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Abstract—We propose and demonstrate a broadband and low-
random-phase-errors 2 × 2 optical switch on thin-film lithium
niobate platform. The proposed switch is based on a typical Mach-
Zehnder interferometer constructed with two 2 × 2 3-dB multi-
mode interferometer couplers, two few-mode waveguide (FMW)
arms, and corresponding input and output waveguides. The use of
FMWs can help to reduce the random phase errors and improve
the fabrication tolerances. Over a wide optical bandwidth from
1530 nm to 1605 nm, our typical fabricated switch can work
on the desired initial operating state and achieve an extinction
ratio mostly larger than ∼16 dB. The switching voltage is ∼7.3
V. The rise and fall times are 134.4 ns and 8.8 ns, respectively.
This work can facilitate the development of optical switches on the
lithium-niobate-insulator (LNOI) platform.

Index Terms—Optical switch, electro-optic effect, optical
waveguide, thin-film lithium niobite.

I. INTRODUCTION

O PTICAL switches play an important role in optical com-
munication and information processing systems, includ-

ing data centers [1], quantum computing [2] and sensing [3]. To
satisfy the ever-increasing demand for compact footprint, low
power consumption, and high-speed switching, various kinds
of optical switches have been proposed [4], [5], [6], [7], [8],
[9]. These switches can be mainly divided into electro-optic
(EO) switch and thermo-optic (TO) switch according to their
operation principles. TO switches based on TO effect can usually
realize small footprint with short phase shifters due to large
thermo-optic coefficient of the used materials [8], [9], [10], [11],
[12], [13]. But relatively large power consumption and long
switching time of TO switches have always been an issue need
to be addressed. In comparison with TO switches, EO switches
are usually able to achieve a much faster switching speed.
Therefore, EO switches based on different material platforms
have always attracted extensive attention. Although the silicon-
based EO switches using the free-carrier dispersion effect have
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been demonstrated, the free-carrier dispersion effect introduces
large optical absorption loss [14], [15], [16]. While the polymer
EO switches are simple to be fabricated, they are limited by
temperature stability of polymers [17], [18].

For decades, lithium niobate (LN) has been attracted exten-
sive attention due to its excellent properties, including large
electro-optic coefficient, low optical loss, wide transparency
window, good temperature stability and so on [19]. However,
conventional LN EO switches have large device size due to
the small index contrast of the used waveguides formed with
the annealed-proton-exchanged (APE) or the Ti in-diffusion
processes, which do not meet the demand of miniaturization
[20], [21]. Fortunately, this defect has now been addressed by
the new emerging thin-film lithium niobite, i.e., lithium niobate
on insulate (LNOI). The LNOI platform can not only retain
the excellent material characteristics of LN, but also enable
high-index-contrast LN waveguide and, hence, compact LN
waveguide devices, such as switch [7], tunable ring resonator
[22], mode (de)multiplexer [23] and modulator [24]. Note that
the EO switch in [7] is structured with hybrid integration of
silicon and LNOI waveguides, which make its fabrication more
complicated.

Mach-Zehnder interferometer (MZI) is widely used to struc-
ture high-performance optical switch with wide optical band-
width, high extinction ratio (ER), and low driving power (TO
switch) or voltage (EO switch). However, the random phase er-
rors are easy to be introduced in waveguide arms of MZI optical
switches due to the random variation in waveguide width caused
by unavoidable fabrication errors [15], [25], [26], [27], [28].
Compared with using extra tuning mechanism to compensate
the fabrication errors, which requires additional components and
feedback control schemes with more power consumption [15],
[25], [26], the passive solution by widening the waveguide arms
is simpler and more attractive [27], [28].

In this letter, we propose a broadband and low-random-phase-
errors MZI optical switch based on LNOI platform. Compared
with the MZI switch in [7] structured with hybrid integration
of silicon and LNOI waveguides, our proposed MZI switch is
structured only with LNOI waveguide, which make it easier
to fabricate. In our design, two identical few-mode waveguides
(FMWs) are employed as the waveguide arms of the MZI switch.
Thanks to the use of FMWs, which helps to reduce the random
phase errors introduced in the fabrication process and improve
the fabrication tolerances [29], our typical fabricated switch can
work on desired initial state. And with a switching voltage of
∼7.3 V, the switch achieves an extinction ratio mostly larger
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Fig. 1. Schematic diagrams showing (a) the top view of the proposed MZI
switch and (b) the cross-sectional view of the two arms of the MZI switch.

than ∼16 dB and a crosstalk mostly less than ∼−16 dB for each
channel over a wide optical bandwidth from 1530 nm to 1605
nm. The rise and fall times are 134.4 ns and 8.8 ns, respectively.

