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The chip-scale terahertz (THz) devices and systems are helpful
to enable actual applications in THz communication and
sensing. Here, we demonstrate an on-chip THz whispering
gallery mode resonator (WGMR) delivering a high-quality
(Q) factor TE single mode, fabricated on a high-resistivity
float zone silicon wafer by complementary metal-oxide—
semiconductor compatible technology. For a TE mode in a
WGMR, it is the first time to achieve a Q factor of 1210
at 0.4925 THz with 28 dB extinction ratio, to the best of
our knowledge. With this excellent WGMR, we have demon-
strated a stable and highly sensitive sensor for particle distance
estimation. Our investigation provides an effective approach
to fabricate high-performance integrated THz-WGMRs for
chip-scale systems.  © 2019 Optical Society of America
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High-performance integrated terahertz (THz) devices with
low-cost, efficient, scalable, and configurable characteristics
are highly demanded, especially in the practical applications of
THz wireless communications [1] and highly sensitive sensing
[2,3]. Compared with plenty of THz resonators having the vir-
tue of a high-quality (Q) factor and sensitivity to demonstrating
versatile functional devices based on metamaterials [4], photonic
crystals [5], and metal waveguides [6], whispering gallery mode
resonators (WGMRs) feature their unique properties such as
possessing unprecedented high-Q factors [7,8]. As we know,
WGMREs in the optical domain [9] are attracting more and more
attention because of their broad application fields from funda-
mental physics to promising signal processing. Compared with
that in the optical domain, researches on THz-WGMRs have
just started. Recently, a quartz bubble resonator with a Q factor
of 440 was successfully demonstrated at 0.45 THz in 2018 [7].
When the material was changed to high-resistivity float zone
silicon (HRFZ-Si), and the shape was fabricated to a sphere,
the Q factor was dramatically increased to 15,000 [8], which
demonstrates that HRFZ-Si is one of the most promising ma-
terials for realizing THz-WGMRs with low absorption loss.
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However, these THz-WGMRs are all separated devices and
work independently, which suffer from less scalability and poor
stability. On-chip WMGRs based on HRFZ-Si holds numerous
merits of high stability, small size, low cost, and compatibility of
the complementary metal-oxide—semiconductor (CMOS) pro-
cess, which may have great potential for applications in filters,
delay lines, sensors, and beyond [10—12]. Recently, one on-chip
THz-WGMR device was demonstrated successfully based on
HREFZ-Si [13]. It exhibits good performances with a Q factor
0f 2839 for the TMy mode at 218 GHz and a Q factor of 168
for the TE; o mode at 189 GHz. Considering the integration of
various function devices on one chip, the tailor of TM modes
always relies on varying the heights to satisfy the needs of the
required functions, which usually needs tedious processes of
multiple overlay. On the contrary, the tailor of TE modes usually
depends on different widths, and it can be easily realized just by
designing the masks. Therefore, devices based on TE modes are
more mutually compatible and more flexible. Moreover, the
single-mode WGMR has the advantage of high spectral purity
and small mode volume area [14]. Therefore, it is significant to
demonstrate a high-Q factor for TE single mode on a chip.

In this work, we demonstrate a TE single-mode high-Q
THz-WGMR fabricated on HRFZ-Si wafer with conventional
CMOS technology. By optimizing the parameters of the
WGMR, we obtain a Q factor of 1210 for the TE single mode
with 28 dB extinction ratio (ER). Then, we qualitatively cor-
roborate its high sensitivity for this TE mode by varying the
effective refractive index (7.g) through changing the distance
between the quartz particle and the ring resonator surface.
Using this THz-WGMR, we can experimentally monitor the
variation of the effective refractive index.

In the THz frequency range of <1 THz, HRFZ-Si holds
the advantages of very low loss (<0.025 cm™") and high refrac-
tive index (7 = 3.416) [15], and it is well compatible with the
CMOS technology. Therefore, we choose to fabricate the in-
tegrated THz-WGMRs on HRFZ-Si with a resistivity of more
than 10 kQ - cm. The schematic diagram of the designed THz-
WGMR for ~0.5 THz is illustrated in Fig. 1(a). It includes a
straight coupling waveguide and a ring resonator etched on a
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double-side polished HRFZ-Si wafer. We set the gap between
the ring resonator and the waveguide as ¢ and the radius of the
ring as 7. In addition, in the detailed figure of the waveguide
cross-section, the thickness of the wafer and the height of the
ridge are set as A and 4, respectively, and the width of the ridge
is set as w. The cross-section dimensions of the ring resonator
and the coupling waveguide are consistent. To realize the high-
Q TE single mode, we use commercial COMSOL software to
optimize the cross-section of the ridge waveguide [16].

