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Adaptable electro-optic detection
of THz radiation using a laser-
written bull’s-eye antenna

Hesam Heydarian'™, Xitong Xie?, Aswin Vishnuradhan®, Wei Cui*, Arnaud Weck?,
Angela Gamouras®? & Jean-Michel Ménard®3"*

We report a nonlinear terahertz (THz) detection device based on a metallic bull’s-eye plasmonic
antenna. The antenna, fabricated with femtosecond laser direct writing and deposited on a nonlinear
gallium phosphide (GaP) crystal, focuses incoming THz waveforms within the sub-wavelength bull’s
eye region to locally enhance the THz field. Additionally, the plasmonic structure minimizes diffraction
effects allowing a relatively long interaction length between the transmitted THz field and the co-
propagating near-infrared gating pulse used in an electro-optic sampling configuration. We show an
increased detection sensitivity over a large spectral range extending from 1.4 THz to 3.1 THz with a
peak enhancement factor of 3.1 at 2.7 THz. We demonstrate that this plasmonic structure is especially
effective in monitoring THz signals affected by beam wandering or varying spot sizes. Our concept

can be adapted to any second-order nonlinear crystal to realize compact and sensitive THz detectors
without the need for tight beam focusing or high-precision alignment. This work paves the way for
future developments of compact and sensitive THz detectors, notably for applications in wireless
communications.

Keywords Terahertz detector, Nonlinear optics, Plasmonic, Electro-optic sampling

Improving the sensitivity of terahertz (THz) detection techniques is fundamental to the deployment of THz-
based systems to enable new applications in imaging and spectroscopy’, ultrafast wireless communications?,
and security screening’. The most widely used techniques for the detection of THz pulses in the range of 0.5-30
THz are based on nonlinear optical processes*. In particular, THz detection techniques relying on nonlinear
optical effects, such as electro-optic sampling (EOS), are powerful and versatile techniques which have the
potential to reach high detection sensitivity over a broad operational spectral bandwidth>°. The EOS technique
exploits the x(® nonlinearity of an electro-optic crystal and can be explained in the context of the Pockels’
effect: the incoming THz pulse acts as an oscillating electric field changing the polarization state of a co-
propagating femtosecond near-infrared (NIR) gating pulse through a second-order nonlinear effect. The THz
wave amplitude and phase can then be fully mapped out by monitoring the polarization state of the gating pulse
while the time delay is scanned between the two gulses. The sensitivity of this nonlinear detection technique
depends on many factors such as the materials’ x(*) coefficient, the interaction length and the phase matching
conditions. Previous work reported on different optical geometries to increase detection sensitivity’~%, notably
by controlling phase matching conditions, but other parameters like the minimum size of the THz spot are often
overlooked. Since a smaller spot size corresponds to a larger field amplitude, EOS setups usually rely on strong
focusing optics. However, because of the diffraction limit, the THz spot size always remains large in comparison
to gating beam diameter, which typically remains an order of magnitude smaller. Therefore, a configuration able
to achieve sub-wavelength confinement of a THz wave within an electro-optic crystal can greatly enhance the
sensitivity of the EOS technique. Such solutions have been explored previously in the context of electro optic
phase shifters'®-!2, In this previous work, a metallic bowtie antenna locally enhances the THz field within a
small pm-scale interaction region to achieve more efficient nonlinear interactions!?. This field enhancement
arises from the excitation of plasmon modes, coherent oscillation of the conduction electrons along the metal
surface!?, and the confinement of the electromagnetic field near the metal surface, which leads to a more efficient
nonlinear optical detection'. In a more recent design, an optimized spatial overlap was achieved by developing
a monolithic detector on a silicon-photonics platform resulting in orders of magnitude improvement of the
nonlinear conversion efficiency per unit length compared to bulk nonlinear crystals'2. However, in this device,

1Department of Physics, University of Ottawa, Ottawa, ON KI1N 6N5, Canada. 2Department of Mechanical
Engineering, University of Ottawa, Ottawa, ON K1N 6N5, Canada. *National Research Council Canada, Ottawa, ON
K1A OR6, Canada. “"email: hheydari@uottawa.ca; jean-michel.menard@uottawa.ca

Scientific Reports | (2025) 15:764 | https://doi.org/10.1038/s41598-024-84625-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-84625-4&domain=pdf&date_stamp=2025-1-3

www.nature.com/scientificreports/

the guided plasmonic probe beam interacts with the enhanced THz field in a noncollinear manner, which
drastically limits the interaction length. In addition, these configurations rely on nonlinear organic materials and
are therefore more susceptible to optical damage than semiconductor-based devices. Plasmonic nanostructures
have also been used in photoconductive antennas (PCA) to enhance the THz detection sensitivity by amplifying
the optical absorption and photocarrier generation in an active region!>!6. In other designs using plasmonic
contact electrodes'” and plasmonic antenna arrays'®, further enhancements in detection sensitivity over a large
spectral bandwidth are achievable due to the smaller path length of photo-generated carriers to the electrodes.
Despite these advancements, the performance of PCA detectors is still limited by a narrow operational bandwidth
confined to relatively low THz frequencies and a relatively slow response time due to the slow drift velocity of
the photo-generated carriers'®.

