
Citation: Lin, Q.; Hu, Y.; Li, Y.; Chen,

H.; Liu, R.; Tian, G.; Qiu, W.; Yang, T.;

Guan, H.; Lu, H. Versatile Tunning of

Compact Microring Waveguide

Resonator Based on Lithium Niobate

Thin Films. Photonics 2023, 10, 424.

https://doi.org/10.3390/

photonics10040424

Received: 10 March 2023

Revised: 2 April 2023

Accepted: 6 April 2023

Published: 9 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Communication

Versatile Tunning of Compact Microring Waveguide Resonator
Based on Lithium Niobate Thin Films
Qijing Lin 1,2,†, Yuanzhi Hu 1,2,†, Yang Li 1,2, Huajiang Chen 1,2, Runhao Liu 1,2, Gang Tian 3, Wentao Qiu 2,
Tiefeng Yang 1, Heyuan Guan 1,2 and Huihui Lu 1,2,∗

1 Guangdong Provincial Key Laboratory of Optical Fiber Sensing and Communications, Jinan University,
Guangzhou 510632, China

2 Key Laboratory of Optoelectronic Information and Sensing Technologies of Guangdong Higher Education
Institutes, Jinan University, Guangzhou 510632, China

3 Beijing Institute of Technology, Zhuhai 519088, China
* Correspondence: thuihuilu@jnu.edu.cn
† These authors contributed equally to this work.

Abstract: With the advancement of modulation technology and the requirement for device minia-
turization and integration, lithium niobate on insulator (LNOI) can be a versatile platform for this
pursuit, as it can confine the transmitted light at the nanoscale, leading to a strong light–matter inter-
action, which can sensitively capture external variations, such as electric fields and temperature. This
paper presents a compact microring modulator with versatile tuning based on X-cut LNOI. The LNOI
modulator equipped with electrodes with a coverage angle of 120◦ achieved a maximum electro-optic
(EO) tuning efficiency of 13 pm/V and a maximum extinction ratio of 11 dB. The asymmetry in the
static or quasi-static electro-optic tuning of the microring modulator was also analyzed. Furthermore,
we measured the thermal-optic effect of the device with a sensitivity of 26.33 pm/◦C, which can
potentially monitor the environment temperature or compensate for devices’ functional behavior. The
demonstrated efficient and versatile compact microring modulator will be an important platform for
on-chip active or passive photonic components, microring-based sensor arrays and integrated optics.

Keywords: lithium niobate; microring resonator; electro-optical tuning; temperature modulation

1. Introduction

In recent years, with the development of communication technology, more require-
ments have been proposed for communication modulation technology. The study of
modulators has expanded from single-function modulation to multi-dimensional modula-
tion as a result of multifunctional modulation. Because of the weak confinement of guided
light in bulk lithium niobate and its difficulty in device integration, more attention has been
shifted to lithium niobate on insulator (LNOI) platforms. When fabricating compact chips
on a platform, the demand for the confinement of waveguiding light is needed within a
subwavelength structure and the interaction of light and matter will be largely strength-
ened [1]. However, maintaining high electro-optic (EO) modulation on such a compact size
remains a challenge. For high-speed EO modulators in the current communication field,
integration, compactness and high performance are additional requirements [1,2]. Electro-
optical modulation is well developed on silicon [3–5]. It is predicted that altering the carrier
concentration causes a change in the refractive index, which then modifies the light field
intensity. Although it has many benefits, the device has a slow response time owing to the
capacitance-resistance response time of the silicon p–n junction [6,7]. The Mach–Zehnder
interferometer (MZI) modulator, which is based on the idea that electro-optical effects cause
phase changes that are converted into intensity modulation at the output, is currently a pop-
ular EO modulator of lithium niobate (LN). It has many benefits, such as low wavelength
dependence, high extinction ratio and wide bandwidth; however, one drawback is its size;
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it is huge on a millimeter-to-centimeter scale [8,9]. The microring modulator based on
LNOI uses the electro-optic effect to modify the mode index of light propagation in the ring
and shift its resonant wavelength [10]. It exhibits the advantage of having a response time
in the sub-picosecond range and a size of hundreds of microns, low power consumption,
high modulation efficiency, the ability to be compactly integrated [11–14] and the ability
to be used in conjunction with nonlinear optics [15–18]. Furthermore, because lithium
niobate is a temperature-sensitive thermoelectric material with a thermal conductivity
of 0.056 (W/cm·K), the influence of temperature fluctuations on the device performance
cannot be overlooked.

