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ABSTRACT: Silicon-based microdevices are considered promising candidates A= 1mm nano-waveguide
for consolidating several terahertz technologies into a common and practical
platform. The practicality stems from the relatively low loss, device
compactness, ease of fabrication, and wide range of available passive and
active functionalities. Nevertheless, typical device footprints are limited by
diffraction to several hundreds of micrometers, which hinders emerging
nanoscale applications at terahertz frequencies. While metallic gap modes
provide nanoscale terahertz confinement, efficiently coupling to them is
difficult. Here, we present and experimentally demonstrate a strategy for
efficiently interfacing subterahertz radiation (A = 1 mm) to a waveguide
formed by a nanogap, etched in a gold film, that is 200 nm (1/5000) wide and up to 4.5 mm long. The design principle relies
on phase matching dielectric and nanogap waveguide modes, resulting in efficient directional coupling between them when
they are placed side-by-side. Broadband far-field terahertz transmission experiments through the dielectric waveguide reveal a
transmission dip near the designed wavelength due to resonant coupling. Near-field measurements on the surface of the gold
layer confirm that such a dip is accompanied by a transfer of power to the nanogap, with an estimated coupling efficiency of
~10%. Our approach efficiently interfaces millimeter waves with nanoscale waveguides in a tailored and controllable manner,
with important implications for on-chip nanospectroscopy, telecommunications, and quantum technologies.
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INTRODUCTION sensing.'® For example, nanoscale and macroscale properties can
differ significantly,'"'* warranting practical and reliable plat-
forms to study such regimes. In this context, the fundamental
challenge is that the wavelength of terahertz radiation is at least 3
orders of magnitude larger than those needed in the realms of
nanotechnology. With conventional techniques, addressing
individual nanostructures terahertz at frequencies is impossible
due to the diffraction limit;'® this can be overcome with
terahertz scanning near-field optical microscolpy, which can
achieve microscale resolution over large areas, w1

Terahertz radiation encompasses frequencies in the 0.1-10
THz range, corresponding to wavelengths of 3—0.03 mm, and is
increasingly harnessed for numerous far-reaching cross-discipli-
nary applications. Examples include biosensing* and spectros-
copy,” as well as space” and ground” wireless communication.
Historically, the development of efficient terahertz sources has
been hindered by fundamental limitations that make both
electrically driven and optically inspired approaches inefficient.’
Nevertheless, recent decades have been marked by rapid
technological progress, and the overall consensus is that the
terahertz gap is rapidly being bridged.”

As terahertz sources and detectors have become increasingly
available, the focus has thus started to shift to developing
practical devices and experimental techniques for harnessing
terahertz radiation effectively. On the one hand, it is important
to develop unified and reliable protocols to aid reproducibility in
the context of biospectroscopy;' on the other hand, it is
becoming increasingly important to access a library of chip-scale
integrated components that can manipulate terahertz radiation
without using bulky free space optics.”” Indeed, a plethora of
applications can be realized when terahertz frequencies and
nanotechnology converge, particularly in biological analysis,
electronic and photonic devices, imaging, spectroscopy, and

1> and nano-

. . 16 17 .
scale resolution (i.e., nanoscopy ) over smaller areas, ’ even in
aqueous environments.'® Terahertz nanotechnology has also
benefited from the development of increasingly efficient
19,20 21 22
terahertz sources, detectors,” and modulators,”” by
enhancing light—matter interactions in small volumes. We
point the reader to refs 11,16 and references therein for an
overview of terahertz nanotechnology.
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Figure 1. Concept schematic of the terahertz directional nanocoupler presented here. (a) An x-polarized broadband terahertz pulse propagates
in z through a substrateless silicon waveguide (SiWG). At A ~ 1 mm, it efficiently couples to the metallic gap mode over a length L, due to phase
matching with the fandamental mode of the nanogap waveguide (NGWG) above it. (b) Cross section schematic of the coupling region in the xy
plane, showing geometry and material distribution (light blue: quartz; dark blue: silicon; yellow: gold; white: air). Here, ¢ = 50 gm, h = 100 nm,
H =250 pm, W =190 pim, w = 200 nm, and s is varied. Note that the schematic is not to scale to simplify labeling and that waveguide and gap
widths differ by 3 orders of magnitude: w ~ 1/5000. (c) Calculated dispersion of Re(n,;) of the fundamental modes of the individual SIWG
(red) and NGWG (blue), as a function of frequency, highlighting the phase matching point near 0.3 THz.

In parallel, there has been growing interest in developing a
general-purpose integrated terahertz platform. For example, in
ref 23, Headland et al. argue that all-silicon substrateless
waveguides—whose cross section is of order 200 X 200 ym?,
and whose length is of the order of the centimeters—are one of
the more promising candidates, because of their intrinsic
compactness, ease-of-design, and wide variety of accessible
functionalities. Nevertheless, the lateral field confinement in
such platforms is intrinsically limited by diffraction to ~100 ym
at terahertz frequencies, hindering nanoscale applications. The
only practical way to confine radiation to deep subwavelength
scales is by using metallic components”* which, in the simplest
configuration, can be assembled into a nanomirror cavity that
confines linearly polarized radiation inside a nanogap, giving rise
to a nanoscale-bound and propagating terahertz mode.”” This is
commonly referred to as the metal/dielectric/metal (MDM)
configuration although similar properties can be achieved by
nanowires using radial polarization.”® This confinement is
typically accompanied by Ohmic losses, which constitute an
important limitation to practical applications.25 In addition, the
small mode area makes direct coupling to such modes from free
space challenging. At terahertz frequencies, this problem is
further exacerbated by the enormous difference in size and field
distribution between dielectric and MDM modes, which in the
present context requires a millimeter-to-nanometer mode
converter. As a result, most integrated optical-to-terahertz
generation and detection schemes use the chip component to
support optical waveguiding, which in turn interfaces with
external (free space) terahertz fields”” —we refer to refs 28,29 for
recent reviews of hybrid integrated terahertz photonic devices.
Furthermore, most schemes that use metallic nanogaps, e.g., for

L 30-32 L33 ;
sensing or terahertz detection,” do so in a planar

(metasurface) configuration of deep subwavelength thickness
and under free space illumination that is perpendicular to the
surface,”® with an intrinsically small overlap between the
incoming diffraction-limited terahertz beam and the nanoscale
gaps. In contrast, this work considers the case where the
direction of propagation in z is parallel to the surface so that the
nanogap acts as a waveguide.

