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Abstract—We demonstrate ultra-compact and highly efficient
electro-optic Michelson interferometer modulators on thin film
lithium niobate based on spiral-shaped waveguides. The modu-
lator utilizes the in-plane isotropy of the Z-cut lithium niobate
refractive index to achieve space-efficient spiral waveguides that are
modulated using bottom and top electrodes. Monolithic optical rib
waveguides are achieved using dry etching of lithium niobate with
bottom and top cladding layers made of silicon dioxide and SU-8
polymer, respectively. The proposed modulator requires a total
area of 175 × 175 µm2 to accommodate a 9-mm long waveguide,
owing to the optimized design of the spiral inner radius and the gap
between adjacent turns. The vertical distance between electrodes
is engineered to achieve a half-wave-voltage-length product (VπL)
less than 2.02 V.cm with low optical propagation loss of 1.3 dB/cm.
The 3-dB electro-optic bandwidth of the fabricated modulators
varied between 4.2 GHz and 17.8 GHz for total spiral lengths of 9
mm and 1.2 mm, respectively. The compact modulator architecture
fulfills the pressing demand for high-density photonic integrated
circuits in modern data centers and telecommunication networks.

Index Terms—Electro-optic modulator, high-density, photonic
integrated circuits, spiral waveguides, thin film lithium niobate.

I. INTRODUCTION

R ECENT decades have witnessed an ever-increasing de-
mand for highly-integrated photonic systems that can re-

alize various complex functionalities while making the most
efficient use of the on-chip real estate [1]. Among different
photonic system components, electro-optic modulators (EOMs)
are considered the most attractive building blocks, essential
for a wide area of emerging applications including modern
telecommunication networks [2], high-traffic data centers [3],
quantum photonics [4], and optical sensing applications [5].
Compact and high-performance EOMs that can maintain low
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driving voltages and optical insertion loss while operating at
high data rates are required to meet the progressive technology
needs of such applications.

Lithium niobate (LN) has been widely adopted in its tradi-
tional bulk form as a major commercial platform for EOMs, due
to its strong electro-optic (EO) coefficient, high refractive index,
and low optical absorption loss within a wide infrared range [6].
However, bulk modulators suffer from low integration density
as well as low modulation efficiency due to the large optical
mode size in the formed weakly guiding waveguides and the
subsequent need to place the modulating electrodes apart from
the waveguides to minimize propagation loss. Therefore, sev-
eral integrated photonic platforms were adopted to enhance the
scalability of EO modulators such as silicon-on-insulator (SOI)
[7], indium phosphide [8], silicon nitride [9], and polymers [10],
with particular interest in the silicon photonics platform due to its
compatibility with complementary metal oxide semiconductor
(CMOS) technology. Nevertheless, the non-ideal EO character-
istics of these platforms challenged their ability to achieve the
aforementioned modulator performance aspects simultaneously.
Leveraging the recent advances in nanofabrication techniques,
the thin film lithium niobate (TFLN) platform has recently
emerged and become a superior candidate for combining the
excellent LN material features with high integration capabilities
and good confinement of optical modes [11].

A wide range of non-resonant EOMs with promising per-
formance have been successfully demonstrated on the TFLN
platform based on the conventional Mach-Zehnder modulator
(MZM) configuration [12], [13], [14]. They could feature low
half-wave-voltage-length products (VπL), in the range of 2.1
to 2.5 V.cm, low optical waveguide loss, less than 0.3 dB/cm,
and wide EO bandwidths, up to 100 GHz for traveling-wave
modulators [11]. Such non-resonant LN modulators are typi-
cally implemented on X/Y cut substrates to ease the fabrication
process as well as the traveling-wave modulator design by using
coplanar wave electrodes on both sides of waveguides. However,
this design requires long straight waveguides that run perpen-
dicular to the in-plane Z crystal axis to harness the EO effect of
LN (r33 ≈ 31 pm/V). Thus, it hinders the usage of bent or spiral
waveguides that could achieve space-efficient modulators [15],
[16], [17]. Although resonant modulators such as microring res-
onators [18], race-track resonators [19], or photonic crystals [20]
could achieve more compact footprints, they are very sensitive
to temperature and fabrication variations due to their narrow
optical bandwidth.
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Fig. 1. (a) 3-D schematic of the proposed spiral MIM on thin film Z-cut LN. (b) Top-view of the Archimedean spiral waveguide showing its relevant design
parameters; w = 1µm, g = 1.5µm, ro = 20µm. (c) Cross-section of the implemented waveguide showing different materials of the stack and their vertical
dimensions. no and ne are the ordinary and extra-ordinary refractive indices of LN, respectively.