In this work, we present a plasmonic bull's-eye antenna designed to increase THz detection efficiency in
a standard free-space EOS configuration. The antenna, fabricated with a laser direct machining method and
positioned on the surface of a GaP crystal, captures the incoming THz field and focusses it within the sub-
wavelength bull’s eye region, where a NIR gating pulse is also focused. The resulting local field-enhancement
of the THz wave leads to a stronger nonlinear interaction with the gating pulse and an improved detection
efficiency. In addition, the antenna’s design minimizes diffraction effects of the transmitted THz field as
it overlaps with the NIR pulse propagating inside the GaP crystal. This extended spatial overlap results in a
longer nonlinear interaction length, further enhancing THz detection sensitivity. We experimentally confirm a
detection sensitivity enhancement across a wide spectral window, ranging from 1.4 to 3.1 THz, with a three-fold
increase at the resonance frequency of 2.7 THz. Although we demonstrate the concept on GaP, a semiconductor
crystal, any second-order nonlinear materials could be implemented in this EOS configuration to access different
operational frequencies. Finally, our device demonstrates the capability to mitigate the impact of THz beam
wandering and size fluctuations at the receiver position. Combined with detection schemes relying on an up-
conversion process® or thermal-based nanomechanical resonators!?, the device could significantly improve the
monitoring of wireless signals for future communication technologies exploiting >1 THz frequencies***! and
single pixel imaging®>?*.

Experiments and results

A schematic diagram of the antenna structure design is shown in Fig. 1a,b. This structure is composed of several
concentric gold ridges of width (w) and grating period (p), referred to as a bull's-eye grating, to couple the
normal incidence THz wave into a surface plasmon polaritons (SPP) propagating towards the central aperture.
This gold layer is attached to a 110-oriented GaP substrate, a second-order nonlinear crystal. The ridges’ size and
grating period are engineered to maximize the local THz field enhancement at the center of the structure and to
optimize the directionality of its near-field reemission pattern in the nonlinear substrate. When a femtosecond
near-infrared (NIR) gating pulse is transmitted in the central aperture, nonlinear interactions between this
beam and the enhanced THz field produce the signal recorded by the electro-optic sampling scheme. The signal
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Fig. 1. Nonlinear THz plasmonic detection device. (a) Schematic of the bull’s-eye plasmonic antenna on a GaP
crystal with an incident THz wave (cyan). An incident NIR gating beam (red) overlaps with the enhanced THz
field in the center of the structure (GaP inside), to increase EOS detection sensitivity. (b) Cross-sectional view
of the bull’s-eye detection device. (c,d) Show SEM images of devices A and B, respectively, which are fabricated
with laser direct writing.
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amplitude is proportional to the nonlinear interaction strength, which depends on both the THz field and the
spatiotemporal overlap of the two beams inside the nonlinear material. Temporal overlap is easily achieved by
controlling the delay of the gating pulse with a translation stage in a standard EOS set-up, while an optimized
spatial overlap requires thoughtful design of the plasmonic antenna. Numerous designs have been used to achieve
a substantial local field enhancement. Yet, such high fields are typically confined near the plasmonic structure
and do not take advantage of a long nonlinear interaction length. Therefore, we designed a plasmonic structure
that not only amplifies the THz field but also ensures its extension within the nonlinear crystal. This extension
is crucial to allow for a relatively long co-propagation distance with the gating pulse, thereby maximizing the
advantages of the structure.

Numerical simulations using the Lumerical FDTD software are used to optimize the antenna design.
Specifically, we used the THz mode volume enhancement (MVE) at a THz frequency §2 as a figure of merit
indicative of the performance of a bull’s-eye plasmonic structure in improving THz wave detection with EOS.
The effective THz field contributing to the nonlinear process is considered to be the product of the THz field
amplitude and a normalized gaussian function with lateral size equal to the measured NIR gating beam diameter
(20). The MVE is defined as the ratio of the effective THz field amplitude, with (E,) and without (Ep) the
presence of the plasmonic antenna, integrated within a volume V. The volume is related by the propagation path
of the NIR gating pulse inside the nonlinear crystal and limited to the thickness of the crystal.

_ 1 IBo(®)leap(~ £)dV]?
| [ | Bo(@)exp(—L3)aV?