II. DEVICE DESIGN AND FABRICATION

Our proposed 2 × 2 optical switch is shown schematically in
Fig. 1(a), which is formed on an X-cut LNOI wafer. The structure
of the switch is a typical MZI constructed with two identical
FMW arms connected at the two ends with identical 3-dB 2 × 2
multimode interference (MMI) couplers. As shown in Fig. 1(b),
the LN FMWs in the two arms have a top width of w, an etch
depth (i.e., rib height) h, and a sidewall angle θ. To reduce the
switching voltage, a set of push-pull electrodes using coplanar
ground-signal-ground (GSG) configuration are used to drive the
switch. Thus, the applied voltage can induce ±π/2 phase shift
in each arm due to the opposite direction of electric field across
the two LNOI waveguides. The GSG electrodes with a length
L, a thickness t, and a signal electrode width we, are placed
symmetrically along the waveguides in the two arms with the
same gap d to the waveguide arms, as shown in Fig. 1(a) and
(b).

In our design, an X-cut LNOI wafer with a 600-nm-thick LN
film and 5-mm-long aluminum (Al) GSG electrodes (L= 5 mm)
are employed. The etch depth t and the sidewall angle θ of the
waveguides are 300 nm and 70°, respectively. Additionally, all
waveguides are placed along y direction so as to exploit the
largest EO coefficient (r33) of LN crystal. With above layout
configuration, the switch can only achieve optimal operation for
the transverse-electrode (TE) mode, and the parameters of the
switch are chosen for this purpose.

Because of the inevitable random width variation introduced
in the fabrication process, the random phase errors between the
two arms of MZI are nonnegligible. Such an unexpected phase
errors usually leads to that the fabricated optical switch does not
operate at the optimal initial state (OFF state), i.e., the crosstalk
is large when the switch is at OFF state. The large crosstalk
at OFF state can be reduced effectively by widening the arm

Fig. 2. Dependence of ξ with w at 1550 nm wavelength.

waveguides of the MZI appropriately, i.e., using FMWs as
waveguide arms of the MZI. The random phase error Δϕ
between the two arms of a MZI is defined as [27]

Δϕ =
2π

λ0
ξΔwLw (1)

where λ0 is the operation wavelength in vacuum, ξ the derivative
of the effective refractive index with respect to the waveguide
width,Δw the mean width difference between the two arms, and
Lw the length of the waveguide arms. Further, to compare the
random phase errors Δϕ caused by the random width variation
Δw for the waveguides with different width, we introduce
normalized random phase error Δϕ/Δw as in [27]. From (1),
for a fixed Lw, Δϕ/Δw is determined by ξ, and the smaller ξ,
the smaller the normalized random phase error Δϕ/Δw. Fig. 2
shows the dependence of the derivative ξ with the width w of
the waveguide arms at the wavelength of 1550 nm, calculated
with a commercial mode solver (COMSOL). As the width w
increases, ξ decreases rapidly at first and then slowly after w > 2
μm. Considering that a wider waveguide only slightly decreases
the value of ξ and hence Δϕ/Δw, but results in a greater
electrode spacing and therefore a larger switching voltage. Thus,
to achieve an optimum trade-off between the normalized random
phase error and the switching voltage, we choose w = 2.5 μm
to design our proposed switch, which corresponds to a quite
small ξ = ∼ 0.012 μm-1 and Δϕ/Δw = ∼0.238 rad/nm. As
a comparison, we also design a reference switch with w = 1.7
μm, which corresponds to a somewhat larger ξ =∼ 0.032 μm-1

and Δϕ/Δw = ∼0.639 rad/nm. These results indicate that, on
the premise of achieving the same random phase error, a wider
waveguide allows a largerΔw, i.e., a larger fabrication tolerance
than a narrower waveguide.

As a key component of our MZI switch, 2 × 2 MMI couplers
are utilized, respectively, to split the input light signal into the
two arms of the MZI and to combine the light signals from the
two arms to achieve interference. To achieve a large ER and
a low crosstalk, the 2 × 2 MMI coupler should realize power
distribution in the two arms as equal as possible, i.e., an excellent
3-dB splitter. For our designed 3-dB 2 × 2 MMI coupler, its
input/output waveguides are set at the edges of the multimode
section according to the general interface mechanism [30]. In
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Fig. 3. Calculated (a) propagating light through the designed MMI coupler
and (b) normalized power in the two output waveguides.

Fig. 4. Calculated transmission at the two output ports of the designed 2 × 2
MMI coupler at different operation wavelength from 1500 nm to 1620 nm.

our design, the multimode section has a width of 9 μm, while
its length is calculated to be 219 μm with a three-dimensional
finite difference beam propagation method (BeamPROP, RSoft).
With above parameters, the calculated propagating light through
the designed MMI and the normalized power in the two output
waveguides are shown in Fig. 3(a) and (b). The power-splitting
ratio is 40.1%:41.6% ∼ 50%:50% in the wavelength range from
1500 nm to 1620 nm for the fundamental quasi-TE mode, as
shown in Fig. 4. To reduce the reflection and the mode mismatch
loss at the junction [11], the linear taper waveguides with widths
tapering slowly from 3.1μm to 2.5μm are introduced to connect
the multimode section and input/output waveguides of the MMI
couplers (see Fig. 1(a)). In addition, to minimize excitation
of high-order modes, the S-bend waveguides with slow cosine
profiles are used to connect the input/output waveguides and the
MMI couplers as well as the MMI couplers and the FMW arms.

