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Abstract—A practical approach to realize substrateless, unclad,
micro-scale intrinsic silicon waveguides for the terahertz range is
presented. The waveguides are monolithically integrated within a
supporting silicon frame, with which they are fabricated together
from the same silicon wafer in a single-mask etching process.
This establishes an integration platform to house many diverse
components and facilitates packaging. Effective medium tech-
niques are deployed to prevent the frame from interfering with
the waveguide’s functionality. Straight waveguides of this sort are
experimentally found to be efficient and broadband. Elementary
components including Y-junctions and evanescent couplers are
developed, and deployed in demonstrations of applications for
terahertz waves including sensing and communications. This is
a promising pathway to realize future microphotonic devices for
diverse applications of terahertz waves.

Index Terms—Terahertz, waveguide, photonics, silicon,
communications, sensing.

I. INTRODUCTION

THE development of practical terahertz systems is strongly
dependent upon the availability of a rigid waveguiding

platform, to support integration, compactness, and packaging.
Physically machined hollow metallic waveguides are currently
dominant in this regard, and are a commercially-available prod-
uct that is commonplace in terahertz laboratories [1], [2]. Such
waveguides may also be fabricated by coating 3D-printed plastic
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structures with metal [3], [4], or by stacking a series of metal-
coated semiconductor wafers that are etched with micro-scale
trenches [5]–[8]. However, all of these fabrication techniques
are reasonably complex, as it is fundamentally challenging to
realize an internally-smooth micro-scale hollow channel that is
enclosed by metal on all sides. As such, hollow metallic waveg-
uides are unsuited to high-volume manufacture. Furthermore,
metals suffer from increasing Drude loss at high frequencies [9],
which negatively impacts overall efficiency. These limitations
motivate investigations into all-silicon structures for terahertz
waveguiding, as high-resistivity float-zone intrinsic silicon is a
near-lossless dielectric in the terahertz range. Furthermore, the
refractive index of silicon is sufficiently high to achieve strong
field confinement.

All-dielectric terahertz waveguides have been realized in
a silicon-on-insulator platform, in which high-index micro-
scale silicon waveguides rest upon a supporting dielectric sub-
strate [10], [11]. The substrate is frequently more absorptive
than intrinsic silicon, but losses in the substrate can be lessened
by excavating a portion of dielectric beneath the waveguide,
to realize suspended waveguides [12]–[14]. Micro-scale silicon
waveguides can also be made entirely substrateless, which re-
duces fabrication complexity, and avoids dielectric absorption in
the substrate altogether. For such substrateless silicon devices,
physical support for the waveguide channel must be provided by
in-plane structures that are etched from the same silicon wafer,
which should be engineered to minimize leakage loss. This is
commonly achieved using a two-dimensional photonic crystal
that is implemented with a periodic through-hole array in the
silicon slab [15]–[21]. For such photonic crystal waveguides, in-
plane field confinement is achieved using the photonic bandgap
effect that is provided by photonic crystals, and out-of-plane
confinement is provided by total internal reflection. One disad-
vantage of photonic crystal waveguides is that bandwidth and
dispersion performance is typically limited, thereby reducing
their applicability to wideband applications such as terahertz
communications. Furthermore, it is not trivial to implement
elementary passive components such as bends and splitters with
a photonic crystal waveguide. For these reasons, recent years
have seen the photonic crystal replaced with effective medium,
in order to lower the effective index of the silicon that surrounds
the waveguide, and achieve in-plane field confinement using the
broadband phenomenon of total internal reflection, rather than
a photonic bandgap [22]. As with photonic crystal, the effective
medium is implemented using a periodic through-hole array,
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albeit of smaller hole pitch and size. This approach yields a
substrateless all-silicon terahertz waveguide that exhibits broad
bandwidth and highly efficient propagation, at the cost of re-
duced in-plane confinement.

