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Artificial structures that exhibit narrow resonance features are key to a myriad of scientific advances and tech-
nologies. In particular, exploration of the terahertz (THz) spectrum—the final frontier of the electromagnetic
spectrum—would greatly benefit from high-quality resonant structures. Here we present a new paradigm of
terahertz silicon disc microresonators with subwavelength thickness. Experimental results utilizing continuous-
wave THz spectroscopy establish quality factors in excess of 120,000 at 0.6 THz. Reduction of the disc thickness
to a fraction of the wavelength reduces the losses from the silicon substrate and paves the way to unparalleled
possibilities for light–matter interaction in the THz frequency range. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.392288

1. INTRODUCTION

High-Q microresonators have enabled groundbreaking
advances at optical frequencies [1–11]. Their high Q factors
combined with the compact design render the monolithic res-
onators ideal platforms to drive both fundamental research and
technological developments. In particular, microresonators are
utilized to understand intriguing quantum phenomena [12] as
well as unprecedented nonlinear processes [13], to name but a
few. Furthermore, microresonators are harnessed for cutting-
edge applications like single-molecule biological sensors [14]
and essential buildings blocks for future communication
networks [15].

By extension, it has been known for a long time that un-
locking the full potential of the terahertz (THz) spectrum calls
for the development of high-quality resonant structures at THz
frequencies [16]. Consequently, the implementation of such
resonators has been a long-standing goal. Yet, despite an on-
going effort, the vast majority of resonant structures feature
complicated designs and exhibit significant losses, impeding
breakthroughs for future THz technologies [17–19].

It is only recently that the concept of high-Q monolithic
resonators has been transferred to THz frequencies, yielding
resonance features more than 2 orders of magnitude narrower
compared to previous systems [20]. Despite their recent
implementation, the resonators have already been applied
for sensing [21] and precision metrology [22], and they have
contributed toward the understanding of fundamental aspects
of microcavities through a sequence of proof-of-concept experi-
ments [23–26].

Still, the main factor limiting the Q factor of THz micro-
resonators is the typically strong material absorption of the
resonator substrate. The highest-Q THz resonators reported
so far are made of high-resistivity float-zone grown silicon
(HRFZ-Si), one of the lowest loss materials known in the THz
frequency range [20,27–30]. However, with no significantly
better materials in sight, even higher Q factors are out of reach
with typical microresonator designs.

Here we present an experimental demonstration of ultra-
high-Q THz disc resonators with subwavelength thickness
to alleviate the material loss constraint. Unprecedented Q fac-
tors are achieved by thinning the disc resonators to a fraction of
the free-space wavelength and therefore minimizing the losses
induced by the disc substrate. Also, the disc resonators intrinsi-
cally have an extremely large evanescent field that is ideally
suited to enhance the interaction between the resonance and
its environment. The disc resonators establish a new paradigm
of microresonators that are perfectly suited to enhance light–
matter interaction, alluding to the possibility of highly sensitive
sensors in the THz frequency range.

2. PRINCIPLE AND NUMERICAL ANALYSIS

Figure 1(a) shows a schematic illustration of the THz disc res-
onators and the employed coupling scheme. A coherent con-
tinuous wave (CW) THz signal is coupled to a disc resonator
via a single-mode waveguide exciting the THz resonances.
A typical electric field distribution of the fundamental TM
mode (electric field polarization perpendicular to the surface of
the disc) of a disc resonator is depicted in the insert. With a disc
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thickness of λ0∕8, a large proportion of the field is outside the
silicon substrate as a far-reaching evanescent field. The electric
field drops to 1∕e from the surface of the disc within λ0∕5; for a
standard spherical resonator this distance would be about
λ0∕20. Please note that, because of the intriguing field distri-
bution, the best coupling is achieved by placing the waveguide
above or below the edge of the disc as shown in Fig. 1(a).