In order to achieve an all-integrated platform where both
optical and terahertz signals propagate on a photonic chip over
wavelength scales, it is first necessary to efficiently transfer power
from a guided-wave terahertz signal to an area of ~200 X 200
nm?, comparable to that of typical photonic waveguides. The
most direct approach is arguably end-fire coupling from the gap
waveguide edge;35 however, in the present configuration, the
huge mismatch between the guided mode and a diffraction-
limited free space beam leads to low coupling efliciencies.
Another approach adapted at near-infrared frequencies, which is
also suited for photonic integration, is directional or adiabatic
coupling,*® whose underlying formalism relies on matching the
propagation constants of two adjacent modes,”” and is agnostic
to the physical dimensions of the waveguides. Most recently, for
example, a millimeter-wave mode converter has been shown to
efficiently transfer signals from a silicon waveguide to an antenna
of ~10 pm lateral dimensions placed directly on top.>® More
broadly, several nanoscale mode converters on the basis of
directional® and adiabatic** coupling have been developed in
silicon-on-insulator substrates at infrared wavelengths. The
principle of operation relies on the fact that the effective index of
nanoscale metal waveguides (e.g., metal nanowires or nanogaps)
can be significantly above that of the surrounding medium when
the waveguide dimensions are comparable to the skin depth of
the metal at that frequency.“’42 Therefore, even metal
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Figure 2. (a) Real part of the effective index of relevant modes as a function of the gap width w, at f = 0.29 THz and s = 60 gm, with all other
parameters as per Figure 1 caption. The dielectric WG (SiWG) remains unchanged with w (red dashed line). The effective index of the nanogap
mode increases with decreasing w (blue dashed line), and the phase matches with the WG mode at w = 200 nm. The modes hybridize when the
waveguides are adjacent, resulting in two supermodes (SMs, solid lines), whose effective indices split at the phase-matching point. (b)
Corresponding imaginary part of the effective index. (¢, d) Colormap of the WG and gap modes (z-component of the Poynting vector), with a
detail of the white dashed region in the inset of (d). (e, f) Hybrid SM, and SM, that emerge when the waveguides couple, respectively. A
logarithmic scale is used due to the large relative field intensity in the nanogap. Window size in (c)—(f): 600 gm X 600 gm. Scale bar in (d) inset:

400 nm.

waveguides in air can be phase-matched with high-index
dielectric waveguides; at terahertz frequencies, the skin depth
of most metals is ~100 nm, " which immediately suggests the
potential for phase matching between nanometer metal
waveguides and wavelength-scale dielectric waveguides.

A concept schematic of the device layout and operating
principles is shown in Figure 1(a). The device is composed of a
millimeter-scale silicon waveguide (SiWG) which is adjacent to
a metallic nanogap waveguide (NGWG), and whose lateral
dimensions differ by 3 orders of magnitude. The NGWG rests
on a quartz substrate with length L = 3.7—4.5 mm. The inputis a
broadband terahertz pulse (frequency: 0.2—3 THz) propagating
in the silicon waveguide as per Figure 1(a). Note that both the
SiWG and the NGWG substrate are suspended in air and that
they can be easily and independently handled with micrometer
stages. A schematic of the cross section of the device is shown in
Figure 1(b). The SIWG has a height H = 250 um and width W =
190 pum; the NGWG has a width w = 200 nm and height h = 100
nm, supported by a quartz substrate of thickness t = S0 ym. The
edge-to-edge separation between the waveguides is s, which here
lies in the range 10—150 pm.

We first consider the two waveguides separately (i.e.,
assuming s = 00). The calculated dispersion of the real part of
the effective index n ¢ of the fundamental x-polarized suspended
SiWG mode is shown as a red line in Figure 1(c), assuming a
constant refractive index of 3.42 for silicon™* and neglecting
losses for simplicity. Note the rise in effective index with
frequency due to an increase in the fraction of the mode field in
high-index silicon. The corresponding Re(n,;) of the NGWG
mode is shown as a blue line, which is nominally independent of
frequency in this range, considering a lossless refractive index of
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2.09 for quartz*® and taking a Drude—Lorentz model for gold.*®
Under these conditions, the SIWG and NGWG modes phase
match at 0.29 THz and are expected to couple as they are
brought closer, leading to the emergence of two supermodes
that produce eflicient power transfer between waveguides via
directional coupling. We now discuss this in more detail for the
present geometry.