MVE(Q) (1

We calculate the optimal geometrical parameters of the plasmonic antenna with numerical simulations by
maximizing the MVE. In these simulations, we consider the complex-valued dielectric function of gold?* and
linear optical properties of GaP?>. Two promising designs of bull’s-eye plasmonic structures are obtained. Device
A has a grating duty cycle ¢ = 50%, corresponding to the ratio of the ridge’s width w to the period of the grating
p> while  is set to 75% for device B. Both designs use an aperture diameter d = 125 pm, which is a tradeoff to
achieve tight THz field confinement while ensuring a wide-enough clear path for the NIR gating pulse used for
EOS. The eye antenna grating is composed of ten gold rings, which are optimized in pitch size, p = 100 pm,
and grating height, h = 12 um, to maximize the MVE at 2.7 THz. The grating period can be adjusted to shift
the device’s optimal frequency of operation, as shown in the Supplementary Information. We selected 2.7 THz
because it corresponds to a region where most electro-optic detection schemes, highly performant around 1
THz, exhibit a rapid decrease in sensitivity.

A 25 um-thick gold foil is used to fabricate the antenna. A laser direct writing (LDW) method allows the
grating structure to be etched on the gold foil surface in a maskless fabrication process. This method effectively
tackles the practical challenges associated with fabricating thick metallic structures®®. Unlike standard thin film
coating techniques, such as e-beam and thermal evaporation, which are limited to coating thicknesses of only a
few hundred nanometers, this approach allows for greater flexibility and scalable fabrication of thick structures
adapted for THz applications. The LDW system is equipped with a Yb:KGW laser source delivering 300 fs pulses
at a wavelength of 1030 nm and repetition rate of 10 kHz. Using a 10 mW focused Gaussian beam with a
diameter of 8 um on the gold surface, we achieve vertical and lateral resolution as small as 8 um and 1.5 pm,
respectively. The relatively low laser power increases control over the vertical etch rate while reducing thermal
accumulation. The beam scanning speed of 1 mm/s ensures no deformation in the circular shape of the eye
antenna rings. With these parameters, a groove with 50 pm width and 12 pm depth is fabricated by scanning the
laser beam 8 times, then the beam is moved laterally by 7 um, and the process is repeated seven times to cover
the full device width. Figure 1c,d show the SEM image of the fabricated structures.

We evaluate the improved performance of an EOS detection scheme with our plasmonic device located on
the surface of a GaP nonlinear detection crystal. The experiment uses a standard home-built ultrafast time-
domain THz spectrometer (THz-TDS)%. This scheme relies on a 5 W femtosecond fiber laser source (Vinci from
TeraXion) producing 55 fs pulses with a repetition rate of 40 MHz at a wavelength of 1064 nm. The output is
split into two beam paths for THz generation and detection. THz generation is achieved by optical rectification
by focusing the NIR pulse on a 1 mm-thick 110-orientated GaP crystal. Within an enclosure purged with dry
air, the generated THz wave is focused onto a reference THz detection crystal, a 200 pm-thick 110-oriented
GaP. The minimum diameter of the focused THz beam is 125 pum at full width at half maximum (FWHM).
The measurement setup is optimized in such a way that by translating the detection crystal along the optical
propagation axis, the THz spot size on detection crystal increases up to 340 pm while the gating beam spot size
is kept constant by adjusting the position of a focusing mirror. Exploring different THz spot sizes ranging up to
several hundreds of microns is useful to assess the performance of a detector without the requirement of a tight
focusing configuration. A quarter-wave plate, Wollaston prism and a pair of balanced photodiodes monitor the
THz-induced polarization change as a function of the time delay to map out the THz transient.

Figure 2a shows the EOS trace collected with devices A and B with a 340 um FWHM THz spot size, which is
compared to the results obtained with the reference crystal (black line in Fig. 2). Here, all GaP detection crystals
are from the same original wafer, thus having the same thickness. The Fourier transform is applied to the time
traces to retrieve the power spectrum and is shown in Fig. 2b.

The enhancement in detection sensitivity, attributable to the plasmonic structure, is distinctively evident
in the frequency domain data. We extract the detection enhancement (DE) factor by calculating the ratio
between the spectral power measured with and without the plasmonic structure and compare this value with
the MVE numerically calculated with Eq. (1) using the design parameters of devices A and B. We observe a
good overall agreement between the measured DE and the calculated MVE. These two devices are similar in
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Fig. 2. THz measurement results. (a) THz transients measured by EOS with plasmonic structures A (blue line)
and B (green line) or with the reference crystal (black line). (b) Corresponding spectral power obtained by
Fourier transformation of the time-domain data.
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Fig. 3. Eye antenna performance as a THz detection device and THz field spatial distribution. (a)
Experimental detection enhancement (DE) and calculated MVE for designs A (blue) and B (green). The inset
shows the THz field distribution on the top surface of the GaP substrate under the antenna aperture of device
B. The black dotted circles represent the NIR gating beam spot size (FWHM). (b) Normalized THz field
intensity cross-section distribution at resonance frequency in the center of device B.