A periodic through-hole array is an intricate microstructure
that requires careful design and accurate fabrication in order to
serve as support for a substrateless all-silicon terahertz wave-
guide. These stringent requirements motivate the removal of in-
plane cladding structures, to facilitate greater control over phys-
ical parameters such as waveguide thickness, bend curvature,
and structure—without potentially adverse effects arising from
disturbing the regularity of the through-hole array that comprises
the cladding. It would also engender simplicity; there are fewer
intricate micro-scale features overall, leading to more-rapid sim-
ulation and design, and a lower probability of negative impacts of
non-ideal fabrication quality. In this work, we present a practical
approach to achieve all-silicon terahertz photonic waveguides
that are both substrateless and unclad, by monolithic integration
with a silicon frame structure at the boundary of the terahertz
photonic circuit. This frame is physically robust, but serves no
electromagnetic purpose, and effective medium is employed
to electromagnetically separate the frame from the waveguide.
Thus, the frame can readily be employed to handle, secure, and
package the patterned silicon samples without interfering with
the functionality of the terahertz photonic circuit. This approach
is distinguished from previously demonstrated unclad all-silicon
waveguides [23]–[25] in that the waveguides in this work only
make contact with the frame at the edge of the circuit, rather than
with periodic silicon tethers that affix the waveguide to adjacent
supporting structures on both sides. As a result, the central area
that is surrounded by the frame can be made electrically large
in both dimensions, in order to accommodate diverse terahertz
photonic circuits.

In addition to waveguides, we develop key passive pho-
tonic components, and deploy them in practical applications of
terahertz waves, i.e. communications and sensing, which are
rendered feasible by the supporting frame. Using this unclad
microphotonic platform, several integrated passive terahertz
components could straightforwardly be interconnected within a
single frame. This would realize complex and sophisticated pas-
sive systems, which are all defined with a single mask, and etched
simultaneously together from a high-resistivity float-zone intrin-
sic silicon wafer—engendering high efficiency. This is therefore
a promising candidate for a general-purpose integration platform
for terahertz waves.

II. ALL-SILICON TERAHERTZ PLATFORM

The central concept of this work is illustrated in Fig. 1(a).
A silicon waveguide and supporting frame are etched together
from an intrinsic silicon wafer. The point at which the waveguide
is attached to the frame is perforated with a dense hole lattice,
in order to realize an effective medium of low effective index.
As such, terahertz waves that are confined within the waveguide
undergo total internal reflection when they are incident upon this
effective medium, and remain within the waveguide itself. Thus,
the effective medium exhibits electromagnetic functionality that

Fig. 1. The unclad microphotonics concept, (a) an illustration showing silicon
supporting frame and effective medium cladding at the waveguide’s attach
point, as well as the in-plane polarization employed in this work, (b) straight
waveguides of width 200 µm, frame-width 2 mm, and lateral separation of 2 mm
between the waveguide and frame. as well as inset micrographs with 500 µm
scale bars, showing equilateral triangular through-hole lattice with pitch 120 µm
and diameter 110 µm, (c) measured propagation loss of the waveguides shown
in (b), with a single standard deviation-span given as a gray area, as compared
to simulation, and (d) coupling efficiency and reflection of a single port, when
excited from a hollow metallic waveguide into which the coupling spike is
inserted.

is as similar as possible to free space, but in structural terms,
it provides essential physical support. The separation between
the waveguide and the unpatterned portions of the supporting
frame is sufficiently large so as to avoid interaction, for which a
distance of approximately two free-space wavelengths is deemed
sufficient, as a conservative estimate. External to the frame,
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the silicon waveguide is progressively tapered so as to provide
broadband index matching, thereby yielding an interface to the
outside world, and suppressing reflections and standing waves.
Within the frame, the arrangement of the terahertz photonic
circuit itself is near-arbitrary, with the sole constraint being that
all features must have sufficient structural support, as well as
distance from the unpatterned portions of the frame. If an iso-
lated silicon feature is desired, such as an evanescently-coupled
resonator, then effective medium may be employed to provide a
physical bridge to the remainder of the circuit, whilst avoiding
a direct photonic connection to a silicon waveguide.