RESULTS

Before discussing the power transfer from the SIWG to the
NGWG, we first consider the modes supported by the coupled
waveguides during propagation along the device length L as per
Figure 1. The most intriguing aspect to analyze, in the first
instance, is how the phase matching between the SIWG and the
NGWG emerges and how this leads to mode hybridization. The
blue dashed lines in Figure 2(a),(b) show the result of two-
dimensional (2D) finite element method (FEM) simulations
with a commercial tool (COMSOL Multiphysics) of the real-
and imaginary- parts of the effective index of the fundamental
mode of the isolated NGWG as a function of w at a constant
frequency of 0.29 THz—see the Methods section for details of
the simulation and material parameters used. Note in Figure
2(a) the sharp increase in both real and imaginary parts of n.¢ as
w is decreased, with n.4 approaching the effective index of the
quartz slab mode as w increases. The right axis of Figure 2(b)
plots the associated loss, which is 5 dB/mm, indicating that the
millimeter-scale propagation of this NGWG mode is supported.
The x-polarized mode effective index of the isolated SIWG is
fixed (being w independent), purely real (i.e., lossless), and
marked by the horizontal red dashed line in Figure 2(a). The
Poynting vector associated with this mode is shown in Figure
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Figure 3. Overview of the effective index dispersion, transmission spectra, and power exchange properties for different separations s. (a) For
larger separations (s = 150 ym, blue box), the real part of the effective index for both isolated and coupled WG/gap modes cross, and (b) the
imaginary parts anticross. (c) Associated calculated power in the dielectric waveguide Pg; as a function of frequency for L = § mm (red line, left
axis on dB scale), showing resonant transmission dip accompanied by a corresponding transmission peak in the nanogap waveguide power Pyg
(blue line, right axis). At the resonance frequency (0.29 THz, black arrow), (d) shows that the Pg; monotonically decreases with increasing
length L, with Py plateauing at ~0.05, decreasing at longer lengths due to losses. Bringing the waveguides closer (s = 10 gm, green box) leads to
(e) an anticrossing in the real parts of the SM dispersions, (f) and a crossing of their imaginary parts, due to stronger coupling.37 (g) The
resulting transmission dip is sharper for shorter device lengths (here: L = 1.0 mm) due to directional coupling (red lines, left axis).
Correspondingly, more power is coupled to the plasmonic gap. Note that the Pg; minimum has shifted to 0.32 THz (black arrow in (g)). (h) At
this frequency, the power in the STWG oscillates and decays (red line), whereas the relative power in the NGWG peaks at L ~ 1.0 mm.

2(c), whereas that of the isolated NGWG mode is shown in
Figure 2(d). Note that the latter possesses a vastly reduced mode
volume compared with the SiIWG mode. A zoomed-in view of
this mode is shown in the inset of Figure 2(d) for w = 200 nm. If
the two waveguides are placed side by side (e.g., s = 60 um), then
the modes hybridize, giving rise to so-called supermodes (SMs),
which constitute the modes of the two-waveguide system.
According to coupled mode theory, under the weak coupling
approximation, SMs are even- and odd- superpositions of the
isolated modes at the phase matching point."” Here, the modes
are strongly coupled, and their propagation constants and field
distributions must be calculated numerically. The solid lines in
Figure 2(a),(b), respectively, show the real and imaginary parts
of the effective index of the SMs as a function of w at 0.29 THz.
Note that Re(n,g4) now anticross at the phase matching point
and that both modes are lossy (i.e., Sm(n.z) > 0 for both SMs).
The colormaps of the associated SMs for w = 200 nm (Figure
2(e),(f), respectively), clearly show modal hybridization.
Because the propagation constants of the participating
isolated modes are complex valued, the coupler is non-
Hermitian,”® and the resulting mode hybridization subtly
depends on the interplay of coupling strength and loss—see,
for example, ref 49 for a review of non-Hermitian photonics, and
ref 50 for a non-Hermitian perspective on plasmonic couplers.
For ease of discussion, here we only consider how the SMs of the
two-waveguide system depend on frequency and separation, and
device length in the present context, which we will subsequently
experimentally access, and how this is expected to influence the
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transmission through the dielectric waveguide and the
associated power transfer to the NGWG.

Simulations. We are predominantly interested in the
understanding of how energy is transferred between the
dielectric and the metal gap waveguide under different
configurations. Most commonly,”" complex coupler designs
are understood and optimized via three-dimensional full-field
numerical modeling, e.g., using finite element, or finite-
difference time domain methods. However, such approaches
are not practical in the present case, because the size of the gap is
more than 3 orders of magnitude smaller than the propagation
length, making memory requirements and calculation times
prohibitive for full three-dimensional models.®” Instead, we use
the eigenmode expansion method, which relies on a
combination of two-dimensional mode numerical calculations
and analytical formulas®”*” for propagation in z—see the
Methods section for further details. We now discuss a few
representative cases that elucidate the expected coupling
between the waveguides under different conditions.

We consider all relevant eigenmodes as a function of
frequency f and separation s, taking w = 200 nm, and all other
parameters as in Figure 2. The top row of Figure 3 shows a
summary of the case where s = 150 pm, i.e., at ~ A/6 distance
between the SIWG and the NGWG. Figure 3(a),(b) details the
real and imaginary parts of the isolated modes and SM
dispersion, using the same notation as in Figure 2. The isolated
modes phase match, as per our plot in Figure 1(c); however,
contrary to our analysis in Figure 2, Figure 3(a) shows that the
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Figure 4. Summary of the far-field transmission experiments. (a) Side view of the experiments. An x-polarized THz pulse (red) is coupled to the
fundamental mode of the substrateless silicon waveguide (SiWG, dark blue). A series of metal nanogap waveguides (yellow) on a quartz
substrate (light blue) are moved in x for a given separation s. (b) Top view of the experiment. The NGWGs vary in length (here: L = 3.7—4.5
mm). We measured the transmitted intensity |E;|* of the THz pulse through the SiWG as a function of x. (c) Microscope images of the
experiment for different values of L as labeled. The green is a custom holder for the SiWG. Note the moving NGWGs for a fixed input condition.
(d) Optical micrograph of the SiWG and microbridges. (e) Optical micrograph of the gold NGWGs deposited on quartz surrounded by a 100
pm trench, included to facilitate visual inspection. Inset: scanning electron micrograph of the NGWG edge, showing the 200 nm gap. (f)
Measured colormap of the transmitted intensity through the SiWG as a function of frequency and the x-position of the NGWG sample for a
constant s ~ 50 um, covering both the trench and the 4.5 mm NGWG sample.