terms of enhancement around the resonance frequency, especially considering that defects induced during the
fabrication process may broaden the spectral resonance. As shown in Fig. 3a, we reach experimental detection
enhancement factors as high as 2.4 and 3.1 around the resonance frequency with devices A and B, respectively.
Both experimental and numerical results confirm a higher detection efficiency with design B. Numerical
simulations showing the spatial THz intensity distribution (Fig. 3b) indicate that the enhanced performance
is attributed to the larger duty cycle. Also, as shown in Fig. Sla, the optimal device’s performance is reached
when the duty cycle is roughly 80%, similar to the specifications of device B (¢ = 75%). The THz electric field
profiles also provide insights into the physical mechanism behind the enhancement of the nonlinear interaction
strength with the gating pulse. First, we observe that the THz field distribution at the resonance frequency
directly behind the eye antenna aperture has a Gaussian profile with FWHM of 60 pum (see inset of Fig. 3a). This
spatial profile, only slightly larger than the intensity distribution of the gating pulse (50 um FWHM), ensures
an efficient nonlinear interaction. More importantly, the re-radiated THz field on the transmission side of the
antenna, shown in Fig. 3b, remains well collimated and directional to ensure a relatively long co-propagation
length with the gating pulse. Considering that the plasmonic device increases the detection sensitivity around
the resonance frequency, a post processing step is needed to retrieve the spectrum of the incoming THz signal,
which might be important for spectroscopy applications. This step consists in dividing the detected spectrum by
the detection enhancement spectrum (shown in Fig. 3a). Such a step is, however, not necessary for most imaging
and communication applications.

We explore the effect of different THz spot sizes impinging on the device while other parameters are kept
constant. Here the THz spot size at focus is measured at the resonance frequency of the plasmonic structures,
and the Gaussian beam theory is used to evaluate the beam size at different distances from the focal plane.
Previous measurements shown in Figs. 2 and 3 are obtained at the detector position corresponding to the largest
spot size (340 um) tested in our experiments, which also resulted in the most significant detection enhancement.
Figure 4a shows the measured DE at the resonance frequency, which remains larger than unity at all times but
increases linearly with the THz beam diameter. The reason for this effect is due to a larger coupling of the THz
wave to the grating surface, which partially compensates for the fact that the THz field is weaker. The MVE, also
calculated at the resonance frequency, follows the same trend as the experimental measurements but indicates
that a larger detection enhancement factor could be achieved, potentially by refining fabrication techniques to
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Fig. 4. Effect of tight beam focusing and misalignment on the device performance. (a) Experimental detection
enhancement (DE) and calculated mode volume enhancement (MVE) of devices A and B as a function of

the THz beam diameter (FWHM). (b) Calculated MVE of devices A and B, and normalized reference signal
corresponding to numerically calculated overlap between the THz and gating beam without plasmonic devices
as a function of center-to-center distance of THz and NIR gating beams.

decrease device imperfections. The deviation from the linear trend of the experimental results observed with the
larger beam diameter is caused by scattering loss of the surface waves, which increases with propagation distance
in larger THz beams. In Fig. 4b the effect of the misalignment and non-perfect spatial overlap between THz and
gating pulse is demonstrated. As can be seen by changing the center-to-center (c to c) distance of the THz and
NIR gating beams, the MVE increases while the reference signal decreases. As a result, the eye antenna structure
can be used to partially compensate for beam steering effects and other sources of optical misalignment.

Conclusions

In summary, we investigate the effect of a custom designed bull’s-eye plasmonic antenna on the surface of a
nonlinear crystal in an EOS detection scheme. Numerical studies show that an incident THz wave excites a
surface plasmon resonance and creates a local enhanced field in the central aperture with a field distribution
extending within the nonlinear substrate. This antenna design ensures spatial overlap of the coupled THz field
with a co-propagating near-infrared (NIR) gating pulse for efficient nonlinear interactions. Two plasmonic
resonator designs were fabricated with a laser direct writing technique and tested experimentally with a time-
resolved THz spectrometer. We observe a significant enhancement of THz detection at the resonance frequency,
which can reach a factor of 3.1 when the incident THz spot size has a 340 pm diameter (FWHM). The concept of
a bull’s-eye plasmonic antenna could lead to major implications for the enhanced detection of free-propagating
THz signals of a specific frequency. Given recent advancements in wireless communication at frequencies
approaching 1 THz?, our device could play a crucial role in enhancing detection sensitivity while mitigating the
adverse effects of beam wandering, size fluctuations, and spatial distortion caused by environmental fluctuations.

Data availibility
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the corresponding author upon reasonable request.
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