Recently, a new family of spiral non-resonant EOMs was pre-
sented on the Z-cut TFLN platform with ultra-compact footprint
[21], [22], [23]. In Z-cut, the LN refractive index is isotropic
in plane, allowing for a flexible photonic circuit design with
spiral-shaped optical waveguides that can be efficiently modu-
lated using top and bottom electrodes [11]. Spiral MZMs were
presented with a miniaturized on-chip size wrapping a 2-cm long
waveguide into a 300×300 μm2 area [21]. The main drawback
in these Z-cut EO modulators is the limited modulation band-
width, restricted by the R-C (resistance-capacitance) electrical
limit, because the RF electrodes are considered lumped in this
configuration [19], [21]. As a result, the modulation efficiency
(VπL) is also compromised because reducing the gap between
optical waveguides and RF electrodes to enhance the efficiency
would negatively affect the EO bandwidth due to the increased
device capacitance. The minimum demonstrated VπL for MZM
modulators was 6.4 V.cm using single arm modulation.

In this work, we demonstrate a Michelson interferometer
modulator (MIM) based on the spiral configuration on Z-cut
LN. With reflective mirrors at both ends of Michelson arms,
the interaction length between optical and RF electric fields
doubles within the same waveguide physical length. As a result,
the fabricated MIM devices could achieve VπL down to 1.88
V.cm by simultaneous modulation of two spirals in a push-pull
configuration. Several modulators with total waveguide lengths
ranging from 9 mm to 1.2 mm could fit into circular spirals
with a maximum radius of 175 μm and 75 μm, respectively.
The resulting 3-dB EO bandwidth varied between 4.2 GHz
to 17.8 GHz according to the R-C limit, that arises from the
device capacitance and the 50 Ω driving resistance of the mea-
suring instruments, as well as the optical to RF phase mismatch
limit. Owing to their improved VπL, the spiral MIMs achieve
wider bandwidth compared to MZM designs with the same

modulating voltage due to their smaller capacitance, resulting
in a better voltage-bandwidth figure of merit (BW/Vπ) [11].
Further incorporating the optical modulators with integrated
electronic front-end circuits could achieve broader RC modu-
lation bandwidths by lowering the modulator driving resistance
in a custom-designed circuit interface.

II. MODULATOR DESIGN

Fig. 1(a) shows a three-dimensional (3-D) schematic of the
spiral MIM structure. Two grating couplers are used for in-
put/output light coupling to/from the photonic chip [24]. Input
light is split using a 2 × 2 multimode interference (MMI)
waveguide into two Michelson arms that end with reflective
loop mirrors. The spiral optical waveguides in both Michelson
arms are achieved by connecting two Archimedean spirals using
an S-curved waveguide located at the spiral center, as shown
in Fig. 1(b) [17], [21]. The modulator was implemented on
Z-cut LN on insulator (LNOI) wafer with the stack shown in
Fig. 1(c). The initial stack, prepared by NanoLN, was com-
posed of a silicon handle layer, a metallization gold (Au) layer
with a total thickness of 140 nm including top and bottom
chromium (Cr) adhesion layers, 1 μm silicon dioxide (SiO2)
bottom cladding layer, and 800 nm thick Z-cut LN. The optical
waveguiding structures were patterned on LN before covering
the devices with a top cladding layer made of SU-8 polymer
and depositing 200 nm layer of aluminum (Al) top electrodes
above the modulating spirals. The SU-8 polymer was chosen
because it can be spin-coated over the LN structures providing
a highly uniform cladding layer with good insulation properties
and flexible thickness [21], [25]. In addition, it has good RF
and optical properties (εr ≈ 3 and nr ≈ 1.57 at 1500 nm) [26],
providing strong optical mode guiding due to its high index
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Fig. 2. Design structure and simulated optical loss of different bending shapes in the MIM design: (a) Single 90-deg cubic Bezier bend, indicating the selected
design point at b = 0.3 and R = 10µm, (b) Connecting S-curve between Archimedean spirals formed by four 90-deg bends, indicating the same design point, (c)
Loop mirror formed by four cubic Bezier curves, indicating the selected design point at Lm = 40µm and R = 20µm.