real parts of the SM effective indexes cross, precluding
directional coupling, since the coupling length at the phase
matching point, L, = A/ An,g turns out to be infinite.”” This takes
place because at the considered separation distance (s ~ 1/6),
the coupling is too weak to produce eigenmode splitting.””
Although these waveguides are very close (s < 1/5), the NGWG
mode is confined close to the nanofilm (inset in Figure 2(d)),
and the effective index’s imaginary part is relatively large (~10%
of its real part), precluding the SMs’ avoided crossing. The
associated Jm(n), shown in Figure 3(b), anticross. As
expected,” the loss of SM; increases near the phase matching
point which, in turn, produces a drop in the overall transmission
because in this regime the fundamental mode of the incoming
waveguide predominantly couples to SM;.*° To confirm this, we
calculate the normalized power in the dielectric waveguide Pg; as
a function of frequency for L = S mm which is shown on a dB
scale in Figure 3(c) (red line, left axis), and presents a broad
transmission dip at 0.29 THz. The corresponding calculated
normalized power in the nanogap waveguide Py is shown on a
linear scale in Figure 3(c) (blue line, right axis). We find that
more than 5% of the incoming power is predicted to couple to
the nanogap despite having a lateral dimension of less than 4/
5000. Phase matching, even at relatively large distances and
without achieving eigenmode splitting, can be harnessed to
access nanoscale mode areas from dielectric waveguides with
percentage-level efficiency. Figure 3(d) shows Pg and Pygq at
0.29 THz resonance as a function of L. Note that the power in

the SiWG monotonically decreases with L, whereas the power in
the NGWG reaches a plateau due to losses.

When the waveguides are brought closer and their modes
couple more strongly, the power exchange properties of the
nanocoupler are significantly modified. The bottom row of
Figure 3 shows the plots corresponding to the top row but now
taking s = 10 ym. The solid lines in Figure 3(e),(f), respectively,
show the real and imaginary parts of the SM dispersions. The
coupling is now strong enough to produce eigenmode
splitting,37 and the real parts of the effective indices of the
SMs anticross, while their imaginary parts cross. Note that the
frequency of the SM anticrossing point in Figure 3(e) (ie.,
where the difference in their Re(n,g) is minimum) occurs at a
higher frequency than the phase matching point. In this case, an
accurate computation of the transmission spectra must take into
account each mode’s excitation and propagation along the
device length L via eigenmode expansion method®” (see the
Methodssection). The calculated Pg; as a function of frequency
for L =1 pm is shown on a dB scale in Figure 3(g) (red line, left
axis). Compared to the situation at larger separation (cf. Figure
3(c)), the transmission dip shifts to a higher frequency of 0.32
THz. Furthermore, as a result of the short device length and the
possibility of resonant interference between modes due to a
splitting of the eigenmodes, the associated normalized Pyg
increases to 0.3, peaking when Pg; is at a minimum as shown
in Figure 3(h) (blue line, right axis). Figure 3(h) shows Pg; and
Pyg at 0.32 THz, showing lossy oscillatory behavior with
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Figure 5. Dependence of the nanocoupler transmission on the length L of the NGWG and separation s to the SiWG. (a) Measured transmitted
intensity spectrum when the SiWG and NGWG are in near-contact, as shown in Figure 4(c), for different L’s. (b) Eigenmode method
simulations of the power spectrum in the SiWG when s = 30 gm. (c) Measured transmitted intensity spectrum as a function of s for L = 4.1 mm.
Note the emergence of a resonance as the waveguides are brought closer. (d) Corresponding eigenmode method simulations of the power

spectrum in the dielectric waveguide as a function of s.

increasing len§th, as expected for coupled lossy waveguides in
this regime.”””’

Far-Field Transmission Experiments. In a first set of
experiments, we measure the transmission through a SiWG that
is adjacent to a gold film containing a series of NGWGs of
varying lengths. Figure 4(a),(b) shows side- and top-view
schematics of the sample positioning and experimental setup,
respectively. All materials are color-coded as per Figure 1(b).
The SiWG layout is inspired by previous designs:>*>® it is
formed by a suspended silicon strand of 1 cm length, which is
connected to a silicon substrate (substrate area: 1 cm X 1 cm) via
subwavelength microbridges to minimize scattering of the
fundamental mode upon propagation. An additional taper on
each end of the waveguide (taper length: 1 cm) facilitates
coupling to and from free space. The NGWGs have lengths
between 3.7 and 4.5 mm. Each NGWG is separated in x by
1 mm. The NGWGs are etched on a 100 nm gold film on a
quartz substrate of S0 um thickness. Each waveguide is
surrounded by a trench of width 100 um to facilitate alignment,
highlighted in Figure 4(b). We used a THz time domain
spectroscopy (THz-TDS) system to measure the field trans-
mitted by the waveguide. The electric field is polarized in .
Computer-controlled stages enable us to vary both s and the x-
position, while the SIWG is kept still after coupling to its
fundamental mode.

Figure 4(c) shows an example experimental view obtained
from an external microscope when the NGWGs are in near-
contact with the SIWG, varying the x-position to align the SIWG
with NGWGs of length L as labeled. In detail, Figure 4(d) shows
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an optical micrograph of the SiWG from the top, highlighting
the microbridges and the direction of propagation of the pulse
inside the waveguide. Figure 4(e) shows an optical micrograph
top view of the NGWGs and trench, which exposes the
underlying quartz substrate. We used scanning electron
microscopy to confirm that all waveguides considered here are
continuous for their entire length. For example, the inset of
Figure 4(e) shows the edge of the NGWG. The dark green dots
and green bands are areas where chromium (used as an adhesion
layer for gold on quartz) was removed during the wet-etching
process. In the optical microscope image, obtained via bottom
illumination, the isotropically etched chromium underlayer is
visible. However, in the SEM image, these features are not seen
because the secondary electrons are captured only from the top
surface of the gold, giving an accurate representation of the
waveguide’s true width (200 nm). Note that the NGWG is too
small to be sharply resolved under an optical microscope.