In the context of this work, some basic physical parameters are
fixed in order to maintain a manageable scope for a single study.
Silicon thickness is 200 µm, frame width is 2 mm, waveguide
width is 200 µm, and all coupling spikes are 2 mm-long linear ta-
pers that terminate in a 80 µm-wide snub. The effective medium
at the attach point is implemented using an equilateral triangular
hole lattice of cylindrical through-holes with pitch 120 µm and
hole diameter 110 µm. It is noted that these lattice parameters
are very closely related to that of the effective medium-clad
terahertz waveguides that are presented in [22]. Indeed, the
portion of the waveguide that passes through the frame could
be viewed as a length of effective-medium-clad waveguide of
the same sort that is described in the cited work. Aside from
physical parameters, the mode that is utilized by all devices
presented in this study is also fixed; the Ex

11, in-plane-polarized
mode is employed, as indicated in Fig. 1(a). It is noted that
there is no special significance to this particular choice, as the
unclad waveguide is also capable of supporting the out-of-plane
polarization, i.e. normal to the surface of the silicon wafer.
A brief analysis of the number and effective model index of
propagating modes is performed using a variant of Marcatili’s
method [26], and results are given in the Supporting Information
that accompanies this article. It is found that higher-order modes
do not propagate for frequencies below 363 GHz, and are leaky
for frequencies below ∼388 GHz. For the dominant Ex

11 mode,
the field confinement factor [27], i.e. the proportion of the mode’s
energy flux density within the dielectric volume, is 61%, 88%,
and 92% at 275 GHz, 325 GHz, and 375 GHz, respectively.

A. Straight Waveguides

The most fundamental component of a passive photonic
circuit is a straight dielectric waveguide. Different lengths of
straight waveguide are devised, where each is housed within
a dedicated frame, and fabricated from high-resistivity float-
zone intrinsic silicon wafers of nominal resistivity >10 kΩ·cm
using deep-reactive ion etching (DRIE). The resulting devices
are shown in Fig. 1(b), with micrographs of key salient fea-
tures of electromagnetic significance. The power transmission
through these straight waveguides is probed by inserting both
coupling spikes into hollow metallic waveguides, following the
example of [17]. In this case, the hollow waveguides are of
rectangular inner dimensions 711 µm × 356 µm, targeting the
260 GHz–400 GHz band. Alignment between the silicon spike
and metal waveguide is performed using manual actuation with
accurate micrometer stages. The hollow waveguides serve as an

interface to a high-quality, commercially-available all-electronic
measurement system, in which the output of a mm-wave signal
generator is applied to a ×9 frequency multiplier, producing
terahertz waves in the range from 260 GHz to 390 GHz. At the
detector side, frequency down-conversion is performed using a
terahertz mixer circuit, producing microwave signals that may
be processed by a spectrum analyzer, yielding accurate terahertz
transmission magnitude data. As imperfect alignment between
the silicon and hollow waveguide is a cause of coupling loss,
optimal alignment is sought by progressive adjustment of the
micrometer stages, whilst visually monitoring the trace that is
displayed on the spectrum analyzer. Several 5 mm and 15 mm-
long waveguides are probed in this way, and the difference in
power transmission between the two is employed to estimate
the propagation loss, α, of the straight waveguide. Numerous
measurements are taken for each waveguide length, resulting
in several pairs of measurements with different-length samples.
For each such pair, the difference in transmission is extracted,
and divided by the disparity in distance, to compute a single
frequency-dependent propagation-loss profile. The mean and
standard deviation of these profiles is employed to construct
error-bars. Owing to the low absorption of high-resistivity in-
trinsic silicon, the variation due to minor discrepancies in manual
alignment is more significant than the propagation loss itself. For
this reason, both mean and standard deviation are smoothed in
post-processing [28], in order to extract an overall trend, and the
results are given in Fig. 1(c).

In order to compare measured propagation loss to expectation,
simulations are performed in which a Drude model is employed
to account for dielectric absorption and material dispersion
of intrinsic silicon. Several different lengths of waveguide are
simulated, with the frame omitted, and the expected propagation
loss is extracted by comparison of transmission magnitude. As
the specific value of resistivity is not explicitly known, a range
is simulated, and results are shown in Fig. 1(c). According to
these results, propagation loss across the measurable bandwidth
is less than 0.117 dB/cm for 5 kΩ·cm, less than 0.059 dB/cm
for 10 kΩ·cm, and less than 0.032 dB/cm for 20 kΩ·cm. Thus,
simulated propagation loss is situated within the bounds of the
smoothed error bars of the measured propagation loss, for all
values of resistivity employed. We may conclude that simulation
and experiment are in approximate agreement, that this is indeed
a low-loss waveguide, and that this remains true for a range of
material resistivity.