contrast with LN. Al metal was selected for top electrodes
as it features lower propagation loss of the optical mode at
1550 nm compared to other metals, as evident from optical
mode simulations. Although Au exhibits similar loss to Al,
it requires a Cr adhesion layer that significantly increases the
optical loss. During wafer preparation, Al was not available as
a bottom metal layer. Thus, lower achievable waveguide loss
is expected for our devices by using Al bottom electrodes in
the future. Different parameters of the optical and RF paths are
optimized to improve the MIM performance including insertion
loss, modulation efficiency, and EO bandwidth.

Initially, the design dimensions of the passive optical com-
ponents were optimized using Lumerical simulation tools. The
transverse magnetic (TM) mode was adopted such that the
optical mode polarization is parallel to the electric field along the
Z crystal to harness the strong r33 EO coefficient of LN. The TM
mode was simulated in rib waveguides with a bottom slab and a
slanted sidewall angle of 70°, which was characterized for our
fabrication process. We chose a waveguide width (w) of 1 μm to
minimize the propagation absorptive loss from metal electrodes
to 0.2 dB/cm for 1μm top cladding thickness. A slab thickness of
200 nm was chosen to minimize the scattering loss by reducing
the optical mode overlap with rough etched surfaces, while still
supporting the TM mode in the waveguide. The simulated mode
effective and group indices at 1550 nm are neff = 1.93 and
ng = 2.3, respectively. The MMI waveguides were designed
based on the self-image theory [27], such that the MMI length
is set at the position of the first 2-fold images, expressed as
LMMI = 3Lπ/8 for 1 × 2 MMI, and LMMI = Lπ /2 for 2 ×
2 MMI, where Lπ is the beating length of the two lowest-order
modes. The beating length is calculated as Lπ = 4nW 2

e /3λo,
where n is the MMI guiding index, We is the MMI effective
width and λo is the light wavelength. To minimize the MMI size
while achieving low insertion loss, we chose We as 6.5 μm and
9 μm for the 1 × 2 MMI and 2 × 2 MMI, respectively. After
optimizing the structure using Lumerical finite difference time
domain (FDTD) simulations, a 3-dB splitting ratio was achieved

Fig. 3. Simulated (a) microwave and (b) optical electric field distributions in
the Z-cut EO modulator. (c) Simulation of VπL, capacitance per unit area and
optical loss vs top cladding thickness, showing different trade-offs in the RF
path design. Selected operating point at 1 µm is indicated by the vertical dashed
line.

for both MMI waveguides with 0.25 dB excess loss at 1550 nm,
using LMMI of 31 μm for the 1 × 2 MMI and 80 μm for the
2 × 2 MMI. The separation between the output waveguides of
MMI waveguides are 3.6 μm and 3 μm for the 1 × 2 MMI and
2 × 2 MMI, respectively.