To confirm that the SiWG mode is coupling to the NGWG
mode, we first measure the terahertz pulse transmitted by the
SiWG when it is adjacent to the gold/quartz substrate as a
function of the x-position, varying x over the region bounded by
the micrograph of Figure 4(e). Our experiment directly
measures the terahertz pulse field emerging from the SIWG so
that its Fourier transform provides the transmitted amplitude
and phase of the electric field at every frequency.’® Figure 4(f)
shows a false color plot of the resulting transmitted intensity as a
function of frequency and x-position, where s ~ 50 pm is kept
constant. Note that we have aligned Figure 4(e),(f) in «x for
better comparison, i.e., the vertical scale bars coincide. The

https://doi.org/10.1021/acsnano.4c09434
ACS Nano 2024, 18, 30626—30637


https://pubs.acs.org/doi/10.1021/acsnano.4c09434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09434?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c09434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

a b Cc far field transmission

bare SIWG

with NGWG
near field
antenna

f

0.3 035 04
frequency [THZ]

-1 min BT max

NGWG mode .-~

¢
P
s
-,

0.28 0.30 0.32 0.36
f frequency [THZ]

100_NGWG near field 3 108 1

o 10°%F - %\/—:

A 1% SIWG,

IE? 2i0%-Ye-  NGWG

N 10!
. H E 0.28 0.32 0.36 0.4
0.31THZ i frequency [THz]

pO
N

0.3 0.4 0.5
frequency [THz]

Figure 6. Experimental demonstration of terahertz radiation coupling to a 1/5000 nanogap waveguide. (a) Microscope image of a terahertz
near-field (NF) antenna scanning the surface of a quartz substrate supporting the NGWGs, aligned with a SiWG. Note that the incoming electric
field is x-polarized and that the NF antenna detects x-polarized fields. (b) Optical micrograph of the substrate, highlighting that the nanogap
waveguide is in the center of the SiWG. The spots are residuals from the fabrication process and represent minor surface contaminations that do
not provide additional scattering; see Animation 1 in the Supporting Information. (c) Far-field transmission: the red trace shows the
transmitted |EI* (i.e., the far-field transmission) through the silicon WG for the sample configuration shown in (a) and (b). Note the resonance
at 0.31 THz, which is absent for the bare SiWG (blue trace). (d) Snapshots of the measured electric field at (i) £ = 0 ps (no field). The horizontal
lines mark the nominal SiWG boundary. The vertical dashed lines highlight the edges of the NGWG (L = 4.4 mm). The orange horizontal line
shows the nominal location of the NGWG, as per (b). (ii) Field snapshot at t = 27 ps (main pulse is from the scattered field that does not couple
to the SiIWG), (iii) t= 127 ps (evanescent field of the NGWG mode), and (iv) t = 169 ps (field scattered by the end of the NGWG). The complete
animation showing pulse propagation is reported in Animation 1 in the Supporting Information. (e) Measured dispersion of the detected
NGWG mode using the data in (d)(iii). (f) Measured distribution of the scattered electric field intensity at the end of the NGWG using the data
in (d)(iv). The scattered intensity is centered at 0.31 THz, confirming that the dip in (c) is due to coupling to the nanogap. Inset: comparison of
the measured total intensity scattered by the nanogap (dashed box in (d)(iv)) and the estimated intensity exiting the SiWG from two
independent measurements, showing percentage-level coupling efficiency. Also shown below the curve is an example of measured intensity
scattered by the nanogap following a temporally gated Fourier transform for the case of 0.31 THz.

dashed lines in Figure 4(f) overlap with the edge of the trench
and the center of the NGWG. We observe a series of sharp
transmission dips near 0.3 THz as we move the trench over the
SiWG. Our 3D finite element calculations suggest that these dips
are due to polarization rotation’”*
Supporting Information—which we measure because the

detector records x-polarized fields. Analogous polarization

—see Figure S1 in the

rotation effects using gold nanostrips over a silicon waveguide
have been studied in the near-infrared.>” A detailed discussion is
beyond the scope of this work; nevertheless, such resonances
provide a useful marker for discerning the resonance due to
phase matching between the SiWG and the NGWG, which
appears near 0.3 THz when the longest NGWG passes over
SiWG. Note that the signal below 0.26 THz is independent of
the x-position, but close to the noise floor, because the
fundamental mode of the SiWG approaches the light line
(solid red line in Figure 3(a)).
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This first experiment indicates that resonant coupling to the
NGWG mode is occurring. We now proceed with a more
detailed analysis, accounting for both changes in NGWG length
L and separation s from the edge of the SIWG. According to
Figure 3(h), in near-contact (s = 10 yum), we expect to measure
an oscillation of the power transmitted by the SiWG when
changing L. To measure this experimentally, we repeat the
transmission experiments through the SiWG, changing the
length of the adjacent NGWG. Figure 5(a) shows a false color
plot of the measured transmitted intensity as a function of
frequency and waveguide length L, where the SIWG and
NGWGs are in near-contact for each measurement, and
correspond to the micrographs of Figure 4(c). We observe
that the resonance depth possesses a minimum for L = 4.1 mm,
and increases both for longer and shorter NGWG lengths,
confirming the expected oscillatory behavior (see, for example,
red line in Figure 3(h)). Figure 5(b) shows a simulation of Py
for s = 30 ym, i.e,, the power contained in the SiWG, showing
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good overall qualitative agreement with the measurements (cf.
Figure S(a)). By considering the L = 4.1 mm NGWG, and
increasing the stage position, notice the expected gradual
weakening and red-shifting of the resonance, as detailed in
Figure 5(c), as per the results of Figure 3 (see the dip in the red
traces of Figure 3(c),(g)). Figure S(d) shows the corresponding
simulated Py as a function of s for L = 4.1 mm, again showing
good agreement with the measurements (Figure 5(c)).