In order to comply with the TE single-mode condition and
avoid the emergence of TM mode for high spectral purity and
small mode volume area, the cross-section parameters (H, , w)
of the ridge waveguide should be well designed. Firstly, w stays
at 500 pum, while A and 4 are varied to avoid the existence
of the TM mode, as shown in Fig. 1(b). As an example, when
H and /4 are set as 200 pm and 100 pm, respectively, the
waveguide still supports the existence of the TM;, mode, as
illustrated in Fig. 1(b)(i). When A is reduced to 120 pm
(h = 60 pm), the waveguide cannot excite the TM mode, as
shown in Fig. 1(b)(ii). Thus, we choose H = 120 pm and
h = 60 pm. Then, w is designed to satisfy the TE single-mode
condition. As shown in Fig. 1(c)(i)—1(c)(ii), if the width of the
ridge is too narrow (w = 200 pm), there is no TE;, mode.
But, the electric field of the TE, mode has strong interaction
with the sidewall of the ridge, which will lead to a high scattering
loss due to the sidewall roughness in fabrication. On the con-
trary, if the width of the ridge is too wide (w = 400 pm), the
waveguide will also support the TE; ; mode, as illustrated in

Fig. 1(c)(v)-1(c)(vi). When the width of the ridge is set as
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Fig. 1. Schematic diagram and design of the THz-WGM resonator.
(a) Schematic diagram of the THz-WGM resonator where the inserted
figure on the right is the cross-section of the ridge waveguide. (b) The
simulated electric-field (E) distribution of TM;, ; modes with different
thickness of wafer H. H is (i) 200 and (ii) 120 pm, respectively. The
height of the ridge / is half of /, while the width of the ridge w is always
500 pm. The polarizations of TM;, modes are both vertical to the
plate. (c) The simulated electric-field (E) distribution of the TE; , mode
(left) and TE; y mode (right) with different w. w is (i)—(ii) 200 pm,
(iii)—(iv) 300 pm, and (v)—(vi) 400 pm, respectively. The polarizations
of two modes are both parallel to the plate. /7 and 4 are always 120 and
60 pm, respectively. (d) The calculated intrinsic Q factor as a function
of the ring radius. H, 5, and w are 120, 60, and 300 pm, respectively.
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300 pm, only a fundamental TEq, mode can be supported,
as shown in Fig. 1(c)(iii)—1(c)(iv). Therefore, we set the wave-
guide cross-section parameters H, A, and w as 120, 60, and
300 pm, respectively, in order to realize the single TE mode
and high-Q THz-WGMR:s.

The intrinsic Q factors as a function of the ring radius r are
calculated, as shown in Fig. 1(d) [16]. It is mainly determined
by the bending loss and HRFZ-Si absorption loss in the sim-
ulation. The intrinsic Q factor increases monotonously as the
radius increases from 1 to 3.5 mm, which is attributed to the
decreasing bending loss. When the radius is further increased,
the intrinsic Q factor tends to a constant of 12,000, which is
the theoretical limit. The ultimate limit is determined by the
absorption loss of HRFZ-Si. To simultaneously achieve a high-
Q factor and enable the size to be as small as possible, here we
set the radius of the ring as 4 mm. In addition, the gap between
the ring and the waveguide g is set to be 10 pm to guarantee the
over-coupling state.