Because of its wide transparent band, high resistance to optical loss, low dielectric loss
and large refractive index (ne∼2.211, no∼2.1376 at 1550 nm) with an electro-optic coefficient
(γ33) up to 30.8 pm/V, LN is an excellent electro-optical crystal material [10,19,20]. Owing
to the development of lithium niobate on thin-film ultralow-loss waveguides, lithium
niobate entered the field of integrated photonics in 2017 [21]. The integration and small-
scale realization of LN are significantly sped up by the ultra-low-loss waveguides of
thin-film lithium niobates [22–24]. Owing to the relatively significant discrepancy in
refractive indices, LN exhibits excellent optical mode confinement when wrapped in air.
The submicron optical confinement, low propagation loss, negligible loss bending radius
and superior high coupling efficiency of the photonic waveguide created by LNOI serve as
the foundation for the development of a microring resonator, which can achieve efficient
transmission and quick response of the optical modes.

The refractive index in the LN varies linearly with the applied electric field on the
femtosecond time scale owing to the Pockels effect [25,26]. A sufficient electrode distance
is necessary to effectively vary the optical mode field without losing optical modes because
the efficacy of this linear variation process depends on the overlap of the optical and electric
fields [27,28]. Due to the low refractive index contrast of only 0.02 between the waveguide
and cladding in a conventional ion diffusion waveguide, a large optical film area and
bending radius are required to achieve linear changes. To avoid unnecessary optical mode
loss, the electrodes must be separated from the waveguide by a long distance, which
requires not only high voltage but also a large device size [29–31]. Photonic waveguide
devices based on LNOI can effectively address these issues.

In this study, we designed a compact versatile turning microring resonator based on
LNOI. The device achieves a maximum electro-optical tuning efficiency of 13 pm/V with a
120◦ coverage angle electrode. The device exhibits two stable resonances and a modulation
bandwidth of 17.5 GHz at a tuned pulse amplitude of 20 Vpp in response to the addition
of a square wave signal. Furthermore, we measured the thermal-optic effect of the device
with a sensitivity of 26.33 pm/◦C. This compact and versatile modulator may provide a
new perspective for the development of future compact, effective and simply modulated
communication systems.

2. Device Design

The microring resonator we designed is made of a 400 nm X-cut lithium niobate thin
film and its structure consists of three parts: a grating coupler, a microring resonant cavity
and an electrode, as shown in Figure 1a, where the incoming and outgoing fibers are
represented by slanted optical strips on the left and right, respectively. From top to bottom,
the structure of the lithium niobate film consists of air, lithium niobate, silicon dioxide
and lithium niobate substrate. A 400 nm thin film of lithium niobate was used for semi-
etching to create the microring resonator, which has a ridge waveguide as its structural
basis and the same cross-sectional parameters as the ring waveguide. Figure 1b shows the
waveguide cross-section design with a ridge waveguide top width (w) of 706 nm, a sidewall
angle (a) of 75◦, a corresponding bottom width of approximately 840 nm and an etched
height (h) of 250 nm. The heights of the SiO2 and LN substrates were 2 µm and 500 µm,
respectively. We designed the gap between the line waveguide and the ring waveguide to
be 340 nm, which is the distance between the bottom edges of the two ridge waveguides.
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The microring resonator has a radius of 90 µm and with such a large radius, the device can
almost eliminate the loss caused by waveguide bending in transmitted optical modes [32].
In addition, we designed an electrode with the same height as the LN ridge waveguide,
with a gap (g) of 5 µm between the two electrodes and an electrode-to-ring waveguide
coverage angle of 120◦. It was experimentally demonstrated that at this electrode spacing,
a high resonant wavelength shift efficiency can be produced with almost no mode loss.

Figure 1. Design of the microring resonator. (a) Device diagram, showing the optical fiber, grating
coupler, microring resonator and electrodes. (b) Waveguide design of microring resonator. (c) Effec-
tive refractive index of waveguide modes at different top widths; the inset shows the TE0 mode of
the waveguide at 1550 nm. (d) Losses of TE0 mode and TM0 mode for different top widths. (e) A
partial SEM image of the microring resonator; the figure contains part of the line waveguide and the
ring waveguide and the radius of the microring resonator is 90 µm. (f) SEM cross-sectional image of
the microring resonator coupling region, corresponding to the region in the red dashed box in (e).