Near-Field Experiments. The above experiments confirm
that the terahertz field at frequencies near 0.3 THz is coupled out
of the SIWG if it is adjacent to the NGWG. In a final set of
experiments, we wish to confirm that such fields are indeed
propagating inside the nanogap. We therefore modify the
experimental setup to enable measurement of the evanescent
field, associated with the NGWG mode, via a near-field terahertz
antenna.>*® A photograph of the experimental setup is shown
in Figure 6(a), including the reference frame (white), direction
of propagation (red), and field polarization (black). Figure 6(b)
is a top-view micrograph detail of the sample configuration,
showing that the NGWG (yellow) is centered over the SIWG
(dark region, bound by the blue dashed lines). This was achieved
using a laboratory microscope and manual alignment with a
standard translation stage, followed by gluing. Once aligned and
bonded, the device becomes monolithic, and no further
alignment is needed. This configuration allows a far-field
transmission measurement through the SiWG in first instance,
followed by a near-field measurement of the electric field above
the sample in second instance. The red trace in Figure 6(c)
represents the field intensity spectrum transmitted through the
SiWG in this configuration and reveals, in a clear-cut way, a
resonance dip relative to the bare SiWG case (blue trace).

Figure 6(d) shows representative snapshots of the measured
electric field distributions at different time intervals. For clarity,
panel (i) shows the SiWG boundaries as horizontal lines,
whereas the vertical dashed lines highlight the edges of the
NGWG (L = 4.4 mm). The orange horizontal line shows the
nominal location of the NGWG. The first signal to appear, at t =
27 ps, is associated with the portion of the incoming pulse that
does not couple to the silicon waveguide and scatters around it,
as shown in Figure 6(d)(ii). At a later time, a pulse confined to
the middle of the scanning window appears, shown in Figure
6(d)(iii) for t = 127 ps, corresponding to the location of the
NGWG. We attribute this signal to the evanescent field above
the quartz substrate, associated with the NGWG mode, coupled
to the SiWG mode. Figure S2 in the Supporting Information
compares the relevant calculated mode profiles with and without
the nanogap: in the absence of a nanogap, no measurable field
would be present in this location. These fields move more slowly
than the free space pulse, due to the larger group velocity
associated with the NGWG. Once this pulse reaches the end of
the NGWG, we observe the emergence of a point-dipole-like
emission pattern, shown in Figure 6(d)(iv) for t = 169 ps,
confirming that a significant portion of the field was indeed
coupled to and propagating inside the nanogap, before being
scattered in the y direction once the NGWG terminates. The
complete and annotated animation associated with Figure 6(d)
and the surrounding text is shown in Animation 1 in the
Supporting Information.

Because THz-TDS measures the electric field of the terahertz
pulse, including amplitude and phase information, we can obtain
the frequency-dependent amplitude and phase in the xz plane
from a temporal Fourier transform. An example of the amplitude
and phase map retrieved at 0.29 THz is shown in Figure S3 in the

Supporting Information. In turn, a spatial Fourier transform of
the complex field E(k,, k,) can be used to obtain information on
the distribution of the participating modes. For example, |E(k,,
k,)l at 0.29 THz is shown in Figure S3(b). Two salient spatial
modes can be distinguished close to the phase-matching
frequency of 0.3 THz: the first is near (k,/k,, k./ky) = (1, 0),
corresponding the main pulse of Figure 6(d)(ii), which
propagates in free space; the second is near (k,/ky, k./k,) =
(1.6, 0), corresponding to the later pulse propagating in the
NGWG, shown in Figure 6(d)(iii). We can confirm that this is
the NGWG mode by applying a band-pass filter around the
NGWG in k,/ky = 1.6 + 0.2 and performing an inverse spatial
Fourier transform. The associated field amplitude is shown in
Figure S3(c), ascertaining that the field is centered in the
waveguide. By binning the contribution of all k, values (i.e., by
summing all rows in Figure S3(b)) at each temporal frequency,
we obtain a colormap of the mode dispersion. The result is
shown in Figure 6(e): we note the excitation and detection of
modes with propagation constants above unity—bounded by
the white dashed lines—follow the dispersion of the underlying
dielectric waveguide mode (see also Figure S4 in the Supporting
Information). This overlap between the dispersions of the
propagating modes measured above the nanogap and below the
dielectric is an indication of coupling between the two
waveguides.

We consider this effect in more detail by quantifying the field
scattered by the NGWG endface once the pulse reaches the end
of the NGWG, corresponding to the event shown in Figure
6(d)(iv). First, we temporally gate the data so that only the
scattering event is captured (here: between 161 and 190 ps).
Second, we take a temporal Fourier transform and thus obtain
the field intensity |EI* at each frequency. Because the field
propagates in y (i.e., perpendicular to the xz plane) and in free
space, we estimate the total power as the integral of |EI* over the
2 mm X 1 mm window centered in the scattering source (black
dashed rectangle in Figure 6(d)(iv)). An example of the
scattered intensity distribution at 0.31 THz is shown in the lower
inset of Figure 6(f). The resulting integrated |EI* as a function of
frequency is shown in Figure 6(f), indicating that its distribution
peaks near 0.31 THz, coinciding with the dielectric waveguide
resonance in Figure 6(c). This experimentally confirms that
coupling from the SiWG to the NGWG has occurred.