The influence of the coupling structure and the point at which
the waveguide makes contact with the supporting frame is of in-
terest. This is because it determines coupling efficiency, which is
of key importance to the overall performance of passive circuits
that are founded upon this platform. Transmission through the
straight silicon waveguides shown in Fig. 1(b) is normalized by a
back-to-back measurement, in which the hollow metallic waveg-
uides of the source and detector are coupled directly together (not
shown). The influence of propagation loss is removed, and the
resulting decibel value is divided by two in order to approximate
the coupling efficiency of a single port. The results are shown
in Fig. 1(d), where it can be seen that close agreement with
simulation is attained, and that the −3 dB bandwidth boundary
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is not encountered across the measurable range of frequencies.
Points at which measured coupling efficiency exceeds 0 dB,
e.g. in the vicinity of 365 GHz, are understood as the result of
imperfect alignment in the reference measurement. It is noted
that, owing to the low absorption of intrinsic silicon, this material
is approximated as a lossless dielectric of relative permittivity
ε = 11.68 in these simulations, and in all subsequent simulation
results that are presented in this article, for simplicity. Aside from
coupling efficiency, the reflection from the coupling structure is
also of interest, but this may only be investigated in simulation
due to limitations in the available experimental equipment. A
simulation is devised in which all energy that is coupled to
the unclad waveguide is simply absorbed, in order to remove
the influence of subsequent reflections from other features. The
results of this simulation are shown in Fig. 1(d), where it can
be seen that reflection magnitude is below −13 dB across the
measurable bandwidth.

B. Structural Robustness and Versatility

The degree of design freedom that is afforded by the proposed
terahertz microphotonic platform is of interest. Specifically,
it is desirable to know whether the silicon micro-beams that
comprise the waveguides can be made longer and thinner, and
remain structurally self-supporting. Thus, a sample is devised
that exhibits no useful electromagnetic functionality, but rather,
its sole purpose is to provide insight into robustness. Several
silicon micro-beams are housed together within a single support-
ing frame, of width ranging from 200 µm to 10 µm—around a
hundredth of a free-space wavelength—and coupling spikes are
omitted, as shown in Fig. 2(a). The photograph given in Fig. 2(b)
shows that the total silicon micro-beam length is 3 cm. The
two largest silicon micro-beam widths are 150 µm and 200 µm,
and for two of each, a gap is introduced into the micro-beam,
and hence there is only a single attach point to the supporting
frame. The sample has proven to be sufficiently robust to survive
transport (i.e. from the foundry) and manual handling with
ordinary tweezers. Furthermore, the gaps show that only a single
attach-point is required to support the long silicon micro-beams.
This sample therefore gives an indication of the significant
design freedom that is offered by unclad microphotonics. It is
also noted that, although 10 µm is the minimum width employed
in this work, narrower beams may be viable. A definitive answer
to this question would require a separate study that is dedicated
to the physical robustness of single-crystal silicon microbeams.

III. Y-JUNCTION

A. Design and Characterization

Having demonstrated straight waveguides in Section II-A, it is
appropriate to develop useful elementary passive components.
We will begin with a Y-junction, which can serve as both a
splitter and combiner of terahertz waves. This component is
implemented with a symmetrically-reflected 90◦ circular bend,
of radius 2 mm. Analysis of the loss of a waveguide bend in
isolation is presented in the Supporting Information that accom-
panies this article. The Y-junction is housed within a supporting

Fig. 2. A silicon sample that bears an array of silicon micro-beams, of width
ranging from 10 µm to 200 µm, showing (a) schematic of the right side of the
sample, and (b) photograph of the whole sample, where two 150 µm micro-beams
and two 200 µm micro-beams have gaps, and hence are attached to the frame at
only one point. Micrographs are included, for which all scale bars are 500 µm.

