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Abstract: This study proposes and simulates a numerical analysis of a diamond racetrack microring
resonator on a lithium niobate thin film, operating at a 1.55 µm wavelength. The single-mode condi-
tions, transmission losses, and waveguide dispersions are systematically examined. The microring
resonator’s radius and gap size are computed and optimized. The designed racetrack microring
resonator exhibits a high quality factor (Q-factor) and a high coupling efficiency of approximately
6100 and 95%, respectively, for the transverse TE mode in the C-band. This study achieves a resonant
tunability of 1.84 pm/V near the 1.55 µm wavelength by harnessing the electro-optical effect of
lithium niobate.
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1. Introduction

Diamond exhibits exceptional material characteristics, such as a high refractive index
(n ≈ 2.38 at λ = 1.55 µm), low absorption across a broad optical transmission spectrum
(from ultraviolet to far infrared), and excellent thermal properties. These attributes render
diamond an ideal material for integrated nonlinear optical systems in visible and infrared
wavelengths [1–3]. Additionally, diamond possesses color centers with single-atom proper-
ties, enabling consistent single-photon emissions at room temperature, rendering it highly
suitable for quantum information applications [4–8]. Diamond showcases notable nonlinear
properties, such as the absence of two-photon absorption due to its wide 5.5 eV bandgap
and a relatively high nonlinear refractive index (n2 = 8.2 ± 3.5 × 10−20 m2/W in the
telecommunication wavelengths) [9–11]. Therefore, diamonds can transform photon wave-
lengths emitted by its color centers from visible light to telecommunication wavelengths,
potentially outperforming silicon nitride microresonators [12,13]. This capability facilitates
the integration of quantum and classical optical information on the same chip [14–17].

However, diamond’s lack of a linear electro-optical (E-O) effect limits its application
in integrated optics. To harness diamond’s exceptional optical properties, we propose a
diamond waveguide based on an x-cut lithium niobate thin film (LNOI) platform [18,19].
Lithium niobate (LiNbO3, LN) is a nonlinear optical crystal with outstanding E-O, acousto-
optic, and nonlinear optical characteristics and a wide transparency range [20–22]. LN’s
high linear E-O coefficient (γ33 = 31.2 pm/V) is extensively utilized in E-O modulators and
tunable filters [23–25]. The synergy of diamond and LN combines LN’s strong linear E-O
effect with diamond’s exceptional optical properties, enabling tunability, single-photon
emission, nonlinear frequency conversion, and a low operating voltage on a single chip.
This innovation advances nonlinear and integrated optics [26,27]. Microring resonators
are pivotal in photonic integrated circuits due to their compact design, wavelength selec-
tivity, and versatile functionality. Consequently, these devices are widely employed in
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integrated photonic devices, such as optical switches [28], filters [29], modulators [30,31],
photodetectors [32], and optical frequency combs [33].

This study investigates and simulates an E-O tunable diamond racetrack microring
resonator on an LNOI. The racetrack microring resonator’s design parameters, including
waveguide dimension, bending radius (R), and electrode distance (D), are optimized using
the finite-difference eigenmode (FDE) approach. This optimization ensures single-mode
operation, minimizes propagation loss, and provides optical power distribution of the
waveguide and bending loss. Furthermore, the three-dimensional finite-difference time-
domain (3D-FDTD) method is employed to simulate the gap between the microring and
the straight waveguide and explore the effects of E-O modulation [34,35].

2. Design and Methods

The racetrack microring resonator on the diamond–LNOI hybrid platform comprises
a diamond waveguide, an x-cut LNOI, a silicon substrate, and a SiO2 coating for packaging.
The diamond racetrack microring resonator is embedded within the SiO2 coating layer, and
gold (Au) electrodes are integrated on both sides of the microring track (Figure 1). In the
inset of Figure 1, the red box highlights the cross-sectional view; R represents the bending
radius of the microring; L denotes the length of the racetrack structure; and the x, y, and z
axes signify the 3D-FDTD simulation directions. The choice of the x-cut orientation was
based on its flexible electrode design, effectively harnessing the maximum E-O coefficient
γ33 of x-cut LN. The racetrack microring resonator comprises a single straight waveguide
and a racetrack microring. When the resonant conditions are met, light couples from the
straight waveguide to the racetrack microring due to the presence of evanescent waves.
Resonance reinforcement occurs as light re-enters the straight waveguide after circulating
the microring, causing an optical path difference of integer multiples of the λ between the
light in the racetrack microring and the straight waveguide, yielding optical amplification.
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Figure 1. Structure of a diamond racetrack microring resonator. Inset: schematic of cross-section of
diamond on LNOI.