Finally, we estimate the order of magnitude of the coupling
efficiency from the SiWG to the nanogap. We consider the
integral of the modulus squared of the field exiting the SiIWG at
the output, measured by the near-field antenna in this
configuration, to obtain the estimated power propagating in z
and exiting the silicon waveguide. Our method uses the field
distribution near the output taper of the SiWG in the xz plane to
estimate the field intensity propagating in z in the xy plane at
each frequency—see Figure SS in the Supporting Information
and associated text for additional information. The resulting
estimated integrated intensity exiting the SiWG is shown in the
inset of Figure 6(f) as red and green lines for two independent
measurements and plotted on a logarithmic scale. A comparison
with the integrated intensity scattered by the nanogap (blue
line), suggests that the coupling efficiency is at least of the order
of ~1% with respect to the power inside the silicon waveguide.
Note that this ratio considers only the measured power scattered
by the nanogap which, owing to the deep subwavelength nature
of the nanogap, does not emit efficiently into free space.
Calculations in COMSOL suggest that the power in the
nanogap itself is at least 10 times higher than the one emitted
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out-of-plane, indicating that the coupling efficiency from the
SiWG to the NGWG is in fact at least 10%—see Figure S6 and
associated text in the Supporting Information. Indeed, the
simulations in Figure 3(g) indicate that the coupling efficiency
could be as high as 30%. Verifying this claim, however, would
require the use of terahertz scanning near-field optical
microscopy inside the gap itself,'® which is a significantly
more complicated experiment, and is beyond the scope of this
work.

We would like to point out that while a coupling efficiency of
order 10% may seem low compared to directional coupling
schemes between lossless waveguides, it represents a significant
achievement, given that coupling occurs between two wave-
guides with such vastly different cross-sectional areas (area ratio:
0.4 X 1077). For example, direct end-fire coupling would yield a
coupling efficiency many orders of magnitude less than 10%, due
to negligible overlap between the two waveguide modes.
Nevertheless, there are potential strategies for improving this
efficiency in future iterations of the device. For instance,
optimizing the distance between the two waveguides via
automated alignment techniques could yield the highest possible
coupling efficiency for a given loss. Additionally, tapering or
other mode-conversion techniques could be explored to ease the
transition between the vastly different mode sizes.*®

CONCLUSIONS

In summary, we have proposed and experimentally demon-
strated a directional nanocoupler capable of bridging millimeter-
and nanometer-scale terahertz photonics. Our scheme imple-
ments phase matching between a submillimeter dielectric
waveguide and sub-gm metal gap waveguides, leading to
resonant power transfer between them when they are placed
side by side. This approach overcomes significant limitations in
terms of coupling efficiency between waveguides that differ by 3
orders of magnitude in lateral dimensions. To demonstrate the
effect, we have performed a comprehensive set of comple-
mentary experiments near 0.3 THz (i): far-field experiments
which measure the transmission through the THz nanocoupler;
(ii) near-field experiments which measure the field associated
with the nanogap waveguide. In the first set of experiments, we
clearly observed the emergence of a resonant dip when the two
waveguides are separated by less than 100 ym; in the second set
of experiments, we measured the propagation constant and field
scattering of the mode inside the nanogap. Overall, the power
scattered by the gap waveguide is ~1%, suggesting that the
power in the gap itself could be more than 10%, with simulations
indicating that this could be as high as 30%. Our results
contribute to the development of solutions for photonic
integration at terahertz frequencies, potentially impacting
several emerging technologies. The tight field confinement
provided by our device is particularly relevant for terahertz near-
field microscopy, since it allows for the probing of materials and
molecules at nanoscale resolutions, making it suitable for
applications in biological sensing and molecular fingerprinting.
Note in particular that the scattered signal shown in Figure 6(iv)
originates from the nanochannel alone, and thus could
potentially be used for retrieving the background-free terahertz
phase shift or spectroscopic fingerprint of any element inside the
nanochannel (e.g., individual groteinsél) , with implications for
on-chip terahertz biosensing.”” For telecommunication appli-
cations, the subwavelength confinement and the potential for
operating at terahertz frequencies naturally lends itself to
extreme nonlinear interaction between terahertz and optical

waves on-chip,” in the context of terahertz generation64 and
detection.”” In turn, this platform would enable a direct interface
between millimeter-wave (6G) chips and photonic integrated
circuits, with applications in optical-to-terahertz interconnects
for increased data transmission speeds, lower power con-
sumption, and reduced device footprint. Moreover, the ability to
confine terahertz fields at the nanoscale can potentially boost
emerging quantum technologies at terahertz frequencies:()5 our
nanogap waveguide can directly interface with quantum
emitters, with potential applications in on-chip quantum sensors
and quantum communication devices.

With regard to the scalability of this fabrication process, two
separate issues need to be considered: (i) waveguide alignment
and (ii) fabrication of the nanowaveguides with appropriate
dimensions, which here relies on electron-beam lithography.
While close proximity between the waveguides is essential for
device function, we believe this is not a significant limitation: the
waveguides can be placed in near-contact by simply placing one
over the other, as we do here; additionally, centering the
nanogap waveguide over the entire silicon waveguide was
achieved by using a laboratory microscope and manual
alignment with a standard translation stage. However, for
larger-scale applications, a microscope-based alignment may not
be practical. In future devices, this procedure can be
implemented via automated alignment systems (e.g., flip-chip
bonders), improving scalability and reducing reliance on manual
processes. Typical commercial flip-chip bonders have auto-
mated alignment accuracies below 1 gm in all three directions—
significantly better than the accuracy of our manual alignment
approach. With regard to the NGWG dimensions, while
electron-beam lithography is suitable for achieving the required
200 nm width, it is not industrially scalable. Alternative
techniques, such as nanoimprint lithography, could provide a
more scalable solution, allowing high-throughput production
over larger areas with comparable precision. Moreover, while
gold was used here, using aluminum could be more cost-effective
and compatible with industrial-scale processing without
significant compromise in performance because metals at
terahertz frequencies are good conductors. Wafer-scale process-
ing techniques such as deep-UV lithography and metal dry
etching could further enhance scalability while ensuring the
required dimensional control. We note that this approach is not
limited to the specific nanogap geometry considered here: metal
nanowires’** and nanofilms®” could couple to dielectric
waveguides via the same mechanism and will likely lead to
similar effects. Finally, it should be noted that the coupling
efficiency limit of 10—30% is only due to losses in the metal,
which emerge because the mode size approaches the metal’s skin
depth. Adiabatic approaches would also be hindered by this
intrinsic limit. If the imaginary part of the mode effective index in
the nanogap waveguide approached zero, the coupling efficiency
would also approach 100%. Preliminary calculations indicate
that increasing the metal conductivity has the effect of reducing
both the coupling length and the modal loss, leading to more
efficient and compact devices; conversely, lowering the
conductivity increases both coupling length and losses. A higher
coupling efficiency could be achieved by using either more
conductive metals (e.g,, silver) or superconductors below their
critical temperature.”°® Alternatively, terahertz couplers based
on other geometric configurations e.g,, dielectric-loaded surface
plasmon polariton waveguides,(’9 might also provide an
approach for nanoscale mode confinement with lower losses.
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METHODS