The essence of the resonator design is to reduce the thick-
ness of a disc with a specific diameter until the intrinsic Q fac-
tor is highest at a chosen design frequency. However, once the
disc is too thin, the resonance at the design frequency experi-
ences significant radiation losses, similar to bend losses in wave-
guides, and the intrinsic Q factor deteriorates rapidly. The
characteristic behavior of disc resonators with optimal thickness
is clearly visible from the finite-element simulations presented
in Fig. 1(b). The blue and orange dotted curves show the
intrinsic Q factors as a function of resonance frequency exem-
plary for disc resonators with 6 mm diameter/72 μm thickness
and 12 mm diameter/66.5 μm thickness, respectively. The
shown resonances are separated by one free spectral range
(FSR). Starting at 540 GHz, the intrinsic Q factor increases
rapidly until it reaches its maximum value at the design
frequency of about 560 GHz. At frequencies above the design

frequency, the disc resonators maintain a very high Q factor
over a broad frequency range. This is particularly advantageous
for applications where high-Q resonances are required over a
broad frequency range, for example, for multifrequency sensing
or broadband precision metrology. The gradual decrease of the
intrinsic Q factor above the design frequency can be under-
stood by the fact that, with increasing frequency (smaller wave-
length), the ratio of the wavelength to the disc thickness is
decreasing: the resonator modes are more confined to the
HRFZ-Si disc and are therefore subject to higher material loss.

Most importantly, the intrinsic Q factors of the disc resona-
tors with subwavelength thickness are significantly higher com-
pared to the Q factor of a material-loss-limited resonator design
like a solid sphere. This enhancement inQ factor is nicely visible
from the example presented in Fig. 1(b). Here the intrinsic Q
factor of the fundamental mode of a solid sphere is indicated
with the green-shaded area to guide the eye: theQ factors above
this area are clearly identified as an improvement compared to
the material-loss-limitedQ factor. Please note that in a spherical
design the resonance is almost entirely confined to the material,
and therefore the Q factor is inherently limited by the material
loss. Also, the same argument would apply, for example, for a
disc with a thickness comparable to the wavelength.

(a)

(b) (c) (d)

Fig. 1. (a) Schematic illustration of a THz disc resonator with subwavelength thickness. The insert depicts 2 orders of magnitude of the nor-
malized electric field distribution of the fundamental TM mode of a disc resonator with 12 mm diameter and 66.5 μm thickness at 0.6 THz on a
logarithmic scale. The HRFZ-Si disc is indicated with the grey solid line. (b) Simulated intrinsic Q factor Q0 for two discs with 6 mm diameter and
72 μm thickness (blue dots) and 12 mm diameter and 66.5 μm thickness (orange dots). The green-shaded area indicates theQ0 of a solid sphere with
6 mm diameter. For simplicity, a constant permittivity corresponding to a material absorption of α � 0.006 cm−1 is assumed. (c) Optimal disc
thickness (black) and maximal intrinsicQ factor (brown) for diameters from 6 to 60 mm at a design frequency of about 560 GHz. The green-shaded
area shows the intrinsic Q factors for solid sphere resonators. (d) FSRs of the disc resonators for diameters from 6 to 60 mm with optimal thicknesses
(blue) and solid spheres (green). The solid lines are interpolations of the simulated data points to guide the eye.
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As mentioned above, the optimal thickness (highest Q fac-
tor) for the design frequency of a disc with a specific diameter is
limited by radiation losses. Once the substrate is too thin, the
resonances are no longer fully guided and radiative emission
occurs, which is unavoidable in open dielectric resonators
[31]. The radiation losses, however, can be reduced by increas-
ing the diameter of the resonator: a smaller radius of curvature
directly implies lower radiation losses at the design frequency.
Consequently, highest Q factors can be achieved by simultane-
ously reducing the disc thickness and increasing the diameter.
For example, for the disc with 66.5 μm thickness [orange dot-
ted curve in Fig. 1(b)], the highest Q factor at a design fre-
quency for 560 GHz is achieved with a diameter of 12 mm.
Comparison to the 6 mm diameter disc with 72 μm thickness
reveals an increase in Q factor by 50% to a maximum value of
125,000. In particular, the 12 mm diameter disc has an intrin-
sic Q factor of more than twice that of a solid sphere.