The refractive index, power ratio in LN, propagation loss, and bending loss are
computed using the FDE technique. The quality factor (Q-factor) and free spectral range
(FSR) are determined using the commercial software Lumerical FDTD Solutions 2020 R2
version (ANSYS Inc., South Pittsburg, PA, USA). PML boundary conditions were utilized
to absorb emitted light within the simulation area [35].

The FDE technique is a numerical method used in the field of electromagnetics and
optics to calculate the eigenmodes (or eigenfrequencies) of electromagnetic waveguides,
resonators, and other structures. Eigenmodes represent the specific electromagnetic field
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patterns and frequencies that a given structure can support. This technique is particularly
useful for analyzing and designing photonic and optoelectronic devices, such as optical
waveguides, microcavities, and photonic crystals. In this method, the electromagnetic field
equations, typically Maxwell’s equations, are discretized on a grid using finite-difference
approximations. The grid divides the structure into small cells, and the equations are
solved numerically for each cell while taking into account the boundary conditions. The
goal is to find the solutions that satisfy the eigenvalue problem, where specific frequencies
(eigenfrequencies) and corresponding field patterns (eigenmodes) are sought. These eigen-
modes represent the fundamental modes or resonant modes supported by the structure.
The FDE technique, as a tool for understanding the behavior of electromagnetic fields in
complex structures, accurately predicts the resonant frequencies and mode distributions of
various photonic and optoelectronic devices to optimize their performance.

In FDTD solutions, the vector three-dimensional Maxwell equations are discretized
over both time and space using time-domain signals. This meticulous gridding process
facilitates the acquisition of steady-state continuous wave solutions, resulting in a wide
bandwidth for electromagnetic simulations. Additionally, a unique material model is inte-
grated into the framework to accurately depict the dispersion characteristics of materials
across a broad spectrum, and this model is bolstered by high-speed computing capabili-
ties. With the assistance of high-performance computing engines, the method efficiently
computes multiwavelength results in a single simulation run, rendering it a versatile and
indispensable tool for researchers and engineers. This approach empowers simulations
of diverse three-dimensional shapes while maintaining precision in modeling material
dispersion. The 3D FDTD method is a robust numerical technique extensively employed in
electromagnetic simulations. It entails the grid-based discretization of three-dimensional
space and the iterative solution of Maxwell’s equations in the time domain. This methodol-
ogy is particularly adept at yielding steady-state continuous wave solutions, rendering it
exceptionally suitable for investigating a wide spectrum of electromagnetic phenomena.

Nonetheless, the FDTD method comes with inherent limitations, primarily linked to
computational resources. The finite memory capacity and processing speed of computers
typically confine FDTD simulations to specific spatial domains or volumes. To overcome
this limitation when simulating ultrasonic wave propagation across larger areas, it becomes
imperative to address wave reflections at simulation boundaries. This is where PML plays
a crucial role. PML serves as an absorption boundary condition technique specifically
designed to minimize wave reflections at the boundaries of a simulation domain. Un-
like simpler boundary conditions, PML is engineered to theoretically achieve complete
absorption of incoming waves, rendering it a valuable asset for accurately simulating
wave propagation in extensive and complex environments. The implementation of PML
empowers researchers to expand the computational domain of their FDTD simulations,
ensuring the faithful representation of electromagnetic wave behavior in larger regions.

In essence, the 3D FDTD method is a potent numerical tool for simulating electro-
magnetic phenomena, with a strong focus on accurate dispersion modeling and wide
bandwidth capabilities. To surmount limitations associated with computational resources
and facilitate electromagnetic wave simulations over larger areas, the incorporation of PML
absorption boundaries is essential, effectively minimizing wave reflections and enabling
comprehensive simulations in intricate scenarios.