The THz-WGMRs are fabricated by using ultra-violet
lithography (MJB 4) and inductively coupled plasma (ICP)
(Oxford Plasmalab system 100 ICP180) deep etching. The
coupling region between the ring resonator and the waveguide
is characterized by an optical microscope. As illustrated in
Fig. 2(a), the ridge width w of the fabricated waveguide is
279.7 pm, which is 20.3 pm less than the designed value, while
the gap ¢ is 32.1 pm, which is 22.1 pm larger than the designed
value. These deviations are mainly caused by the ICP etch
process. It is noted that this is a fixed deviation, which can be
pre-compensated during the device design process. The cross-
section of the ridge waveguide is also characterized by a scan-
ning electron microscope (SEM). As illustrated in Fig. 2(b), the
measured A and 4 are 126.75 and 60.78 pm, respectively,
which agrees well with the designed value. In order to guarantee
the TE single-mode condition, we use the measured parameters
to simulate the electric-field distribution of the ridge waveguide
again, and it still works well. On the other hand, besides the
absorption loss of the material, the scattering loss caused by the
sidewall roughness also influences the Q factor. Therefore, it is
essential to make the sidewall as smooth as possible. Figure 2(b)
indicates that the fabricated sidewall is relatively smooth, which
is very helpful to achieve a high-Q factor.

The fabricated THz-WGMR is measured by THz vector
network analyzers (VNA) (Ceyear 3649B) delivering a fre-
quency range from 0.325 to 0.5 THz, and the metal waveguide
internal dimension of the emitter is 508 x 254 pm? (WR-2.2).
The schematic diagram of the experimental setup is shown in
Fig. 3(a). A linearly polarized THz wave is generated from the
emitter, then horizontally coupled into the silicon waveguide,
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Fig.2. Fabricated THz-WGM resonator. (a) An optical microscopic
image of the coupling area. (b) A SEM image of the ridge waveguide

cross-section.
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and excites 2 TE mode. Then, the THz wave propagates along
the waveguide and couples into the ring resonator. Finally, the
THz wave is probed by the receiver of VNA. As the THz fre-
quency is swept in the VNA, the intensity and phase transmis-
sion spectra can both be acquired during the experiment.
Figure 3(b) depicts the measured intensity and phase transmis-
sion spectra covering a frequency range from 0.46 to 0.5 THz.
The frequency interval between adjacent resonances is uniform
in the intensity transmission spectrum, which indicates that the
device only supports a TE single mode. The resonance free spec-
tral rang (FSR) of the WGMR is ~2.4 GHz. Furthermore,
it can be found that the ER is different at different resonant
frequencies, which originates from multiple Fabry—Perot (FP)
effects and the frequency dependent coupling coefficient [9].
From the phase response of the device, we can see that the
WGMR is in the over-coupling state with the resonances from
0.46 to 0.5 THz. To characterize the Q factor of this device
further, we choose a specific resonant frequency of 0.49246 THz
and fit the experimental results with the transmission matrix
method [8], as shown in Fig. 3(c). The amplitude transmissivity
7; and phase transmissivity @ [17] can be expressed as
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Fig. 3. Experimental setup and measured transmission results.
(a) Ilustration of the experimental setup. (b) The measured transmis-
sion intensity (upper) and phase profile (under) of the THz-WGMR in
the over-coupling state with the frequency range of 0.46-0.5 THz.
(c) The enlarged transmission intensity (upper) and corresponding
phase profile (under) with the frequency around 0.4925 THz. The
black circles represent experimental results, while the red line repre-
sents simulated results.
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respectively, where 4 is the single-pass transmission coefficient
of the ring, 7 is the coupling coefficient between the waveguide
and the ring, ¢ = fL represents the phase shift for one round-
trip, L is the round-trip length, and f is the propagation con-
stant. According to the fitting process, it is found that the full
width at half-maximum (FWHM) of the resonance is 407 MHz,
corresponding to a Q factor of 1210 at the frequency of
0.49246 THz. Moreover, the ER is as high as 27.7 dB. To the
best of our knowledge, this is the highest measured Q factor for
a TE single mode in on-chip THz-WGMRs.