frame, and fabricated using DRIE. The resulting sample is
shown in Fig. 3(a),(b). The power transmission between specific
port-pairs is probed by inserting the relevant coupling spikes
into hollow metallic waveguides that are coupled to terahertz
sources and detectors, as shown in Fig. 3(c),(d). The electronic
measurement system is identical to that which is described in
Section II-A. The measured value is normalized by the response
of a straight waveguide, in order to isolate the the magnitude
of the S-parameters of the Y-junction itself, and deembed them
from the coupling structure and measurement system. The re-
sults are given in Fig. 3, showing close agreement with the results
of full-wave simulations. ForS21 = S31, the loss that is in excess
of the −3 dB that is expected from even power splitting is in the
vicinity of−0.5 dB for frequencies above 280 GHz, correspond-
ing to 90% efficiency. As the absorption of the intrinsic silicon
is essentially negligible, the loss is chiefly due to radiation at
the center of the junction. It is also noted that S12 = S21, and
S13 = S31, due to reciprocity. Significant transmission between
Port 3 and Port 2 is undesired, and although it is non-negligible,
it is below ∼−10 dB across the measurable bandwidth. A null
is noted at 360 GHz, and is ascribed to cancellation between the
power that is conveyed from Port 2 to Port 3 directly across the
Y-junction, and that which enters the stem of the Y-junction and
is reflected from Port 1. The frequency of this null differs slightly
from simulation, as there is no metal waveguide attached to Port
1 in the measurement.

The simulated reflection response of the Y-junction is in-
cluded in the Supporting Information. For all ports, peak reflec-
tion is ∼−7 dB, in the vicinity of ∼310 GHz. As this is greater
than the reflection response that is observed in Fig. 1(d), we may
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Fig. 3. A Y-junction, showing (a) an annotated photograph and (b) a mi-
crograph of the device, (c),(d) experimental characterization, of S21 and S32,
respectively, and (e) measured and simulated S-parameters.

conclude that additional reflection is generated in the Y-junction
itself. If lower reflection is required, then the geometry of the
Y-junction itself may be optimized [29].

B. Demonstration of Terahertz Near-Field Sensing

Near-field sensing has been identified as an attractive prospec-
tive application of terahertz waves [30]. This is because a tera-
hertz wavelength is short relative to mm-waves and microwaves,
facilitating strong localization of a sensing area. Terahertz waves
are also non-damaging, non-ionizing, and are capable of pen-
etrating a variety of optically-opaque materials to a modest
physical depth. Furthermore, many substances of interest exhibit
discernible spectral signatures in the terahertz range. For these
reasons, terahertz technologies are anticipated to find uses in
industrial inspection, medical imaging [31], and pharmaceutical
quality control.

A Y-junction is suitable for sensing applications as it has three
ports; a source and detector can be attached to one port each,
and the third port defines a sensing area or probe. In this case, an
interferometric sensing experiment is devised, as illustrated in

Fig. 4. Demonstration of terahertz sensing using the Y-junction, showing (a)
illustration and (b) photograph of the sensing experiment, (c) deviation in S32

due to the influence of the metal, as normalized by the case in which the metal
plane is removed, where individual traces that correspond to distinct values of
distance, d, are separated from adjacent traces by 30 dB for clarity, (d) influence
of distance d upon the spacing between fringes observed in (c), where the
distance d is estimated from photographs by comparison with the known length
of the spike that serves as a near-field probe, and (e) logarithmically scaled field
magnitude plot of the dielectric rod that serves as a near-field probe structure,
at 325 GHz.

Fig. 4(a) and shown in the photograph in Fig. 4(b). The source
and detector are coupled to Ports 2 and 3, respectively, and Port 1
is employed as a probe. A portion of the energy that is coupled
to Port 2 from the terahertz source will travel through the stem
of the Y-junction to Port 1, where it will be radiated by the
coupling spike, which operates as a dielectric rod antenna [32].
Thereafter, a portion of back-scattered energy from the metal
plane is received by the probing coupling spike at Port 1, and
transferred to Port 3. This energy interferes with the direct
transmission between Ports 2 and 3. It is noted that, whilst this
direct transmission is small, the reflected signal is expected to be
comparable. This is because it undergoes |S12| × |S31| ∼ 7 dB
loss due to two instances of transit through the Y-junction, as
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well as further losses due to radiation of terahertz waves that
are not re-admitted into the sensing area. Thus, the impact of
interference is expected to be clearly discernible.