Therefore, the intrinsic Q factor can be further enhanced by
using larger but thinner discs. Figure 1(c) demonstrates the op-
timal disc thickness (black curve) and corresponding highest
intrinsic Q factor (brown curve) as a function of disc diameter
from 6 to 60 mm. The simulations are performed for a design
frequency of about 560 GHz. For the simulated diameters, a
linear behavior is observed with a nearly fourfold increase in the
intrinsic Q factor Q0. Remarkably, at 40 mm diameter, an in-
trinsic Q factor in excess of 200,000 is observed. In contrast to
the disc resonators, the intrinsic Q factor of an HRFZ-Si solid
sphere does not depend on the diameter as can be seen in the
green-shaded area in Fig. 1(c). However, while going to larger
diameters significantly enhances the maximum achievable
Q factor of the disc resonators, a practical constraint is given
by the fabrication capabilities and required footprint of the res-
onator. Also, please note that an increase in disc diameter is
accompanied with a reduced frequency separation of the reso-
nances, which could be advantageous for broadband or multi-
species sensing. Interestingly, the FSRs of the disc resonators
with optimal thickness (blue curve) decrease at a lower rate
compared to that of solid spheres (green curve) with the same
diameters as shown in Fig. 1(d). For example, at a diameter of
30 mm, the FSR of the disc resonator (FSR � 1.8 GHz) is
twice as large as that of the solid sphere (FSR � 0.9 GHz).
This observation is understandable from the fact that the thin
disc resonators have a much lower effective refractive index
compared to a solid sphere.

Overall, the simulations clearly demonstrate that the con-
cept of THz disc resonators with subwavelength thickness
has enormous potential. In particular, Q factors in excess of
300,000 at 0.6 THz are viable with disc resonators made of
HRFZ-Si. In the following, we present the fabrication and ex-
perimental characterization of the novel THz microresonators.

3. FABRICATION

The disc resonators are fabricated from 50.8 mm diameter
HRFZ-Si wafers with a thickness of 100 μm and a resistivity
of>10 kΩ · cm using grinding and femtosecond laser microma-
chining. Initially, the wafers are thinned to the desired thickness
by contacting the wafers to an optically flat substrate and sub-
sequent grinding. Continuous monitoring of the thickness using

a precision micrometer allows us to achieve the desired thickness
with 1 μm accuracy. After decontacting, the raw discs are cut from
the wafer using laser micromachining with 220 fs pulses at
800 nm with a repetition rate of 1 kHz and 20 mW power.
In the final step, the rim of the raw disc is polished with a fine
diamond slurry to remove imperfections caused by the laser
micromachining.

Pictures of the top and rim of a 12 mm diameter disc with a
thickness of (66� 1) μm are depicted in Figs. 2(a) and 2(b),
respectively. The diamond slurry polishing leads to slightly
rounded edges of the discs; however, this and any radial sym-
metric features do not deteriorate the intrinsic Q factors of
the resonators. Most importantly, the fabrication of the disc res-
onators is readily applicable to semiconductor industry stan-
dards, and therefore much larger and thinner discs, like the
40 mm diameter or 60 mm diameter discs discussed above,
can easily be envisioned. In the lab, however, we focus the ex-
perimental characterization on two discs with 6 mm and 12mm
diameters, both with design frequencies around 560 GHz.

4. EXPERIMENTAL CHARACTERIZATION

A. Setup and Methods
The disc resonators are experimentally characterized using co-
herent CW THz spectroscopy and Hilbert transform for data
analysis. A scheme of the experimental setup is shown in Fig. 3.
Coherent CW THz radiation is generated and detected using
fiber-coupled photoconductive antennas (PCAs) and recorded

Fig. 2. Microscope images of (a) the top and (b) the rim of the
12 mm diameter disc with (66� 1) μm thickness. The thin disc res-
onator is mounted on a 1 mm diameter metallic rod. The different
colors in the photograph are due to reflections from various light
sources.