The size of the spiral waveguides and loop mirrors was opti-
mized to minimize the modulator footprint. The gap between the
spiral turns (g) was selected as 1.5 μm to reduce the evanescent
mode coupling coefficient between adjacent waveguides. The
S-curve connecting the two spiral waveguides consists of four
90° bends as shown in Fig. 2(b). The bends’ curvature was
designed using Bezier curves that have been shown to provide
low bending loss compared to circular bends in silicon photonics
platforms [28]. Each bend is described by a four-point cubic
Bezier curve, whose coordinates are defined by the bend radius
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Fig. 4. (a) Detailed fabrication process steps of MIM on Z-cut LN. (b) Microscope image of the final fabricated MIM. SEM images of the fabricated components
before adding the top SU-8 cladding and electrode layers showing: (c) Top-view of the spiral waveguide; (d) Top-view of the loop mirror; (e) Cross-sectional view
of one optical waveguide showing 70° sidewall angle of the dry etching recipe.

(R) and the Bezier parameter (b) as shown in Fig. 2(a). Based
on sweep simulations, the bend parameters were selected as
b = 0.3 and R = 10μm, realizing a total bending loss of 0.2
dB for the 90° bend and 0.6 dB for the S-curve at 1550 nm,
as shown in FDTD simulation results in Fig. 2(a) and (b),
respectively. The design results in a minimum radius of the
inner S-curve; ro = 20μm. The loop mirrors were also designed
using Bezier bends, such that each mirror consists of four cubic
Bezier curves. Two of the curves are 90° bends with similar
design parameters as aforementioned. The other two curves
translate the light path between the 1 × 2 MMI ports and the
90° bends. They can be described by four-point Bezier curves
whose coordinates are defined by the curve length (Lm) and
width (Wm), as shown in Fig. 2(c). The separation between
the loop mirror input and output waveguides (S) is defined
by the 1 × 2 MMI design as 3.6 μm. Thus, Wm is related
to the 90° bend radius as Wm = R− S/2. As Lm increases,
the 90° bend loss dominates over the other translating Bezier
curve loss. The loop mirror was simulated at swept Lm and
R values, resulting in a total loss of 0.07 dB loss at 1550 nm
with Lm = 40μm and R = 20μm. Thus, the total loop mirror
design size becomes 60 μm × 40 μm. In general, a lower
insertion loss of each optical component can be achieved at
larger dimensions, yet at the expense of the total device area and
capacitance.

Subsequently, the RF modulation path is studied by simulating
the microwave electric field and device capacitance at different
electrode gaps using COMSOL Multiphysics. The electrode gap
is swept by varying the top SU-8 cladding layer thickness, which
can be easily controlled in practice by the spin coating speed. As
thickness increases, the optical loss and capacitance per unit area
decrease, resulting in a higher EO bandwidth, but at the expense

of reduced efficiency and higher VπL. The simulated microwave
and optical electric field distributions are shown in Fig. 3(a) and
(b), respectively, while the design tradeoffs are depicted in the
simulation results in Fig. 3(c). An SU-8 top cladding thickness
of 1 μm was selected for MIM implementation, resulting in a
simulated VπL of 2.04 V.cm.

III. MODULATOR IMPLEMENTATION AND CHARACTERIZATION

A. Fabrication Process

The device is implemented using four lithography steps as
shown in the fabrication process flow in Fig. 4(a). First, the
LN waveguides were realized using dry etching with a Cr hard
mask. A thin Cr layer was sputtered with an optimized thickness
of 200 nm given the selectivity of the etching process and the
LN etch depth (600 nm). Next, a photoresist layer was patterned
using electron beam lithography (EBL). In an inductively cou-
pled plasma reactive ion etching (ICP-RIE) chamber, Cr and
LN were etched using chlorine-based (Cl2 + O2) plasma and
fluorine-based (CHF3 + Ar) plasma, respectively [29]. The Cr
mask was then removed using wet etching and a piranha cleaning
step was performed to remove the redeposition from dry etch and
other contaminants. Second, openings to the bottom Au ground
electrode were defined using optical lithography and dry etching
of the LN slab (200 nm) and SiO2 layer. Third, the SU-8 top
cladding layer was spin-coated and patterned to cover all optical
components except for the input and output grating couplers. To
ensure stable properties, the SU-8 was hard baked at 150 °C.
Fourth, the top Al layer was sputtered and patterned above the
modulated spirals using the lift-off process.