Eigenmode Calculations. The propagation constants /3, and the
electric and magnetic fields (e, h;) of the fundamental mode of each
waveguide are calculated using COMSOL (Wave Optics Module,
Mode Solver)—example geometry and results are shown in Figure 3.
We use a constant refractive index of 3.42 for silicon,** 2.09 for queurtz,45
and a frequency-dependent Drude—Lorentz model for gold**—see
Table S1 in the Supporting Information and associated text for more
details of the model used. The total electric and magnetic fields
propagating in the coupler device can be written as

E(x, y, 2) = a, ¢/(x, y) exp(if2) + a, e,(x, y) exp(if,2),

H(x, y, 2) = a; hy(x, y) exp(if2) + a, hy(x, y) exp(if2),

(1)
where a; is the modal complex amplitude which determines the
contribution of the i-th eigenmode to the total field, following the
appropriate normalization.”” The complex modal amplitudes are given

by
a,= & [ Tle ) X hy(x, )] ddy )

where hy(x, y) is the magnetic field of the isolated SIWG mode,
corresponding to the total field at z = 0. The total power in each
waveguide is calculated by splitting the simulation space into two
regions, using an artificial boundary halfway between the two
waveguides at y, = s/2, taking the reference frame as in Figure 1(b)
with the origin at the top surface of the SIWG. We define

+o0 s/2
py(2) = [ [ S.(x, y) dxdy,

ro@ = [ [ sn) 5

where p,(z) and p,(z) are the total powers (per unit length) in the
SiWG and NGWG, respectively, and where S, is the z-component of the
Poynting vector of the total field. The fraction of power in each region
p1 and p,, respectively, as a function of propagation length, is thus
defined as follows:

Ry(2) = p,(2)/1p,,(0) + p . (0)],
Pag(2) = py(2)/1p,(0) + p (0)] 4)

so that Pg;(0) + Pyg(0) = 1. Note that, in order to resolve the field in
both the NGWG and the SiWG, two integration windows are
appropriately interlaced: the SiWG window is 2 mm X 2 mm with a
1 ym pixel; the NGWG window is 4 ym X 4 um with a 2 nm pixel.

Sample Fabrication. The SiWGs are fabricated by standard
photolithography and deep-reactive ion etching’® on 250 ym high-
resistivity float-zone silicon wafers. The NGWG fabrication process is
as follows. A quartz substrate (thickness: 150 #m) is piranha cleaned to
remove organic contaminants; a 20 nm layer of chromium is deposited
by using electron-beam evaporation. The wafer is dipped in Surpass
4000 (DisChem Inc) for 60 s, followed by DI water for 30 s to improve
the resist adhesion. ma-N 2403 photoresist (Microresist GmbH) is
spin-coated onto the substrate at 3000 rpm, followed by baking at 90 °C
for 60 s (film thickness: 275 nm). The NGWGs are patterned via
electron-beam lithography (Raith EBPGS150, 100 kV, 550 4C/cm at 1
nA/100 nA with 1 mm write field, 2.5 nm/20 nm beam step for fine and
coarse structures). The exposed photoresist is developed in AZ726 for
60 s, followed by a DI water rinse and N, drying. A metal layer
consisting of 10 nm chromium and 100 nm gold is deposited, followed
by lift-off in dimethyl sulfoxide (DMSO) for 20 min at 45 °C.
Chromium etching is carried out using Transene 1020 for 45 s. The
etch time is calibrated using a dummy sample to achieve the desired
etch depth for 30 nm of chromium to avoid the excess delamination of
the gold with Cr overetching.

Far-Field Experiments. We use a commercially available THz-
TDS System (Menlo TERAK1S), which produces THz emission from

biased photoconductive antennas that are pumped by fiber-coupled
near-infrared pulses (pulse width: 90 fs; wavelength: 1560 nm).
Polymethylpentene (TPX) lenses (Thorlabs TPXS0) collimate and
focus the beam toward the SIWG. The THz field emerging from the
SiWG is sampled as a function of the time delay of a fiber-coupled probe
pulse on a photoconductive antenna THz detector. The electric field is
polarized in x, using the sample orientation and reference frame shown
in Figure 6. To produce the images in Figure 4 and Figure S, the
substrate containing the NGWGs is moved via a microcontroller stage
for a fixed SIWG coupling condition.

Near-Field Experiments. The THz field on the surface of the
waveguides is detected using the same technique as the far-field
experiments, using another photoconductive antenna (Protemics
TeraSpike TD-800-X-HR-WT-XR) which can instead scan the sample
surface. Our setup measures the x component of the electric field, using
the reference frame of Figure 6. A moveable, fiber-coupled near-field
detector module enables measurement of the electric field as a function
of time at every point in the xz plane. A second harmonic generation
(SHG) module (Protemics) converts the 1560 nm laser pulses to
780 nm to excite the low-temperature GaAs photocurrent on the
antenna tip needed for terahertz detection. Fast Fourier transforms of
the temporal response at each pixel position provide the spectral
information. See Animation 1 in the Supporting Information for the full
measurement associated with Figure 6(d).
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