Research Article Vol. 8, No. 7 / July 2020 / Photonics Research 1185



with a lock-in detection technique (Toptica TeraScan 1550 nm
[33]). The smallest frequency step size of the system is 1 MHz.
The linearly polarized THz radiation is collimated and focused
using specially developed symmetric-pass polymer lenses [34].
With a focal spot size of 0.7λ, the 25 mm focal length lenses
(numerical aperture is 0.7) are perfectly suited to efficiently
couple to the waveguide that is used to excite the THz disc
resonators. The design of the waveguide is essential to achieve
phase matching with the investigated HRFZ-Si disc resonators.
Here we are using an air–Tefzel–silica step-index waveguide
with a 200 μm core diameter made of low OH-content silica,
surrounded by a 13 μm thick layer of Tefzel fluoroplastic resin.
The refractive indices of the silica core and the fluoroplastic
resin are about 1.96 and 1.5, respectively, at 0.6 THz [35].
The waveguide provides single-mode operation in the fre-
quency range from 0.4 to 0.65 THz with an effective refractive
index of 1.27 to 1.37 from 540 to 600 GHz. Intriguingly,
phase matching to the HRFZ-Si discs can be readily achieved
with the air–Tefzel–silica step-index waveguide despite the
large material refractive index of the silicon substrate of
n � 3.416 at 0.6 THz [22]. Since a substantial part of the res-
onances is guided outside the high-refractive-index material of
the disc with subwavelength thickness, the effective refractive
index of the resonator mode is much lower than the material
refractive index. For example, the phase refractive index for the
fundamental mode of a 12 mm diameter disc with 66.5 μm
thickness increases from 1.20 to 1.34 in the region from
540 to 600 GHz, resulting in nearly perfect phase matching
with the air–Tefzel–silica waveguide. Please note that the same
waveguide can be used to couple to all the different resonators
considered in this study.

The excited resonances are characterized by normalizing
the signal transmitted from the waveguide coupled to the res-
onator (sample scan) to the transmitted signal without coupling
to the resonator (reference scan). Normalizing the sample scan
to an appropriate reference scan eliminates effects like the
frequency-dependent performance of the PCAs and standing

waves present in the setup. The recorded scans are analyzed
using the Hilbert transform, which provides great advan-
tages in data processing for coherent CW THz spectroscopy.
In particular, the Hilbert transform provides a frequency reso-
lution that is only limited by the linewidth of the lasers used to
generate and detect the THz radiation [36]. The intricacies of
the employed data analysis using Hilbert transform are ex-
plained in great detail elsewhere [37].

B. Results
Figures 4(a) and 4(b) show the normalized transmission of the
waveguide coupled to the 6 mm and 12 mm diameter disc res-
onators, respectively, exemplary in the frequency range from
550 to 580 GHz. Comparison of the measured FSRs and Q
factors with simulations clearly identifies the strongest excited
resonances in Figs. 4(a) and 4(b) as the fundamental TM
modes of the disc resonators. In particular, the fundamental
TM modes show explicitly higher Q factors compared to
higher-order radial modes. Also, the expected decrease in FSR
for the 12 mm diameter disc compared to the 6 mm diameter
disc is clearly visible.

In the following, the disc resonators are characterized by an-
alyzing the intrinsic Q factors of the fundamental modes. This
allows us to fully characterize the performance of the disc res-
onators around the design frequency, similar to the numerical
simulations discussed above. The intrinsic Q factors Q0 are ex-
tracted from the measurements by fitting the measured normal-
ized transmission and phase profiles simultaneously with the
analytic equation describing coupling of a waveguide to a mi-
croresonator [38]. Figures 4(c) and 4(d) show the measured
normalized transmission and phase profiles, respectively, exem-
plary for the fundamental mode at 556 GHz of the 12 mm
diameter disc resonator. The fit of the analytic model (orange)
is in very good agreement with the measurements; the intrinsic
Q factor of this mode is 121,000.

Figure 5 summarizes the measured intrinsic Q factors for
the 6 mm (blue dots) and 12 mm (orange dots) diameter disc

Fig. 3. Schematic of the experimental setup. The disc resonators are mounted on a 3D computer-controlled translation stage with 0.2 μm
precision to accurately control the distance between the waveguide and the resonator. The position of the resonator is monitored using two
USB microscopes. The typical resonator–waveguide position for strong coupling is about 200 μm inside the edge of the disc at a height of about
100–200 μm above the disc. The entire setup is placed inside a closed environment with less than 0.02% relative humidity to minimize distortions
from water vapor [32].