A metal plane is selected as it is a simple test case. The
objective of the experiment is to determine whether the presence
of the metal plane exerts a discernible impact on measured S32.
In order to isolate this impact, the measured transmission with
the metal plane in-place is normalized against the case with no
metal (i.e. corresponding to Fig. 3). A range of distances, d,
are tested in this way, and a selection of results is shown in
Fig. 4(c). Owing to normalization by the no-sample case, the
dip at 360 GHz that is observed in Fig. 3(e) translates to a peak,
which shows that energy is indeed received from the metal plane.
Importantly, interference fringes can be clearly seen in all cases,
and the spacing and depth of these fringes varies with the specific
value of d. This is consistent with expectation, and supports
the assertion of the specific signal paths that are indicated in
Fig. 4(a). The free spectral range (i.e. frequency-separation
between interference fringes) is extracted in the frequency range
from 297 GHz to 346 GHz, and is plotted as a function of dis-
tance, d, in Fig. 4(d). These results show monotonic dependence
of free spectral range upon d, which can be modeled with,

Free spectral range =
c

ΔL0 + d
, (1)

which computes the change in frequency required for the differ-
ence in path length to increase by a single wavelength, thereby
causing the interference condition to return to its original state.
The constant ΔL0 corresponds to the case where d = 0, i.e. the
difference in optical path length acquired within the micropho-
tonic Y-junction device itself. In this case, the average value of
ΔL0 = 53.6 mm is computed from all measured results. In this
way, Equation 1 can be employed to calibrate the Y-junction as
a contactless depth gauge.

Further insight into the sensor’s performance is desired. The
dynamic range of the sensor may be estimated as peak deviation
in measured S32 due to the influence of the metal plane. This
occurs at 318 GHz, in the case where d ∼ 0, and the measured
deviation is −27 dB. Lateral resolution is also of interest, and
hence simulated field distributions are employed in order to
inspect field localization in the vicinity of the sensing area.
The electric field distribution is shown in Fig. 4(e), for the
case in which there is no sample, at 325 GHz. This frequency
in particular is chosen as it is in the center of the measurable
bandwidth. The full-width at half-maximum (FWHM) power is
extracted, and is 420 µm at the surface of the probe—less than
half a free-space wavelength. The FWHM increases thereafter as
the fields diverge due to diffraction, but it remains below 1 mm
for distances less than 230 µm.

The demonstrated sensing technique is closely related to
terahertz optical coherence tomography [33], which can be
employed for 3D object-penetrating imaging. Typically, such
systems employ bulky free-space optics such as dielectric lenses,
parabolic reflector dishes, and planar beam splitters in order to
separate a terahetz beam into two paths. Thereafter, one of the
paths is impinged upon a sample under test, and the other on a
reference such as a planar mirror. Both paths are then recombined

and made to interfere prior to detection. Overall, systems of this
sort are generally quite large. On the other hand, the Y-junction
presented in this work monolithically integrates an interferom-
eter, coupling structures for the source and detector, and as a
near-field sensing area—with a total device footprint of 14 ×
16 mm2. As such, unclad microphotonics can be viewed as a
pathway towards a highly compact alternative to terahertz-range
optical coherence tomography systems.

IV. EVANESCENT COUPLER

A. Design and Characterization

A 2 × 2 evanescent coupler is a fundamental photonic com-
ponent composed of two waveguides that are brought into close
proximity, such that they can exchange energy via evanescent
fields. As with the Y-junction that is expounded in Section III-A,
it is capable of both splitting and combining terahertz radiation,
albeit with a crucial distinction. For dielectric waveguides of
this sort, field confinement is weaker for lower frequencies, and
hence a greater proportion of modal fields are evanescent. Thus,
the effect of near-field coupling between adjacent waveguides
is stronger for lower frequencies, and hence all energy may
be transferred from one waveguide to another over a shorter
distance. This is the basis of frequency differentiation in 2 × 2
evanescent couplers, which renders its scope of uses distinct to
that of Y-junctions.

We implement an evanescent coupler in which a pair of
waveguides is parallel for a coupling length of 600 µm, over
which they are separated by 50 µm; both values being less than
a free-space wavelength. The two waveguides are brought into
proximity by four 45◦ circular bends of radius 1 mm. Analysis
of the loss of a waveguide bend in isolation is presented in
the Supporting Information that accompanies this article. The
evanescent coupler is housed within a protective frame. The
coupler is fabricated using DRIE, and the resultant structure is
shown in Figs. 5(a),(b). The device is experimentally character-
ized by interfacing hollow metallic waveguides to the coupling
spikes at the relevant ports, as shown in Fig. 5(c),(d). The
detected power is normalized by that of a straight waveguide, in
order to remove the impact of the input coupling structure at the
attach-point of the frame, as well as the measurement system.
The results of this procedure are shown in Fig. 5(e), where it can
be seen that close agreement with simulation is attained. Points at
which S-parameters are slightly greater than 0 dB are considered
the result of imperfect alignment in the reference measurement.
The response of the 2 × 2 evanescent coupler confirms that it
is indeed capable of frequency differentiation; low frequencies
are more-readily transferred across the junction, with a peak
in the vicinity of ∼290 GHz, and progressively less power
is transferred as frequency is increased. The crossover point
between these two modes of operation is situated at 320 GHz.
It is also noted that, below ∼290 GHz, energy is progressively
transferred back into the original waveguide after it is coupled
across the junction, and hence S31 begins to fall as S21 recovers.