WGMRs have great potential in the sensing field with the
advantages of high-Q factor and evanescent field in the optical
domain [18]. Recently, in the THz domain, WGMRs are
also demonstrated to have excellent performances for sensing
[12,19]. However, both of the previous works are based on dis-
crete devices, including the separated coupling waveguide and
sphere WGMRs. Here, we use the fabricated high-Q single-
mode WGMR based on HRFZ-Si to implement a typical
application experiment for sensing to verify its abilities. The
schematic diagram of the sensing principle is shown in Fig. 4(a).
A dielectric particle is located above the surface of the ring with a
gap. The distance between the particle and the ring surface can
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Fig. 4. Application of the THz-WGM resonator in sensing.
(a) Schematic diagram of the sensing principle. D is the diameter
of the quartz dielectric particle. 4 represents the distance between
the particle and the surface of the ring. (b) The simulated results
for the change of effective refractive index Az as a function of &
with 0.1, 0.2, 0.5, and 1.0 mm particle diameter. (c) The measured
transmission intensity spectra with different &. (d) The measured fre-
quency redshift Af as a function of 4. The blue dots and red line
represent the experimental results and the fitting line, respectively.
(e) The ER (upper) and FWHM (under) of the measured transmission
intensity spectra as a function of 4.
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be easily measured according to the frequency shift of the
WGMR resonance. The particle is made of quartz, which
has a refractive index of 1.96 and a relatively low material loss
of about 0.2 cm™! from 0.4 to 0.5 THz [20]. The diameter
of the dielectric particle is defined as D, while the distance
between the particle and the ring surface is defined as 4.
Before performing the sensing experiment, we have used com-
mercial COMSOL software to simulate the effective refractive
index perturbation A7z caused by the dielectric particle with
different D or d. The simulated results are shown in Fig. 4(b).
The Ds are chosen as 0.1, 0.2, 0.5, and 1.0 mm, respectively. We
can see that for a dielectric particle with a certain D, when the
particle is far away from the ring surface, there is nearly no
change in the 7. When the & is smaller than some fixed value
(~100 pm), the An.g gradually increases with the decreased 4.
This is because when the & is small enough, the particle will
interact with the evanescent field of the THz in the WGMR,
resulting in an increase in the 7. of the mode. It is also shown
that the 7. increases much faster for larger particles with a fixed
d, which means that larger particles induce more serious inter-
action. The effective index perturbation of the WGMR will
result in the frequency shift of the WGMR resonant frequency.
Therefore, we can use the frequency shift of the resonance to
measure the distance of a specific particle to the ring surface
or the particle size for a fixed distance.

Taking the experimental conditions of our laboratory into
consideration, we only have an optical fiber tip with a diameter
of 0.5 mm available to verify the simulations on particle dis-
tance sensing. This experiment also uses the VNA to measure
the frequency shift of the ring amplitude response, and the ex-
perimental setup is the same with that in Fig. 3(a). In addition,
d is measured by the micrometer of a three-dimensional align-
ment jig, and the distance measurement accuracy is ~5 pm.
Figure 4(c) shows the transmission intensity responses of four
different 4. During the change of &, the spectra are clear to be
distinguished because of the WGMR with the single mode and
high Q. The resonant frequency shifts of all transmission re-
sponses are shown in Fig. 4(d). The red shift of the resonant
frequency is observed as the particle gets closer to the WGMR,
and the maximum frequency shift is 190 MHz. However, when
d is larger than some fixed value (~400 pum), there is no
detectable resonance peak drift, which is accorded with the
simulation results. Because of the limitation of our laboratory
condition, the experimental and simulation models are slightly
different, which results in the slight difference between the ex-
perimental and simulated distances. On the other hand, from
the transmission intensity responses shown in Fig. 4(c), we can
also see that the ER and the FWHM of the transmission spectra
are stable during the sensing process. Figure 4(e) shows the
detailed changes of ER and FWHM at different 4. It is ob-
served that the ER remains about 21 dB, and the deviation
is less than 5 dB. The FWHM of the resonance decreases with
the increase of 4, and the bandwidth fluctuation is within
40 MHz. In the sensing experiment, the ER and FWHM both
vary slightly, which shows the stability of the on-chip WGMR.
Therefore, the integrated high-Q single-mode THz WGMR
has been applied successfully as a stable and highly sensitive
sensor for the distance between a particle and the ring surface.
To the best of our knowledge, it is the first time the integrated
WGMR sensor is shown in the THz domain.

Letter

In summary, an integrated TE single-mode THz-WGMR
is proposed and experimentally demonstrated. The measured
Q factor is as high as 1210 at the resonant frequency of
0.4925 THz, and the corresponding ER is 27.7 dB. With this
on-chip high-Q single-mode device, we demonstrate a stable
and highly sensitive sensor for particle distance estimation.
This result shows that the on-chip THz-WGMR has great
potential to be applied to specific cell detections and microfluid
sensing. Moreover, this kind of on-chip THz device exhibits
advantages of CMOS compatibility, high-Q factor, compact-
ness, low cost, and large-scale integration, which can push
forward the on-chip THz photonics as well as their practical
applications.
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