1186 Vol. 8, No. 7 / July 2020 / Photonics Research Research Article



resonators. The uncertainty in Q0 is typically less than 5% as
shown with the error bars in Fig. 5; smaller uncertainties can be
achieved by increasing the measurement time. The green dots
show the measured intrinsic Q factors for a 4 mm diameter
HRFZ-Si solid sphere for some selected resonances. The
spherical resonator has optical surface quality and shows unno-
ticeable deviations from a perfect sphere [20]. The spherical
resonator is consequently an excellent reference, as the intrinsic

Q factor is solely limited by the material loss of the HRFZ-Si
and not by fabrication imperfections. Please note that in the
experiment the same waveguide is used to couple to the disc
resonators and spherical resonator, and consequently only
higher-order radial modes are excited in the spherical resonator
[20]. However, comparison with finite-element simulations
clearly shows that the Q factor of these higher-order radial
modes is not limited by radiation losses.

The measurements for the disc resonators follow to a high
degree the trend predicted by the numerical analysis. To guide
the eye, the blue and orange dashed curves indicate the
simulated intrinsic Q factors for discs with 6 mm diameter
and 70.2 μm thickness and a 12 mm diameter disc with
66.5 μm thickness, respectively. Also, the corresponding simu-
lated intrinsic Q factor of a 4 mm diameter HRFZ-Si solid
sphere is indicated with the green-shaded area under the green
dashed curve. As the frequency is increased, first the intrinsic Q
factor increases rapidly and then there is a slow decrease—
exactly as predicted by the simulations. Also, the measured in-
crease in intrinsic Q factor by doubling the disc diameter is in
very good agreement with the simulations. The observed minor
deviations from the simulations are most likely caused by slight
imperfections in the resonator geometry that are not considered
in the simulations. Also, the simulations do not consider a fre-
quency-dependent material loss of the silicon substrate. Most
importantly, however, both disc resonators have a substantially
higher Q factor compared to the solid sphere. In particular, the
12 mm diameter disc has an intrinsic Q factor of more than
120,000 at about 560 GHz. To the best of our knowledge,
this is the highest Q factor ever reported for a monolithic res-
onator in the THz frequency range.

5. CONCLUSION

The presented results pioneer a novel concept of THz resona-
tors. Numerical as well as experimental investigations establish

Fig. 5. Measured intrinsic Q factors of the 6 mm diameter (blue
dots) and 12 mm diameter (orange dots) disc resonators in the fre-
quency range from 535 to 600 GHz. The green-shaded area indicates
the measured (green dots) material-loss-limited Q0 of a 4 mm diam-
eter HRFZ-Si spherical resonator. The smaller error bars around
the water absorption line at 557 GHz are results of more averaged
measurements to minimize effects on the Q factor from potential var-
iations in the residual water vapor content in the resonator’s environ-
ment. The blue and orange dashed curves indicate the simulated
intrinsic Q factors for discs with 6 mm diameter and 70.2 μm thick-
ness and a 12 mm diameter disc with 66.5 μm thickness, respectively.
The uncertainty at the absolute resonance frequencies is typically less
than 0.5 GHz as indicated with the error bars.

(a) (b)

(c) (d)

Fig. 4. Normalized transmission of the waveguide coupled to (a) the 6 mm disc resonator and (b) the 12 mm disc resonator. Measured (c) nor-
malized transmission and (d) phase profiles (blue) of the resonance at 556 GHz of the 12 mm diameter disc. The corresponding resonance in (b) is
highlighted in red. The fit of the analytical model is shown in orange. The frequency step size in subfigures (c) and (d) is 1 MHz.
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that the subwavelength thick disc resonators alleviate the con-
straint of strong material loss and therefore overcome the
main obstacle impeding the breakthrough of ultrahigh-Q THz
microresonators. In particular, measurements with coherent CW
THz spectroscopy reveal unprecedented Q factors in excess of
120,000 at 0.6 THz. Moreover, the excellent agreement be-
tween measurements and simulations provides strong indication
that Q factors in excess of 300,000 in the THz frequency range
are within reach if larger resonators are implemented. We envi-
sion that disc resonators with subwavelength thickness will con-
tribute an essential part to the exploration of the final frontier
of the electromagnetic spectrum.

Disclosures. The authors declare no conflicts of interest.
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