Port 4 is not intended to convey useful terahertz power, but
rather, it accounts for undesired signals that are routed from
Port 1 through reflection or stray evanescent coupling. Thus, A
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Fig. 5. A 2 × 2 evanescent coupler, showing (a) an annotated photograph
and (b) a micrograph of the device, (c),(d) experimental characterization of S21

and S31, respectively, and (e) measured and simulated S-parameters, indicating
the carrier frequencies employed for the “Bar” and “Cross” channels in the
communications demonstration in Section IV-B.

coupling spike is attached to this port in order to allow this waste
power to radiate to free-space. For this reason, it is not deemed
necessary to experimentally probe S41. Simulation results given
in Fig. 5(e) show that S41 accounts for less than −15 dB of
stimulated power across the measurable bandwidth. In addition
to this, the reflection response of the 2 × 2 coupler is included in
the Supporting Information, and is found to be less than −10 dB
across the measurable bandwidth.

B. Channelization for Terahertz Communications

The terahertz range is a portion of the electromagnetic spec-
trum with significant raw spectral bandwidth that is presently un-
occupied by wireless services. Thus, terahertz waves have been
identified as holding potential for high-volume wireless com-
munications applications [34], [35]. Frequency-domain chan-
nelization at the physical level, in which signals of different
carrier frequencies originate at distinct locations in a transceiver
device, will be useful to support such applications. This is

Fig. 6. Demonstration of two-channel terahertz communications using the 2×
2 evanescent coupler, showing (a) a photograph of the experiment, in which the
higher-frequency (“Bar”) channel is being utilized, (b) measured bit error rates
as a function of intended data rates, where points in the grey region correspond
to zero counted bit-errors in a 30-second time interval, and (c),(d) selected eye
diagrams from the low and high-frequency channels, respectively.

because independent terahertz sources can be dedicated to each
channel, thereby increasing the overall transmit power of a given
aggregate link, and extending range. It will also reduce the
required complexity of intermediate-frequency and baseband
circuits, by lowering the data rate that the individual circuit
must process. That said, this comes at the cost of duplicating
these circuits.

The frequency differentiation that is observed in Fig. 5(e)
can serve as a simple form of terahertz-range frequency-domain
channelization, and hence the evanescent coupler can operate
as a frequency diplexer. Specifically, Ports 2 and 3 provide
pathways for high, and low-frequency signals, respectively, to
interface with Port 1. This forms two channels; the higher-
frequency channel interfaces with Port 2, and is termed “Bar,”
and the lower-frequency channel at Port 3 is termed “Cross.”
Using the experimental setup that is shown in Fig. 6(a), We
demonstrate that both channels are capable of supporting a
terahertz signal that is modulated with digital information. This
signal is generated optoelectronically, by down-conversion of
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infrared-range power. To achieve this, a DC-biased uni-traveling
carrier photo-diode (UTC-PD) is excited with two-color optical
laser excitation, where the beat frequency corresponds to the
desired output terahertz frequency. This is converted to terahertz
power via a nonlinear process of optical rectification. The laser
signal is modulated using non-return-to-zero on-off keying with
a pseudo-random binary sequence, and the subsequent terahertz
wave inherits this modulation. The modulated terahertz signal is
output via a hollow metallic waveguide that is connected to Port 1
of the evanescent coupler. A Schottky barrier diode (SBD)-based
detector employs direct detection to extract the modulating
signal, which is then amplified using a low-noise amplifier with
29 dB gain and 38 GHz bandwidth, and subsequently clipped
with a 45 Gbit/s limiting amplifier. This facilitates computation
of the bit-error rate, and extraction of demodulated eye diagrams.
The SBD is coupled to either Port 2 or 3 of the evanescent cou-
pler, depending on which channel is presently being employed.

