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ABSTRACT

Electron paramagnetic resonance (EPR) spectroscopy requires an efficient coupling of electromagnetic waves over a sample volume.
However, it is often challenging when EPR is operated in the terahertz (THz) range. Here, we report the fabrication and characterization of
double split-ring resonators (DSRRs) designed to operate at a frequency of 115 GHz. The DSRR device consists of the outer and inner rings
with diameters of 190 and 50 μm, respectively. Both rings have gaps, located on opposite sides, to concentrate and enhance the induced
magnetic fields within the rings. The DSRR devices are fabricated using a wet-etch photolithography process. We also develop a characteri-
zation method to measure the resonant frequencies and Q-factors of individual DSRR devices. The developed DSRR fabrication method is
useful for the development of resonators for various THz experiments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0300520

I. INTRODUCTION

The terahertz (THz) range of the electromagnetic spectrum
lies between microwaves and far-infrared waves. It is often consid-
ered as electromagnetic radiation from a frequency range of
0.1–10 THz. THz radiation has many unique characteristics and
has been found to be very useful in science and technology.1 For
example, because the photon energies of the THz radiation coin-
cide with molecular vibrations and rotations, THz spectroscopy is
used for molecular vibrational and rotational spectroscopy.2–4 THz
radiation is promising for non-ionizing and non-invasive imaging
because of its ability to penetrate a variety of materials.5–8 In addi-
tion, THz radiation is useful for electron paramagnetic resonance
(EPR) and related techniques because EPR spectroscopy can gain
high spectral resolution and high sensitivity by operating with THz
radiation.9–15 The high spin polarization achieved from the high-
frequency EPR also has a significant advantage in studying spin
decoherence mechanisms in various spin systems.12,16–19

In THz spectroscopy and EPR spectroscopy, a high intensity of
THz waves at the sample is crucial for enhancing the signal-to-noise

ratio in the measurement. The employment of a resonator is a
common method to increase the intensity of electromagnetic waves
at the sample without increasing the incident power. For EPR spec-
troscopy and related techniques, various types of resonators have
been developed.20 In a range of microwave frequencies, a rectangular
and a cylindrical cavity are commonly used.20,21 However, in a range
of THz frequencies, because the detection volume of a cavity resona-
tor is proportional to the cubic power of the wavelength, the employ-
ment of the cavity resonator accompanies a smaller sample volume.
The smaller sample volume can result in a smaller EPR signal; there-
fore, the THz EPR experiment is often performed without a
resonator.22–24 As an alternative approach, surface resonators have
been studied recently.25 The surface resonators have an advantage in
securing a wide sample surface, which is not limited by the wave-
length, and achieving a high concentration of the electromagnetic
field in the sample region, consequently enhancing the coupling of
electromagnetic waves to a sample.26–30 In addition, the surface reso-
nators are beneficial for the investigation of thin materials such as
thin films and two-dimensional materials and have the capability to
implement the access of optical and electrical stimuli for optically
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detected magnetic resonance (ODMR) and electrically detected mag-
netic resonance (EDMR).

In this work, we report the development of a double split-ring
resonator (DSRR) operating at a frequency of 115 GHz. The DSRR
consists of a pair of metallic loops with slits positioned at opposite
sides. Split-ring resonators are widely studied in the microwave and
THz wave regimes. In particular, metamaterials31–33 based on
split-ring resonators, which utilize the tunability of electromagnetic
wave profiles to control the propagation profile of electromagnetic
waves, have been investigated extensively.34,35 In the DSRR device,
the electric flux of the 115 GHz waves induces currents. While the
slits prevent currents from flowing around the rings, capacitive
current between the rings becomes considerable, consequently
enhancing the induced magnetic flux inside the rings.32 In the
present study, we first discuss the design and the expected perfor-
mance of the 115 GHz DSRR. Then, we describe the fabrication of
the DSRR devices using photolithography and chemical etching
techniques. We also describe a method to characterize individual
DSRR devices and discuss the results of the characterization. The
characterization shows that the variation of the resonant frequen-
cies is from 111.50 to 114.12 GHz while the designed frequency is
113.26 GHz, corresponding to a deviation of <1.6%. The present
development paves the way for the improvement of the coupling
between THz waves and samples in high-frequency EPR, ODMR,
and EDMR experiments.