Figure 1c,d show the calculated results of the mode field, effective refractive index
and loss in the Finite Difference Eigenmode (FDE). With the chosen parameters, the micror-
ing resonator can transmit the TE0 mode near 1550 nm with less loss, achieving effective
optical mode confinement and propagation. Focused grating couplers are designed at
both ports of the microring resonator for laser input and output [33–36]. According to the
simulation results, the focused grating couplers can achieve a transmittance (T) of 0.32,
a 3 dB bandwidth of 120 nm and a maximum coupling efficiency (η) of 56.5% according to
η =
√

T ∗ 100%. They can provide optical power input and data output for experiments
with our device.

Our device was fabricated from a commercially available x-cut LNOI wafer (NANOLN,
Jinan Jingzheng Electronics Co., Ltd., Jinan, China), with a 400 nm LN layer, 2 µm SiO2 ,
on a 500 µm LN substrate. The first part of the fabrication process consists of patterning
the LN structures, including the grating couplers and the waveguide microring resonator.
Electron-beam lithography (EBL) with hydrogen silsesquioxane (HSQ) resist followed by
F−-based reactive ion etching (RIE, 250 nm etch depth) was used to pattern the optical
layer of the device. The second part of the fabrication process consists of adding electrodes
to the microring resonator. The device was cleaned and micro-wave electrodes (10 nm
of Cr, 250 nm of Au) were deposited via photolithography followed by electron-beam
evaporation and a lift-off process [11]. Figure 1e shows partial SEM images of the line
waveguide and the circular portion of the microring resonator, whereas Figure 1f shows
the SEM image of the waveguide cross-section in the coupling region and its position is
pictured with a red dashed line in Figure 1e.
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3. Characteristic Measurement and Results

The first part of the measurement was the spectrum of a passive microring resonator
without metal electrodes. The experimental setup is shown in Figure 2a. A continuously
tunable laser (YOKOGAWA AQ2200-136, 1440–1640 nm) emits laser light, which is collected
by a single-mode fiber and coupled to a grating coupler to complete optical transmission
from the laser to the device. After passing through the device, the optical signal was
transmitted by a grating coupler at the other port to an optical fiber, which was then
connected to an optical spectrum analyzer (YOKOGAWA AQ6370D, 600–1700 nm) for
data collection. The laser and optical spectrum analyzer were connected via Labview
software and the computer controlled the input and output of the optical signal as well as
experimental data acquisition. We used DC Power supply (MCH K305D, 0–30 V) with a
resolution of 0.1 V to apply the voltage to the pending measured device.

Figure 2. Measurements of the spectrum without the addition of voltage. (a) Experimental measure-
ment setup diagram. (b) The measurement range is from 1440 nm to 1600 nm. (c) Measurement
results with improved accuracy in the range of 1480 nm to 1520 nm. (d) Enlargement of the red box
in (c), Lorentz fit of the resonance line shape and calculation of the QI of approximately 20,315 at
1518.549 nm.

The measured spectra are shown in Figure 2b without any voltage applied and the
measured range was from 1440 nm to 1600 nm. The resonance peaks are regularly spaced
apart in the figure, indicating that only one major peak is excited in the microring resonator,
which is likely owing to the same geometrical parameters of the line and ring waveguides.
As shown in Figure 2c, we chose a region of the spectrum with better coupling effects in
Figure 2b and improved the accuracy for the measurement, from 1480 nm to 1520 nm,
and we measured the free spectral range (FSR) to be approximately 1.7 nm, with a maximum
extinction ratio of approximately 11 dB. Figure 2d is an enlargement of the red dashed
box in Figure 2c and we chose the peak at 1518.549 nm to obtain the value of the intrinsic
optical quality factor (QI∼20,315) using the Lorentz equation. The extinction ratio of our
microring resonator can be further enhanced if the cladding environment surrounding the
LN waveguide is SiO2 [27].

The modulation efficiency, which is the shift in the resonant wavelength when a
certain voltage is applied, is the metric used to evaluate the performance of the microring
modulator. The device structure shown in this paper was used for direct current (DC)
electro-optical modulation by applying voltage to the device using a probe at the electrode.
When a voltage is applied, the effective refractive index of the LN material changes and the
alteration in the refractive index changes the effective optical range length of the resonator,
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resulting in a frequency shift of the resonance. A wavelength shift of the resonance with
voltage is observed by sequentially adding the DC voltage from 0 V to +30 V and then
reversing the voltage from 0 V to –30 V. The results of the experimental observations are
shown in Figure 3c,d. The resonant wavelength exhibits a bathochromic shift following the
addition of a DC positive voltage, whereas it exhibits a hypsochromic shift following the
addition of a DC negative voltage.

