
individual detectors and they will be used to benchmark the different technologies. This study is
intended to give an overview over the existing technology and is not aspiring to provide an ultimate
comparison as all experiments have been done in different laboratories and in different
experimental configurations.

In the different platforms, the electric field of a terahertz wave is measured indirectly, by means
of a femtosecond probe. For instance, in electro-optic detection schemes the THz electric field
ultimately introduces a modulation of the intensity of the probe beam. Conversely, in
photoconductive detection schemes the probe beam generates carriers in a semiconductor which
are then accelerated by the THz wave to produce a photocurrent that is finally detected.

In the case of free-space electro-optic detection in ZnTe 110-cut, the intensity modulation is
equal to:

3
Ipr41noptlinthTHz(T)
Co

AI(T) = (16)

with I, the total probe intensity travelling through the detection crystal, w the angular frequency
of the probe, ny,¢ the refractive index at the probe frequency, iy, the interaction length between
the two beams, and 7, the electro-optic coefficient of ZnTe. Typically, I, = 2 mW, n,,. = 2.8,

741 = 3.9pm V™1 [, = 1 mm and A, = 800 nm. Therefore,

Al(T)

=6.67 1077 mE
b - O V THZ(T)' (17)
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In the case of an electro-optic detection scheme inside the three-dimensional antenna with the
probe coupled from free-space:

Al(r) = Ipr33n(3;ptlinthTHz(T)r *FE

o (18)

with 735 the electro-optic coefficient of the nonlinear organic material, I the mode overlap and FE
the field enhancement provided by the antenna. Typically, I, = 0.074 mW, nyp = 1.76, 135 =
120 pm V™1, I, = 0.004 mm, FE = 100 and 1, = 1550 nm. In this case, I" is very small as the
mode matching of the free-space probe to the antenna gap is highly limited by diffraction and

misalignment. If we assume I' = 0.5, then

Al(T)

m
— . -7 _
) =5.3-10 v Ery, (7). (19)

In the case of the integrated electro-optic THz detector with the MZI configuration featuring a
hybrid organic-plasmonic phase modulators one finds:

Ipr33n(2)ptlinthTHz (T)rcng - FE

Al(T) = o (20)

with Itng the field energy interaction factor. Typically, I, = 107* mw, Nopt = 1.77, 133 =

120 pm V™1, Itng = 1.6, lip; = 0.004 mm, FE = 1000 and 45 = 1550 nm. Therefore,

Al(T)
I

m
=7.62- 10‘67ETHZ(T) (21)

p
We find therefore that the use of a MZI detector featuring hybrid organic-plasmonic phase shifters
of a width of 75 nm yields an at least ten times higher electro-optic signal than all other detection
schemes at equal probe powers. For shot-noise limited detection, the SNR of the MZI detector is
thus at least a factor of 10 higher than the other detection schemes at equal probe powers.

In the case of a photoconductive detector, we find that the photocurrent driven by the terahertz

electric field at the electrodes is equal to®:

poePcTiA 7

where pg is the electron mobility in the semiconductor and e the elementary charge. ®(t — 1)
describes the temporal (and thus frequency) response of the semiconductor and is determinded by

the carrier lifetime. T;, is the Fresnel transmission coefficient for light from a laser beam of center
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wavelength 4 and waist of standard deviation X . P; is the average power entering the
semiconductor, h is the Planck’s constant and ¢, is the speed of light in vacuum.

We summarize different characteristics of the different platforms in Supplementary Table 3. For
near-field (NF) measurement possibility but with the probe still propagating through an analyte is

marked with yes*.

Supplementary Table 3 Electro-optic sampling characteristics of different platforms.

Detection 1n/Ery, [m V1] Lint Confinement  Etnzi  Ppump  Pprobe FIBER NF DR [dB]
This work 7.62:10°¢ 5um 5 x0.075 um? n.a. 76 mW 63 nW yes yes 65 @20s
ZnTe-780 nm 6.67-1077 1 mm 7(1 mm)>? n.a. 35mW 1.8 mW no no 80@1s
3D Ant-1550 nm’ 5.3-107 4pum  5x22pm? na. 76mW 74 uW no yes*  40@5s
PCA-1550 nm'® n.a. n.a. n.a. 75uW  20mW 10 mW yes yes* 100 @ 70 ns
PCA-780 nm!! n.a. n.a. n.a. n.a. n.a. 170 mW no yes* 107@7.5s

Supplementary Note 8: Influence of probe power and modulation efficiency on dynamic
range.

Supplementary Figure 9 shows the dynamic range (DR) as a function of the probe power and the
modulation efficiency. The measured DR for the 2.4 THz antenna and the 1 mm long ZnTe crystal
are indicated in white for similar measurement specifications. The integrated THz detector has a
strong efficiency but a limited probe power. On the contrary, the ZnTe crystal has alow modulation
efficiency but a high optical power. Assuming the improvement in optical power as discussed in
the method section of the manuscript, an at least equal dynamic range (red point) would be possible

for the integrated detector of only 5 um in length.
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Supplementary Figure 9 Dynamic range as a function of the probe power and modulation efficiency.
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