Fig. 4(b) shows a top-view optical microscope image of the
fabricated modulator. Long connecting waveguides are used to
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Fig. 5. (a) Experimental setup to measure the optical response and modulation
efficiency of the MIM. (b) Measured optical spectrum of unbalanced MIM. (c),
(d) Measured RF power vs applied voltage and fundamental Bessel function fit
to obtain Vπ for the 9 mm and 1.2 mm devices, respectively.

accommodate the minimum distance between the optical and
RF probes used in the measurements. Moreover, waveguide
bending is used in both Michelson arms to achieve a length
mismatch for optimum modulator operation at the quadrature
point. Top-view scanning electron microscope (SEM) images
for the spiral waveguide and loop mirror, before adding the
SU-8 and top metal layer, are displayed in Fig. 4(c) and (d),
respectively. Cross-sectional SEM of the optical waveguide is
viewed in Fig. 4(e), showing a sidewall angle of 70°, realized
using the dry etching process.

B. Experimental Results and Discussion

The adopted design and fabrication process were used to
implement multiple MIM devices with different number of spiral
turns resulting in total lengths of 9 mm, 5 mm, 2.8 mm, and 1.2
mm. First, the optical response of the unbalanced MIM was
measured using the setup shown in Fig. 5(a). Using grating
couplers, the input light was vertically coupled from a tunable
laser source (Santec 710 TSL) into multiple on-chip modulators.
A fiber polarization controller (FPC) was used to adjust the input
polarization to the TM mode and an erbium-doped fiber optical
amplifier (EDFA) was used to boost the input signal power. The
transmission spectrum was measured at swept wavelengths us-
ing a high-speed photodetector that converted the optical output
to electrical signals, which were read out using a PC-controlled
data acquisition card (DAQ). The measured spectrum of the 1.2
mm modulator is plotted in Fig. 5(b), showing an extinction
ratio > 30 dB and a free spectral range (FSR) of 5.15 nm due
to a length mismatch of (ΔL = 100μm) between Michelson
arms. The modulator on-chip insertion loss and fiber-to-chip
coupling loss were measured as ∼6.2 dB and ∼13 dB per each
grating coupler, respectively. The waveguide propagation loss
with top and bottom electrodes was separately measured as
∼1.3 dB/cm using a ring resonator design with 40 μm radius
[21]. According to the previously discussed FDTD simulations,
the metal induced waveguide propagation loss was estimated
as 0.2 dB/cm, and the total insertion loss of different on-chip

Fig. 6. (a) Experimental setup to characterize the frequency response of the
MIM using VNA. (b), (c) Measured EO S21 of the 9 mm and 1.2 mm MIM
devices (red lines) showing their 3-dB bandwidth and comparing them to 18.8
mm and 2.4 mm MZM devices with similar Vπ (blue lines).

components, including the bending loss, the loop mirror loss, and
the MMI excess loss, can be calculated as ∼2.7 dB. The excess
on-chip loss compared to the simulation value is attributed to
the scattering loss from sidewall surface roughness which can be
minimized by improving the LN dry etching and post-cleaning
processes. Furthermore, the fiber-to-chip loss can be reduced
by using end-fire coupling to avoid the high grating coupler
loss, attributed to fabrication tolerances in the grating period
and etching depth.

Next, the half-wave voltage (Vπ) was measured for each
MIM design to evaluate the modulation efficiency. Usually, Vπ

is measured by observing the modulator transmission while
applying a linearly changing DC modulating voltage signal to the
electrodes. Nevertheless, it was observed that the DC response
of the proposed Z-cut LN modulators is very weak and unstable
[18], [21]. This behavior is attributed to the space charge effects
in TFLN including the redistribution of mobile carriers in the de-
vice structure that may shield the applied electric field [11], [30].
Consequently, Vπ was measured at high frequency by applying
a 1 MHz sinusoidal modulating signal and observing the output
power at the fundamental frequency using a spectrum analyzer
as shown in the measurement setup in Fig. 5(a). According to the
theoretical analysis of MIM output spectrum with a sinusoidal
input, the relative output optical power is expressed as [31]:

P opt
out =

P opt
in T

2
{1 + cos [|Δϕn| cos (ωRF t)] cosΔϕL

+sin [|Δϕn| cos (ωRF t)] sinΔϕL} (1)

where P opt
in is the input optical power, T is the transmission

coefficient, ΔϕL is the phase shift between Michelson arms due
to length and other non-ideal mismatches, and Δϕn is the phase
shift due to index perturbation caused by the RF modulating
signal. Δϕn = |Δϕn| cos(ωRF t), where ωRF is the angular
frequency of the sinusoidal input and |Δϕn| is the phase shift
amplitude calculated as; |Δϕn| = πVpp/2Vπ , where Vpp is the
peak-to-peak input voltage. Applying Jacobi-Anger expansion
to the above relation allows us to analyze the harmonic contents
of the output power and reach the following expression for the
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TABLE I
PERFORMANCE SUMMARY OF THE SPIRAL MIMS AND COMPARISON TO REPORTED MIMS ON LNOI PLATFORM

power magnitude at the fundamental harmonic:

P opt
1 = P opt

in T × J1

(
πVpp

2Vπ

)
sinΔϕL (2)

where J1 is the 1st order Bessel function of the first kind.
Because the output voltage of the photodetector is proportional
to the optical power, the measured RF power using the spectrum
analyzer can be expressed as:

PRF
1 = C ×

[
J1

(
πVpp

2Vπ

)
sinΔϕL

]2
(3)

where C is a constant representing the photodetector responsiv-
ity and other power conversion losses in the measurement setup.
As a result, Vπ is calculated by fitting the measured fundamental
RF power at swept input voltages to (3). The fitted curves of the
9 mm and 1.2 mm devices are shown in Fig. 5(c) and (d) respec-
tively, indicating the extracted Vπ values of 2.2 V and 15.7 V for
both devices. That corresponds to VπL values of 1.98 and 1.88,
respectively, which are in good agreement with the simulation
result. In order to maximize the output power, the modulator is
optimally operated by tuning the input laser wavelength to the
quadrature point at −3 dB optical transmission (ΔϕL = π/2).
DC voltage tuning could not be used for modulator biasing due to
its weak response. In practice, thermo-optic phase shifters could
be added to the modulator design to overcome this complication
and achieve efficient and stable biasing [35].

Finally, the small signal EO frequency response of the MIM
was characterized using a 40 GHz two-port vector network
analyzer (VNA; Agilent N5230A) as shown in the measurement
setup in Fig. 6(a). While port 1 of the VNA is connected to
one of the RF electrodes to apply the modulating signal, port
2 is connected to the output of the photodetector that has an
extended bandwidth of up to 40 GHz (Thorlabs RXM40AF).
To compare performance regarding EO bandwidth, each MIM
device is compared to a spiral MZM device that has a similar
Vπ (twice the physical length) and was previously implemented
using the same fabrication process. Fig. 6(b) and (c) display
the measured EO S21 response of the MIM devices (red lines)
with a comparison to their MZM counterparts (blue lines).
Demonstrated bandwidths of 4.2 GHz and 17.8 GHz for the