II. DESIGN OF 115GHZ DOUBLE SPLIT-RING
RESONATOR

First, the design of the 115 GHz DSRR device is discussed.
The design of the DSRR is shown in Fig. 1(a). The DSRR,

fabricated on the surface of a substrate, consists of a pair of rings,
and the center points of both rings are the same. Each ring has
gaps, and those gaps are located on opposite sides. In the present
DSRR design, the smaller ring has an inner diameter of
DI = 50 μm, while the larger ring has an inner diameter of
DO = 190 μm, and both rings are 30 μm wide (Wturn

I and Wturn
O ).

Therefore, the diameters at the center of the rings are 65 and
205 μm for the inner and outer rings, respectively. In addition,
both rings have a 30 μm gap (Wgap

I and Wgap
O ) as shown in

Fig. 1(a). Figure 1(b) shows the reflection (S11) and transmission
(S21) calculated using CST Studio (Dassault Systems). In the calcu-
lation, we considered the rings made out of copper and the sub-
strate made of a borosilicate glass [relative dielectric constant value
(εsubstrate) of 6.4].

36 The simulation model also used the ring thick-
ness of 10 μm, the substrate length of 500 μm, the substrate width
of 500 μm, and the substrate height of 150 μm. To obtain the reso-
nance frequency and the Q-factor, we also performed a least-square
fit to the transmission data using the Fano resonance function,
modeling an asymmetric resonance line shape. As can be seen, the
fit and simulation agree well. We obtained that the resonance fre-
quency (fres) is 113.26 ± 0.03 GHz, and the calculated quality factor
(Q-factor) is 34 ± 1.

Furthermore, a profile of the magnetic field components of the
electromagnetic waves at the resonant frequency is calculated using
CST Studio. The result is summarized in Fig. 2. Figure 2(a) shows a
contour plot of the real part of the magnetic fields around the DSRR
device. As can be seen, a high intensity of the magnetic field is dis-
played between the inner and outer rings. Figures 2(b)–2(d)
show the z-component of the magnetic field. Figure 2(b) shows the
z-component of the magnetic field amplitude as a function of the
z-position (perpendicular to the DSRR plane), where x = y = 0.

FIG. 1. A design of the 115 GHz DSRR. (a) The dimensions of the DSRR device. The substrate with a dielectric constant of εsubstrate is positioned behind the DSRR
device. (b) The calculated S11 and S21 signals based on the DSRR design is shown in Fig. 1(a). The resonance ( fres) is shown at 113.26 ± 0.03 GHz. The quality factor is
Q = 34 ± 1. The Fano resonance function, A [q (Δf/2) + ( f−fres)]2/[(Δf/2)2 + ( f−fres)2], was used for the fit. fres = 113.26 ± 0.03 GHz, Δf = 3.34 ± 0.05 GHz, q = 0.417 ± 0.008,
and A = 0.742 ± 0.002. The errors represent the 95% confidence interval. Using the results, we obtained Q = fres/Δf = 34 ± 1, where the error was calculated using error
propagation. In the simulation, the DSRR device is placed on the front surface of the substrate. The microwave was input from the back surface of the substrate. The elec-
tric field polarization of the input was set along the x axis, which is parallel to the Wgap

O and Wgap
I directions.
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As shown, the maximum value is observed at z = 0, corresponding to
the interface between the DSRR device and the substrate. Moreover,
the magnetic field profiles along the x- and y-axes are shown in
Figs. 2(c) and 2(d), respectively. The profiles show that the
magnetic field amplitude is high near the inner edge of the outer
ring. The simulation also shows that the strength of the induced
magnetic field can exceed 10mT with the incident microwave power
of 1W, corresponding to a Rabi oscillation frequency of approxi-
mately 280MHz.