Figure 3. Microring resonator DC electro-optical modulation. (a) Simulation results of adding positive
voltage modulation. (b) Simulation results of adding negative voltage modulation. (c) Positive voltage
modulation experimental spectrum. (d) Negative voltage modulation experimental spectrum.

According to the fitting shown in Figure 4, the measured average voltage modulation
efficiency is 10.8 pm/V. The turning efficiency of the voltage reaches 13 pm/V when a
positive voltage of 25 V to 30 V is applied to the device, which is slightly higher than
the average voltage modulation efficiency. In contrast, when a negative voltage of –25 V
to –30 V is applied, the turning efficiency is 4.2 pm/V, demonstrating the asymmetry
between the positive and negative voltage modulation. The hypsochromic/bathochromic
shift of the resonant wavelength persisted for a period of time after the DC bias voltage
was removed. The difference in the degree of influence of the positive and negative
voltages on the resonant wavelength shift was measured experimentally and the Maxwell–
Wagner effect [27,37] found in the device was analyzed. That is, the asymmetry of the
resonant wavelength shift under the influence of the static EO effect is due to the interfacial
polarization phenomenon caused by the charge accumulation between the interface of the
LN waveguide and the air cladding. Figure 3a,b, which are the results of the simulation,
show the effects of the positive and negative voltage modulation of the device, respectively.
Figure 4 is fitted with the modulation efficiency, which is 13.88 pm/V, which is compatible
with our experimental results. Comparing the microring modulator based on LNOI or LN
hybrid platforms to the other studies in Table 1, our modulator performs better than the
other devices in terms of the compromise between chip size and modulation efficiency.
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Figure 4. Fitting results for the electro-optical modulation efficiency of the microring resonator, with the
red and black lines representing the results of experimental measurement and simulation, respectively.

Table 1. Comparison of the footprint and modulation efficiency of different LN microring modulators.

Author Platform Footprint (µm2) Tuning Rate (pm/V) Type

Ahmed et al. [38] hybrid LN/Si3N4 1.32× 106 2.9 Racetrack
Mahmoud et al. [39] LNOI 1.31× 105 0.32 Racetrack

Ahmed et al. [40] hybrid LN/Si3N4 2.83× 105 1.78 Ring
Wang et al. [17] LNOI 2.01× 104 2.4 Ring
Wang et al. [41] LNOI 7.85× 103 7 Ring

This work LNOI 2.54× 104 10.8 Ring

To study the impact of the resonant wavelength shift of the device under the mod-
ulation of square-wave signals of different amplitudes, a 1 KHz square wave signal was
added to the device. Figure 5a depicts the experimental setup and the electrodes of the chip
are loaded with a square-wave signal from the signal generator (SIGLMENT SDG2082X).
Because the frequency of the added square wave-signal is much faster than the wave-
length scan, two stable resonances appear at each square-wave signal of different pulse
amplitudes, leading to retention effects in the spectrum, as shown in Figure 5b, where
the two stable resonances are distributed on the left and right of the resonant wavelength,
corresponding to the positive and negative voltages applied to the device. The resonant
wavelength tunable bandwidth of the device can reach 17.5 GHz at a low pulse signal of
20 Vpp. Furthermore, as shown in Figure 5c, the square wave signal modulation results are
fitted and an alternating current (AC) modulation efficiency of approximately 7.6 pm/V is
obtained. This is consistent with our preconceived results that AC modulation efficiency is
lower than the static voltage modulation efficiency.

Because the modulation of the device is affected by temperature [42–44], we also
verified the sensitivity of the device to ambient temperature. The device was heated
at room temperature by placing a metal ceramic heater at the bottom of the chip from
30 ◦C to 100 ◦C and observing the spectrum at the light-emitting port. Figure 6a shows
the wavelength shift results of the microring resonator after temperature modulation.
It is experimentally shown that the resonant wavelength of the microring resonator is
bathochromically shifted after every 10 ◦C temperature increase. Figure 6b shows the
fitted wavelength shift efficiency, with a resulting temperature modulation efficiency of
26.33 pm/◦C while producing almost no additional optical transmission loss. The chip
can be adjusted for better efficiency and can accommodate a larger tunable range in the
future under varied environmental sensitivity settings if it is co-modulated with voltage
modulation and temperature modulation.
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Figure 5. AC electro-optical modulation of the microring resonator. (a) Diagram of the experimental
measuring setup. The square wave signal is shown in the upper left corner. It has two states: +Vapm
and -Vapm. (b) Experimental measurement spectra for square wave signals of different amplitudes.
(c) Fitting outcomes for the modulation efficiency of the AC signal.