3. Results and Discussion

Achieving single-mode operation is crucial for microring resonators, as each mode in
a multi-mode waveguide possesses a unique resonant wavelength. When closely spaced
resonant wavelengths of various modes coexist, the transmission spectrum becomes disor-
dered, causing signal distortion. To circumvent this issue and optimize performance, we
determined the appropriate waveguide size for single-mode operation, alleviating signal
distortion. Thus, the investigation into single-mode conditions not only enhanced efficiency
but also ensured the reliability of optical waveguide systems.
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Figure 2a illustrates the correlation between the effective refractive index (neff) and h of
the diamond waveguide at a fixed w of 1.1 µm, corresponding to a wavelength of 1.55 µm,
for the transverse electric (TE) mode and transverse magnetic (TM) modes. In the single-
mode cutoff size range, only the fundamental TE (TE0) and fundamental TM (TM0) modes
exist. An increasing waveguide thickness causes neff to rise, resulting in the emergence of
multiple modes. The first-order TE (TE1) and first-order TM (TM1) modes appear when h
exceeds 2.05 µm and 1.85 µm, respectively. Figure 2b depicts a cross-sectional view of the
TE and TM modes when the diamond waveguide has a width and thickness of 1.1 µm, with
the cut-off dimensions of the TE0 and TM0 modes and the TE1 and TM1 modes. For instance,
with a 1.1 µm diamond waveguide thickness, the single-mode waveguide width ranges
for the TE and TM modes are 0.891–1.942 µm and 0.788–1.918 µm, respectively. To ensure
single-mode operation, the diamond waveguide’s thickness and width are set to 1.1 µm,
as indicated by the star marker in Figure 2b, consistent across all diamond waveguides,
including straight and bending waveguides and racetrack sections. The fundamental TE
and TM modes are shown in the inset of Figure 2b.
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Figure 2. (a) Correlation between the effective refractive index (TE and TM modes) and the width at
λ = 1.55 µm. (b) Variation in the cut-off dimension as a function of diamond waveguide thickness
and width at λ = 1.55 µm. Inset: mode profile of the fundamental TE and TM modes.

Group velocity dispersion of waveguide modes near the pumping wavelength ex-
hibits anomalous behavior due to third-order nonlinear phenomena, such as self-phase
modulation, four-wave mixing, and cross-phase modulation [26]. Figure 3 illustrates the
dispersion curves of diamond waveguides for the TE and TM modes, featuring a 1.1 µm
thickness and a 1.1 µm width. At λ = 1.55 µm, the TE and TM modes demonstrate positive
and negative dispersions, respectively, signifying normal and anomalous dispersions.
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Key performance metrics of the microring resonator encompass coupling efficiency,
Q-factor, and FSR. Q-factor and FSR are influenced by the radius and gap size, while
the coupling efficiency is affected by the gap size and coupling length. The Q-factor is
determined as follows [36]:

Q =
πngL

λ

√
(1 − r1r2)a

1 − (1 − r1r2a)
, (1)

where L denotes the resonator length; r1 and r2 represent the loss coefficients, where r1 = r2;
and a = exp(−αL⁄2), where α signifies the total loss in the ring, encompassing material
absorption, radiation loss, and scattering loss due to wall roughness. Figure 4a showcases
the correlation between the Q-factor and bending radius of the TE mode microring resonator
(excluding the racetrack structure) for various gap sizes. For microring radii below 50 µm,
the Q-factor exhibits a rapid increase as the radius grows. However, this increase in the
Q-factor becomes less pronounced as the radius exceeds 50 µm. This behavior can be
attributed to the reduction in radiation losses with larger curvature radii. Concurrently,
as the microring length increases, the total propagation losses stabilize, leading to a more
gradual increase in the Q-factor. The FSR, defined as the distance between neighboring
resonant wavelengths, can be expressed as follows [36]:

FSR =
λ2

ng·L
, (2)

where ng denotes the group refractive index:

ng = ne f f − λ
dne f f

dλ
. (3)
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In Figure 4b, the FSR of the racetrack microring resonators is computed for vari-
ous radii through simulation using Lumerical FDTD Solutions 2020 R2 version software,
considering h = w = 1.1 µm and wavelengths near 1.55 µm. The FSR decreases as the
resonator length increases, resulting from the longer resonator lengths associated with
larger radii. The racetrack microring yields a maximum FSR of 14.77 nm at a radius of
10 µm. However, as the radius increases further, for instance to 70 µm, the FSR decreases
to 2.12 nm, which could be attributed to the corresponding increase in length due to larger
radii. Figure 4c presents the relationship between bending loss and bending radius for
the TE and TM modes in a diamond waveguide. Bending loss, computed using the FDE
approach, diminishes with increasing radius, with the TE mode exhibiting significantly
lower loss than the TM mode. The interaction between the evanescent wave and metal
in the diamond waveguide increases the transmission loss, known as surface plasmon
resonance. To examine the impact of the separation distance (D) between the electrode and
diamond waveguide on propagation loss, we conducted a systematic study. The results in
Figure 4d indicate that when the separation distance is relatively small, the waveguide’s
mode field interacts with the metal, exciting surface plasmons and significantly increasing
transmission loss. However, with increasing separation distance, the propagation loss
gradually diminishes. For a separation distance exceeding 1.5 µm, the TE and TM modes
exhibit propagation losses of less than 10−2 dB/cm. Consequently, the separation distance
is set to 1.5 µm.

To fully leverage the E-O coefficient γ33 of x-cut LN, we focused exclusively on TE
mode computations in subsequent simulations. We conducted structural optimization
to strike a balance between the gap size and process complexity because an excessively
small gap size challenges the processing. The racetrack structure was integrated into the
microring, enhancing the coupling length and increasing the gap size. This modification
ensured high coupling efficiency and mitigated processing difficulty. Figure 5 displays
the transmission spectra of the racetrack microring resonator with various gap sizes, con-
sidering a racetrack length (Lr) and radius (R) of 150 µm and 30 µm, respectively. The
results demonstrate that an increasing gap size enhances the Q-factor and diminishes the
coupling efficiency. For a 0.4 µm gap, the coupling efficiency approaches 100%, but the
corresponding Q-factor of 3200 is relatively low. In contrast, a gap size of 0.5 µm yields a
higher Q-factor of 9100, but approximately 15% of light remains uncoupled into the ring.
Therefore, a gap size of 0.45 µm achieves an optimal balance, with a high Q-factor (~6100)
and a satisfactory coupling efficiency (~95%) for the racetrack microring resonator.
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The resonant characteristics of the racetrack microring resonator rely on its length and
refractive index. The resonant wavelength (λ) of the racetrack resonator can be defined
as follows:

λ =
ne f f ·L

m
, (4)

where neff represents the effective refractive index of the waveguide; and m is an arbitrary
integer. Subsequently, we could deduce the following:

λm =n1(L1 + Lr) + n2Lr, (5)

where n1 and n2 signify the effective refractive indices of the waveguide without and with
electric field intensity, respectively, and L1 denotes the length of the bend waveguide.

E-O tunability is pivotal in the performance of tunable racetrack microring resonators.
Equation (5) highlights that the wavelength shift necessitates a change in the effective
refractive index. However, diamond lacks E-O effects; therefore, increasing the electric field
intensity has no impact on the refractive index of diamond. In contrast, lithium niobate
exhibits E-O effects, and increasing the electric field intensity alters its refractive index,
influencing the waveguide’s effective refractive index and causing wavelength shifts.