In this experiment, the Bar-channel employs a carrier fre-
quency of 348 GHz, and the Cross-channel uses 298 GHz. These
frequencies are selected in light of the raw spectral bandwidth
available to each channel, as well as the output power of the
UTC-PD, which is at maximum in the vicinity of 320 GHz
to 330 GHz. For both channels, bit-error rate is measured as
a function of data rate, and the results are shown in Fig. 6(b),
where a grey region represents zero bit-errors in the time interval
of the measurement. It can be seen that data rates of several tens
of Gbit/s can be supported by both channels. From inspection
of Fig. 5(e), each channel exhibits ∼40 GHz of available raw
spectral bandwidth, which translates to an expected maximum
data rate of ∼28 Gbit/s using non-return-to-zero on-off keying.
The observed maximum error-free data rates correspond closely
to this value, which is an indication that the waveguides, bend
structures, and evanescent coupler are all of low dispersion.
It is noted that our available measurement apparatus cannot
acquire phase information, and hence it is not possible to
probe dispersion directly. Eye diagrams of interest are shown in
Figs. 6(c) and (d), where it can be seen that the “eye” is clearly
open. The bit-error rate is, somewhat counter-intuitively, slightly
higher for 26 Gbit/s than for 27 Gbit/s, for the low-frequency
channel. Likewise, the bit-error rate is higher for 29 Gbit/s than
for 30 Gbit/s in the case of the high-frequency channel. This
may be due to statistical randomness in two experiments with
a comparable absolute probability of bit-error. An alternative
explanation is that key spectral features of the modulated signal
at the lower data rate correspond to the location of narrowband
reductions in transmission magnitude for the relevant channel.

It is noted that the channels are probed one-at-a-time to
demonstrate terahertz communications, and hence this exper-
iment innately neglects the possibility of cross-talk, which can
negatively impact channel quality and achievable data rate.
Indeed, the broadband direct-detection demodulation technique
that is performed using a terahertz SBD is particularly suscep-
tible to cross-talk. Nevertheless, this experiment shows that the
2 × 2 evanescent coupler can serve as a core component of
frequency differentiation that is amenable to communications
applications. In the future, all-silicon photonic filters [36] may
be integrated directly with the evanescent coupler, and housed

within the same supporting frame, in order to improve the out-
of-band rejection of each channel. Coherent downconversion
using a terahertz mixer and local oscillator source may also be
useful to this end, as undesired signals may be removed with
filters at the IF stage. However, such steps would constitute the
development of a terahertz transceiver, and are therefore beyond
the scope of this study, which is solely concerned with the unclad
microphotonic platform and the core passive photonic devices
that it can support.

V. CONCLUSION

We have presented a practical and versatile means to real-
ize micro-scale silicon waveguides that are both substrateless
and unclad, for the manipulation of terahertz waves. These
waveguides are physically robust due to the frame structure,
as well as broadband and highly efficient. Elementary photonic
components have been developed for this platform, and their
usefulness in practical terahertz-range applications has been
demonstrated.

There is significant freedom in terms of the length and width of
waveguides that remain structurally viable. As such, numerous
diverse passive photonic components may be housed within a
single supporting structure, and fabricated together, thereby real-
izing a sophisticated, monolithically-integrated terahertz passive
circuit from a single photolithographic mask. Near-field contact-
less out-of-plane vertical coupling techniques [37] may allow
a terahertz system to be constructed in a stacked, layer-wise
manner, thereby enhancing integration density. It is also possible
to integrate all-silicon antennas [32], [38], [39] in the same way,
to provide wireless interfaces between independent terahertz
systems.

Although a platform composed entirely of intrinsic silicon is
restricted to passive devices only, hybrid integration with active
terahertz integrated circuits provides an avenue to incorporate
necessary components such as sources and detectors [40], as
well as mixers [41], toward complete systems. Finally, although
all demonstrations in the present study were restricted to the
300-GHz band, substrateless all-silicon photonic crystal waveg-
uides have previously been scaled to 1 THz [42], and hence it
is highly likely that unclad microphotonic devices are similarly
scalable. For these reasons, this is a promising candidate to serve
as a general-purpose integration platform for future compact
terahertz systems.
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