III. FABRICATION

The DSRR devices were fabricated using a wet-etch photoli-
thography process. The fabrication recipe is shown in Fig. 3. First,
the surface of a glass cover slip is cleaned by a plasma etching
process for 1 min. The cover slip is then coated with titanium with

a thickness of 5 nm for adhesion, and then a copper layer with a
thickness of ∼1 μm using a sputtering technique. Positive tone pho-
toresist (AZ1512) is then coated on the copper surface using a spin
coating with a revolution speed of 2150 rpm and a duration of
1 min. After the spin coating, the substrate with the photoresist is
prebaked at 90 °C for 90 s to harden the photoresist [see Fig. 3(a)].
Next, as shown in Fig. 3(b), the cover slip is positioned under the
photomask using an MJB3 mask aligner (Karl Suss) and is exposed
to a UV light source. The UV source is set at a power of
5.3 mW/cm2 for an exposure time of 30 s in the present procedure.
After the exposure, a developer solution consisting of a 3:8 mixture
of Microposit 351 developer and water is applied to the substrate to
remove unhardened photoresist. Then, the exposed copper is
removed by chemical etching with ferric chloride solution, and the
remaining exposed titanium layer is removed using titanium
etchant TFTN (Transene) [Fig. 3(c)]. Finally, as shown in Fig. 3(d),

FIG. 2. The results of induced magnetic fields in the DSRR device. In the simulation, the input electromagnetic waves are with a frequency of 113.26 GHz. The input

power was set at 1 W. (a) Contour plot of the real part of the induced magnetic field at z = 0. (b) Z-component of the magnetic field amplitude ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re2 þ Im2

p� �
, where

Re and Im represent the real and imaginary parts, respectively, calculated as a function of position in the x-direction. y = z = 0. (c) Magnetic field strength measured as a
function of position in the y-direction. x = z = 0. (d) Magnetic field strength measured as a function of position in the z-direction. x = y = 0.
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FIG. 3. Overview of the DSRR fabrication procedure. (a) Substrate coated by copper and photoresist. (b) UV light exposure over the masked substrate. (c) Development
and the chemical etching process. (d) Acid cleaning process.

FIG. 4. Characterization of a single 115 GHz DSRR. (a) S21 simulation results for the coupled and uncoupled configurations performed by CST Studio. The electric field
polarization was set to be parallel and perpendicular to the x axis (see Fig. 1 for the directions of the x axis). (b) A schematic of the experimental setup. (c) DSRR
coupled to electromagnetic waves in the WR-8 waveguide. The dimensions of the WR8 waveguide are 1.016 × 2.032 mm2. The inset shows the intensity of the
y-component of the electric field. The resonator is positioned at the center of the WR-8 waveguide. The dashed line represents the substrate. (d) DSRR uncoupled to elec-
tromagnetic waves in the WR-8 waveguide.
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FIG. 5. Characterization of DSRR devices. (a)–(c) DSSR#1. (a) Microscope image with scale bars. (b) Microwave transmission powers with uncoupled (green) and
coupled (orange) configurations, respectively. (c) Normalized intensity [√(Ic/Iu)] of the transmission. By fitting to the Lorentzian function, fres = 111.51 ± 0.07 GHz, and the
Q-factor, Q = 31 ± 2, were determined. (d)–( f ) DSRR#2. (d) Microscope image. (e) Transmission powers with coupled and uncoupled configurations, Ic and Iu, respectively.
(f ) Normalized intensity [√(Ic/Iu)] as a function of microwave frequency. (g)-(i) DSRR#3. (g) Microscope image. (h) Transmission powers with coupled and uncoupled con-
figurations, Ic and Iu, respectively. (i) Normalized intensity [√(Ic/Iu)] as a function of microwave frequency.
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the remaining photoresist is removed using acetone. The physical
dimensions of the fabricated DSRR devices were measured using a
profilometer and by analyzing optical microscope images. Since
multiple resonators were fabricated simultaneously, we checked the
dimensions of the DSRR devices at various locations from the
center to the outside of the substrate.