Figure 6a shows the distribution of light field intensity when the light (λ = 1.55 µm)
propagates in the diamond waveguide. Most of the light is distributed in the diamond
waveguide, and a small amount of light is distributed in the LN layer, so the refractive index
of both diamond and LN has an effect on the effective refractive index of the waveguide.
The effective refractive index of the waveguide could be changed by the change in the
refractive index of LN when the electric field intensity is different. Figure 6b shows the
distribution of the direct current electric field intensity when 1 V voltage is applied. In
the figure, 1 V voltage is applied to the left Au electrode, and the right Au electrode is
grounded. It can be seen that the electric field intensity generated between the electrodes
completely includes the LN layer, and the electric field direction is parallel to the surface of
LN and perpendicular to the propagation direction of light, which will change the ne of
x-cut LN.
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To observe and utilize this tunability, an electric field, assumed to be uniform, is
generated between the electrodes on both sides of the waveguide by applying a voltage.
Therefore, the extraordinary refractive indices of LN under various electric field intensities
can be computed. By varying the intensity of the electric field voltage, we can determine
∆ne as follows:

∆ne= −1
2

n2
e γ33Ez (6)

where Ez represents the electric field intensity in the z-direction; and ne denotes the ex-
traordinary refractive index. When the electric field intensity Ez is 1 V/µm, the change
in extraordinary refractive index of LN (∆ne) for a wavelength λ = 1.55 µm is 1.3 × 10−4.
Subsequently, the strength of the photoelectric E-O effect can be modified by adjusting the
applied electric field intensity and varying the resonant wavelength by controlling ∆ne.

An increasing electric field intensity causes larger extraordinary refractive index
changes in LN, increasing the effective refractive index of the diamond waveguide and
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causing a resonance wavelength shift. To simulate variations in electric field intensity,
different refractive indices are set for LN, and the FDE approach is employed to determine
the effective refractive index of the TE mode at λ = 1.55 µm propagating in the diamond
waveguide under various electric field intensities. Equation (5) is utilized to compute the
resonant wavelength shift (∆λTE) of the TE mode.

Table 1 shows the refractive index and dielectric constant of the materials used in the
simulation, where the ne of LN can be substituted into Equation (6) to obtain the relationship
between ∆ne and the electric field intensity, so as to obtain the ne under different electric
field intensities. The effective refractive index of the waveguide with different electric
field intensities can be obtained by using a different ne in the simulation. Then, the
resonance wavelength offset under different electric field intensities can be obtained by
using Equation (5).

Table 1. The refractive indices and dielectric constants at λ = 1.55 µm of the materials used in
the simulation.

Material
Refractive Index

Dielectric ConstantOrdinary
Refractive Index (no)

Extraordinary
Refractive Index (ne)

LN [37] 2.211 2.138 28.4
Si 3.48 12.1

Diamond 2.384 5.7

Figure 7a depicts the optical power percentage of the TE mode in the LN layer for
various diamond waveguide thicknesses at λ = 1.55 µm, computed using the FDE method.
The results indicate that the percentage of optical power in the LN layer exhibits a negative
correlation with the diamond waveguide thickness due to a higher optical power distri-
bution within the diamond waveguide with increasing diamond waveguide thickness,
resulting in a decreased proportion of optical power in lithium niobate. The diamond
waveguide thicknesses of 1 µm, 1.1 µm, and 1.2 µm yield the optical power percentages
of 8.69%, 6.84%, and 5.48%, respectively. The decrease in the percentage of optical power
in LN weakens the electro-optical effect, resulting in a decrease in wavelength offset at
the same electric field intensity, as shown in Figure 7b. The resonant wavelength shift for
diamond waveguide thicknesses of 1 µm, 1.1 µm, and 1.2 µm at an electric field intensity
of 15 V/µm are 33.62 pm, 27.64 pm, and 23.16 pm, respectively. When the thickness of
the diamond waveguide is 1 µm, the fundamental mode of the TE mode is close to the
cutoff size, so a thickness of 1.1 µm is suitable. The wavelength shift increases with rising
electric field intensity, with wavelength shifts of 9.5 pm, 16.8 pm, and 27.6 pm at electric
field intensities of 5 V/µm, 10 V/µm, and 15 V/µm, respectively. These findings exhibit
a linear relationship between the wavelength shift and the electric field intensity. The
tuning coefficient, representing the rate of change in the wavelength shift with respect to
the electric field intensity, is 1.84 pm/V.