9 mm and 1.2 mm MIMs compare favorably to bandwidths of
2.1 GHz and 10.6 GHz for the 18.8 mm and 2.4 mm MZMs.
Increasing the MIM phase shifter length achieves lower Vπ, yet
at the expense of reduced bandwidth. Moreover, MIM designs
demonstrate bandwidth enhancement compared to MZMs be-
cause they feature lower capacitances, having half modulation
lengths and more compact electrode sizes. The smaller size
relaxes the R-C time constant, which is the main bandwidth
limitation of the spiral Z-cut modulators with lumped electrode
configuration. While the capacitance (C) of the device is defined
by the device area and the waveguide-to-electrode gap in the RF
path design, the resistance (R) is limited in our measurements
by the 50 Ω impedance of the VNA drive. Thus, the R-C band-
width limit can be pushed to much higher values upon further
integration of the optical modulators with electronic integrated
driving circuits, where a lower output interface resistance could
be custom-achieved. It is worth noting that another bandwidth
limitation arises from the phase mismatch between the optical
and RF fields through the spiral waveguide. As the optical
signal experiences different phase shifts within the waveguide
propagation time, the average accumulated phase could be af-
fected at high RF frequencies. The phase mismatch limit can be
evaluated by replacing the instantaneous sinusoidal phase (Δϕn)
in (1) with the time-varying average of the accumulated phase
through the waveguide. After applying Jacobi-Anger expansion
and solving numerically for the fundamental harmonic, the
3-dB bandwidth can be estimated from f3−dB = μ/τ , where
τ is the light propagation time in the waveguide and μ ∼ 0.6
for small signal modulation. Other limitations could also arise
from the non-ideal properties of the stack materials includ-
ing the loss tangent of SiO2 and SU-8 dielectric materials as
well as the reduced conductivity of the deposited thin metal
film that may increase the contact resistance between the RF
probes and electrodes and reduce the overall bandwidth of the
modulators.

Table I summarizes different performance metrics of the four
fabricated spiral MIMs and compares them to other reported
traveling-wave MIMs on LNOI platform. Hybrid platforms were
adopted in [33], where SOI/LNOI system is chosen to bene-
fit from the high scalability and low coupling loss of silicon
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photonics, and in [34], where silicon rich nitride (SRN)/LNOI
platform is used to achieve short Bragg grating reflectors at the
end of Michelson arms to enhance the traveling-wave modulator
bandwidth. To compare the footprint size of the spiral phase
shifter to conventional straight waveguides, we use another
parameter, the effective on-chip length (Leff ), which represents
the longest dimension of the phase shifter. This length is the
spiral outer diameter in our MIM or the same total length (L)
of the straight waveguide modulators. Much smaller footprints
could be achieved using the spiral MIM compared to previous
implementations with a competitive VπL; however, the band-
width becomes R-C limited and scales down at lower Vπ in the
lumped configuration. In that context, it should be noted that
the traveling-wave MIMs have narrower bandwidths compared
to traveling-wave MZMs, due to velocity mismatch limitation
caused by counter propagation of optical and microwave signals
in one of the MIM propagation directions [32], [34]. That con-
trasts with the spiral configuration, where MIM design achieves
wider bandwidth than MZM due to the reduced device capaci-
tance at shorter spiral lengths. It is also worth mentioning that
a bandwidth-length trade-off exists in traveling-wave MIMs, as
increasing the modulator length to achieve lowerVπ would result
in lower EO bandwidth due to the microwave loss and velocity
mismatch [36], [37]. As a result, the proposed spiral MIM
configuration achieves modulation bandwidths on par with the
previous MIM implementations while featuring a more compact
footprint.

IV. CONCLUSION

We report a highly compact MIM on thin film Z-cut LN based
on spiral configuration. Using top and bottom electrodes, the
spiral-shaped waveguides are efficiently modulated, achieving
a product of VπL as low as 1.88 V.cm. The modulator utilizes
SiO2 as a bottom cladding and SU-8 to realize a top cladding
layer with a controllable thickness and a uniform surface for
the top electrodes. The electrodes are considered lumped in the
proposed modulators resulting in R-C limited EO bandwidth
that varies according to the modulator length and the achievable
Vπ . We experimentally demonstrated several modulation lengths
ranging from 9 mm to 1.2 mm, resulting in high bandwidths of
4.2 GHz up to 17.8 GHz, measured using 50Ωdriving resistance.
The spiral configuration could wrap the 9-mm long waveguide
into a circular spiral with 175 μm total diameter, allowing for
fitting extremely long phase shifters in a miniaturized on-chip
area. Therefore, the proposed spiral MIM is an excellent choice
for highly integrated photonic circuits, where incorporating a
large number of devices within the smallest chip footprint is
rigorously needed.
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