IV. CHARACTERIZATION

The resonances of the DSRR devices were characterized by
measuring the absorption of electromagnetic waves. In the present
case, we obtain the absorption of DSRR by measuring the changes
in transmitted power with and without the coupling to the DSRR
device using a rectangular waveguide. In principle, as we described
previously, electromagnetic waves couple to the DSRR device when
the electric field polarization of the electromagnetic waves is paral-
lel to the direction of the gaps. Therefore, it is possible to achieve
the maximum coupling by placing the gap direction [E // x in
Fig. 1(a)] parallel to the electric field and the minimum coupling
by placing it perpendicular to the electric field. Figure 4(a) shows
the simulated transmission (S21) for the coupled (E // x) and uncou-
pled (E // y) configurations. As shown, the resonance is seen only in
the coupled configuration. In the present case, we employ the TE10
mode of a WR8 rectangular waveguide to form the electric field
component along the width direction (the shorter side of the rect-
angle) and control the coupled and uncoupled configurations by
rotating the DSRR device in the waveguide. Figure 4(b) illustrates
the schematic for the characterization experiment. The setup con-
sists of a microwave source (VDI), WR-8 waveguide, DSRR, isolator
(Eravant), and detector (Pacific Millimeter). The frequency of the
microwave source is adjustable from 107 to 120 GHz. The fre-
quency range of the WR8 waveguide is 90–140 GHz. The isolator is
used to reduce the standing wave in the system. In the transmission
measurement, the amplitude of the microwave source is modulated
using a p–i–n switch, and the transmitted signal is detected using
the detector and a lock-in amplifier (Stanford Research Systems).
Figures 4(c) and 4(d) show the configurations of the DSRR device
with and without coupling, respectively. The DSRR device is placed
in the center of the waveguide to maximize the microwave inten-
sity, as shown in Fig. 4(c). In the experiment, a substrate with
dimensions of approximately 1 × 1 mm2 and a DSRR device cen-
tered on the substrate is prepared using a dicing saw, and the
DSRR device is fixed inside the waveguide using a small amount of
silicone vacuum grease or a small piece of thin double-sided tape
on the side surface of the substrate.

Figure 5 shows the dimensions and absorption characteriza-
tion of DSRR devices. The dimensions were measured from the
microscope image. For example, from the analysis of Fig. 5(a), we

obtained DI = 54 ± 1 μm, DO = 192 ± 1 μm, Wgap
I = 35 ± 1 μm,

Wgap
O = 36 ± 1 μm, Wturn

I = 24 ± 1 μm, and Wturn
O = 23 ± 1 μm for

DSRR#1. Figure 5(b) shows the transmission power of the DSRR
device with the coupled (Ic) and uncoupled (Iu) configurations.
Peaks and dips shown in the transmission powers are mainly due
to the standing waves. As can be seen, the transmission power of Ic
is smaller than that of Iu in the range of 108 and 114 GHz, while Ic
and Iu are similar above 114 GHz. The result indicates that the dif-
ference is due to the THz absorption by DSRR. Then, the normal-
ized transmission intensity is obtained by calculating √(Ic/Iu) to
remove the standing wave contributions. Note that the square-root
was imposed to convert the power transmission coefficient to the
transmission coefficient and to compare with the simulated S21, as
shown in Fig. 1. By fitting the normalized intensity with the
Lorentzian function, we obtained the resonance frequency (fres),
the Q-factor (Q), and the contrast of the resonance (C) to be
111.51 ± 0.07 GHz, 31 ± 2, and 0.166 ± 0.005 for DSRR#1, respec-
tively [Fig. 5(c)]. In the fit, the background of the normalized
intensity was set to be 1. Moreover, we fabricated and characterized
two more DSRR devices with the same method described previ-
ously, and their results are shown in Figs. 5(d)–5(i).