Figure 8 shows the electric field intensity distribution of light in a racetrack microring
resonator. The incident light enters from the input end of the diamond/LNOI waveguide.
When the light propagates in the waveguide and generates total reflection, there are
evanescent waves, but when the gap between the straight waveguide and the racetrack is
small enough, the evanescent waves could be coupled into the racetrack. When the light in
the racetrack and the light in the straight waveguide meet the conditions of interference
reinforcement, the coupling efficiency could be greatly improved. When the light in
the racetrack passes through the output end around the microring, the wavelength that
satisfies interference reinforcement is coupled into the straight waveguide and output from
the output end, and the wavelength that does not satisfy the interference reinforcement
condition cannot enter the straight waveguide.
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Table 2 presents a list of different types of microring resonators reported previously,
including diamond, Si3N4, Si, Ta2O5, chalcogenide, and direct etching, and compares
them to this work. In this study, the combination of diamond waveguides with LNOI
resulted in a larger FSR and extinction ratio, as well as an E-O tunability of 1.84 pm/V,
with a Q-factor of approximately 6100. These outstanding performance characteristics in
integrated optics applications contribute to the realization of high-performance, compact,
and multifunctional optical components. These advantages and benefits render them a
popular choice in micro/nano optical chips with photonic integration.

Table 2. Performance comparison of microring resonator.

Type of Resonator Q-Factor FSR (nm)
Operating

Wavelength
(µm)

Extinction
Ratio (dB)

E-O
Tunability

(pm/V)
Ref

Diamond microring resonator 1 × 106 7.5 1545.1 (TE) 3 - [1]

Si3N4 strip-loaded microring on
x-cut LNOI 1.8 × 105 0.58 1551.98 (TE) 26.92 1.78 [12]

Si3N4 strip-loaded racetrack
resonator on x-cut LNOI 1.3 × 105 0.207 1550.1 (TE) 42 2.9 [25]

Etched microring on x-cut LNOI 7.8 × 106 ~0.59 637 (TE) ~16 - [27]

Fourth-order filter 10 1550 >50 - [29]
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Table 2. Cont.

Type of Resonator Q-Factor FSR (nm)
Operating

Wavelength
(µm)

Extinction
Ratio (dB)

E-O
Tunability

(pm/V)
Ref

Racetrack modulator etched on
y-cut LNOI 4.8 × 104 ~0.65 1549.8 (TE) >10 0.32 [38]

Diamond microring resonator 2.5 × 105 ~3 1550 (TE) ~4.56 - [39]

Etched microring on z-cut LNOI 1 × 106 - 1550 (TM) ~4.3 48 [40]

Si waveguide racetrack resonator
on z-cut LNOI 1.15 × 104 7.15 1552 (TM) ~8.5 12.5 [41]

Si waveguide resonator on z-cut
LNOI ~1 × 104 12.5 1550 (TM) >20 14.6 [42]

Ge23Sb7S70 waveguide on y-cut
LNOI 1.2 × 105 ~0.83 1550 (TE) 13 3.2 [43]

Ta2O5 waveguide on y-cut LNOI ~7.2 × 104 ~1.15 1550 (TE) 20 - [44]

Diamond waveguide racetrack
resonator on x-cut LNOI ~6100 4.99 1550 (TE) ~13 1.84 This work

4. Conclusions

In this study, we have developed an E-O tunable racetrack microring resonator and
assessed it on a diamond–LNOI hybrid integration platform using the 3D-FDTD and FDE
approaches. Furthermore, we have determined the optimal device parameters: R, h, w, gap
sizes, and D to be 30 µm, 1.1 µm, 1.1 µm, 0.45 µm, and 1.5 µm, respectively. The designed
E-O tunable resonator showcases a high coupling efficiency and Q-factor of approximately
95% and 6100, respectively, at λ = 1.55 µm, and an FSR of 4.99 nm at Lr = 150 µm with a
racetrack structure. A wavelength shift of 27.6 pm is achieved at an electric field strength of
15 V/µm, yielding a tuning factor of 1.84 pm/V. To mitigate the manufacturing complexity
associated with smaller gap sizes while preserving coupling efficiency, a racetrack structure
is incorporated to increase the gap size. This study offers valuable insights and practical
guidelines for future research and fabrication of E-O tunable racetrack microring resonators,
facilitating the integration of quantum and classical optical information on a single chip.
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