Figure 6. Temperature modulation of the microring resonator. (a) Experimental spectral measure-
ments showing the shift of the resonant peak when the temperature is raised in 10 ◦C increments.
(b) Efficiency of temperature modulation fitting results.

4. Discussion

The microring modulator we designed modifies the refractive index of LiNbO3 by
introducing an electric field, thereby changing the wavelength position of the resonant
wavelength and achieving a tuning efficiency of 10.8 pm/V in the electric field range
of –30 V∼+30 V with electrodes distancing 5 µm. The electro-optical tuning rate can be
further improved, such as designing racetrack resonators with electrodes, which are placed
on both sides of the straight waveguide so that the applied DC field between the two
electrodes is exactly in the extraordinary direction of the crystal, to take advantage of the
maximum γ33. In addition, a SiO2 cladding can be used around the LN waveguide to
match the high dielectric constant of the LN, which can enhance overlap, further enhance
the tuning efficiency of the device and also improve the extinction ratio. In addition to its
other benefits, it should be noted that increasing the thickness of the electrode can further
enhance electro-optic overlap and consequently improve the efficiency of tuning [38].

The scheme proposed in this paper is a versatile modulator based on a compact LN
microring resonator, which can be applied in microring-based sensor arrays and integrated
optics. Its subwavelength structure enhances the effect of light–matter interactions such as
electro-optic and thermo-optic effects. Furthermore, this device provides a new solution for the
ambient temperature compensation functional behavior of on-chip electro-optic modulators.
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5. Conclusions

Based on X-cut LNOI, we designed a compact microring modulator with versatile
tuning that achieved a maximum electro-optical tuning efficiency of 13 pm/V in a compact
modulation platform at the micron stage. The asymmetry of positive and negative voltage
tuning in static voltage modulation indicates that the Maxwell–Wagner effect is present in
the device. With the addition of low-frequency pulse signal modulation, the device exhibts a
modulation bandwidth of 17.5 GHz and an AC tuning efficiency of 7.6 pm/V. Additionally,
the temperature control efficiency of the device was measured to be 26.33 pm/V, enabling
the synergistic modulation of electrical modulation and temperature control in applications
that are not temperature-sensitive in the near future. The modulator requires further
exploration to achieve more functional tuning. The compact waveguide microring resonator
that we fabricated is anticipated to be tightly combined with other on-chip active and
passive components, adding a novel perspective to the development of future compact,
effective and simply modulated communication systems.
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for spectrally tailored dual-comb spectroscopy. Commun. Phys. 2022, 5, 88. [CrossRef]

15. He, Y.; Yang, Q.-F.; Ling, J.; Luo, R.; Liang, H.; Li, M.; Shen, B.; Wang, H.; Vahala, K.; Lin, Q. Self-starting bi-chromatic LiNbO3
soliton microcomb. Optica 2019, 6, 1138–1144. [CrossRef]

16. Lu, J.; Surya, J.B.; Liu, X.; Bruch, A.W.; Gong, Z.; Xu, Y.; Tang, H.X. Periodically poled thin-film lithium niobate microring
resonators with a second-harmonic generation efficiency of 250,000%/W. Optica 2019, 6, 1455–1460. [CrossRef]

17. Wang, C.; Zhang, M.; Yu, M.; Zhu, R.; Hu, H.; Loncar, M. Monolithic lithium niobate photonic circuits for Kerr frequency comb
generation and modulation. Nat. Commun. 2019, 10, 978. [CrossRef]

18. Gong, Z.; Shen, M.; Lu, J.; Surya, J.B.; Tang, H.X. Monolithic Kerr and electro-optic hybrid microcombs. Optica 2022, 9, 1060–1065.
[CrossRef]

19. Weis, R.S.; Gaylord, T.K. Lithium niobate: Summary of physical properties and crystal structure. Appl. Phys. A 1985, 37, 191–203.
[CrossRef]

20. Weber, M.J. Handbook of Optical Materials; CRC Press: Boca Raton, FL, USA, 2002.
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