Moreover, the resonance frequencies, Q-factors, and the
dimensions are summarized in Table I. As can be seen, DI and DO

are larger than the designed values while Wturn
I and Wturn

O are
smaller. We also obtained that the center diameters of the fabri-
cated inner rings are 66 ± 1, 66 ± 1, and 66 ± 1 μm for DSRR#1, 2,
and 3, respectively (the designed value is 65 μm). Similarly, the
center diameters of the fabricated outer rings are 204 ± 1, 203 ± 1,
and 206 ± 1 μm for DSRR#1, 2, and 3, respectively, while the
designed value is 205 μm. Therefore, the result shows that the sizes
of both rings are within the specification, but the widths of DSRR
rings are slightly smaller than the designed values. This probably
originates from the fabrication. As summarized, the measured reso-
nant frequencies vary from 111.51 to 114.1 GHz. Because the simu-
lated value is 113.26 GHz, the deviations of the resonant
frequencies from the simulation are less than 1.6%. The Q-factors
vary from 16 to 31 (the variation of ∼50%). Moreover, the charac-
terization results showed that the resonance contrast is higher
when the Q-factor of the DSRR is higher, and the contrast varies
from 0.150 to 0.166, corresponding to a variation of ∼10%. This
variation is smaller than that of the Q-factor, which implies a non-
trivial contribution of radiation to the resonator Q-factor, i.e., mag-
netic fields induced around the DSRR.

Next, the relationships between the dimensions of the larger
and smaller rings and the measured resonant frequencies and
Q-factors are discussed. Figure 6 shows the resonance frequencies
and Q-factors as a function of dimensions. Figures 6(a)–6(c) are
the plots for the larger ring, and Figs. 6(d)–6(f ) are the plots for

TABLE I. Dimensions of fabricated DSRR devices. The unit of the dimensions is in μm.

# DI (50) DO (190) Wgap
I (30) Wgap

O (30) Wturn
I (30) Wturn

O (30) fres (GHz) Q

1 54 ± 1 192 ± 1 35 ± 1 36 ± 1 24 ± 1 23 ± 1 111.51 ± 0.07 31 ± 2
2 54 ± 1 191 ± 1 34 ± 1 34 ± 1 24 ± 1 24 ± 1 114.1 ± 0.1 16 ± 7
3 53 ± 1 194 ± 1 36 ± 1 35 ± 1 25 ± 1 24 ± 1 111.56 ± 0.09 21 ± 1
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the smaller ring. As can be seen in Figs. 6(a) and 6(b), there is no
pronounced correlation between the resonant frequencies,
Q-factors, DO, and Wturn

O . On the other hand, although the number
of data points is limited, Fig. 6(c) suggests that the resonant fre-
quencies increase when Wgap

O is larger. In addition, Figs. 6(d)–6(f )
show no clear correlation between the resonant frequencies,
Q-factors, and the dimensions for the smaller ring. Overall, the
result suggests that the resonant frequencies and Q-factors remain
in the designed range with the observed small difference in the
dimensions.

V. SUMMARY

In summary, we fabricated 115 GHz DSRR devices for a fre-
quency of 115 GHz using photolithography and chemical etching
techniques. We also developed a characterization method, which
allows us to measure the absorption of individual DSRR devices.
Our characterization shows that the deviations of resonant frequen-
cies of the fabricated DSRR devices are less than 1.6%. The pre-
sented method can be extended to build DSRR devices for higher
THz frequencies and the applications to ODMR and EDMR spec-
troscopy, where it is often challenging to integrate the resonator,
optical, and electrical accesses together in a limited space.
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