The proposed switch was fabricated with our in-house micro-
fabrication facilities. A 150-nm-thick chromium (Cr) was first
deposited on a commercial X-cut LNOI wafer with a 600-nm-
thick thin film LN bonded on the 4.7-μm-thick buried oxide
(BOX) layer. The designed MZI pattern was then defined on the
Cr film by the standard ultraviolet (UV) photolithography and
wet etching processes. Next, the MZI pattern was transferred
into the LNOI by the proton-exchange process assisted by the
dry etching method [31]. The measured etch depth was 298

Fig. 5. (a) Photograph of the fabricated chip, (b) microscopic image of the
MMI coupler, and (c) microscopic image of the waveguide arms and the
electrodes.

Fig. 6. Output near-field images from (a) the best one (S1) of the optimal
switches with w = 2.5 μm and (b) one of the reference switches with w = 1.7
μm.

nm, which is very close to the design value (300 nm). After
the residual Cr film was removed with a dechroming solution,
a ∼400-nm-thick SiO2 buffer layer was deposited on the chip
to reduce the propagation loss and metal absorption loss. Sub-
sequently, ∼600-nm-thick Al electrodes were formed on the
SiO2 layer by the thermal evaporation and lift-off processes.
Finally, both input and output facets of the sample were polished
carefully. Fig. 5(a) shows a photograph of the chip. There are
three optimal switches of the same design of w = 2.5 μm and
three reference switches of the same design of w = 1.7 μm.
Fig. 5(b) and (c) are microscopic images of the MMI coupler,
the waveguide arms, and the electrodes, respectively.

III. EXPERIMENTAL RESULTS

We first characterized the output near-filed optical spot of the
fabricated switches at the initial state to evaluate the random
phase errors. Through a lensed single-mode fiber (SMF) with
a polarization controller (PC) along the SMF, TE-polarized
light at 1550 nm wavelength generated from a tunable laser
was launched into Port 1 and 2 (see Fig. 1(a)) of the switch
under test in turn. To avoid exciting any unexpected high-order
modes in the device, the lensed SMF was aligned carefully with
the input waveguide. We measured all six switches fabricated
on the chip. In terms of the initial operating state, all three
optimal switches are better than the three reference switches.
The output near-field images from the best one (labeled S1) of
the optimal switches and one of the reference switches, captured
by an infrared camera (Micron Viewer 7290A), are shown in
Fig. 6(a) and (b), respectively. Compared with the reference



6664105 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

Fig. 7. Measured response signal with PD (blue) for the channel from Port 1 to
4 when a 100 kHz triangular electrical signal (red) was applied to the electrodes.

TABLE I
PERFORMANCE COMPARISON OF EO SWITCH ON LNOI PLATFORM

switch with w = 1.7 μm, this best switch with w = 2.5 μm
is almost in the optimal initial state (i.e., the bar state), which
indicates our proposed MZI switch achieves low random phase
errors by widening the width of the waveguide arms.

To further evaluate the performance of S1, TE-polarized light
at 1550 nm wavelength was launched into Port 1 and a 100-kHz
triangular electrical signal from an arbitrary waveform generator
(AWG) (Aim-TTi, TG5011A) was applied to the electrodes.
The output light from Port 4 was detected with a photodetector
(PD) (New Focus, Model 1811), analyzed with an oscilloscope
(Tektronix, TDS 3054C), and shown in Fig. 7. From Fig. 7,
the lowest point of the EO response signal (blue curve, see
right vertical axis) corresponds to the ON state (cross state)
of the switch, the corresponding driving voltage is ∼−7.3 V
(red triangular electrical signal, see left vertical axis), while the
highest point of the EO response signal corresponds to the OFF
state (bar state) of the switch, the corresponding driving voltage
is 0 V. Thus, the switching voltage i.e., the half-wave voltage
(Vπ) of our switch is ∼7.3 V, corresponding to a half-wave
voltage-length product (Vπ·L) of 3.65 V·cm.

Further, we investigated the spectral response of S1 by launch-
ing the output light from an amplified spontaneous emission
(ASE) source (B&A, AS4600, 1530-1605 nm) into Port 1 and
2 in turn with a lensed SMF. The polarization state of light was
controlled with an inline fiber polarizer and a PC. The output
light from Port 3/4 of S1 was collected with another lensed
fiber and monitored with an optical spectrum analyzer (OSA)
(Anristu, MS97740A). The measured transmission spectra when
S1 operating at the ON (with a switching voltage of 7.3 V) and
OFF states are normalized with respect to the spectrum of fiber
to fiber and shown in Fig. 8(a) and (b), where the reference
is the fiber-to-fiber transmission spectrum. It can be seen from

Fig. 8. Normalized transmission spectra (a) from Port 1 and (b) Port 2 to Port
3 and 4 when S1 operating at the ON and OFF states, where the reference is the
fiber-to-fiber transmission spectrum.

Fig. 9. Temporal switching characteristics of S1.

Fig. 8, the switch S1 exhibits almost the same ER and crosstalk
characteristics for each channel over a wide range of wavelength
from 1530 nm to 1605 nm. The ER is mostly larger than∼16 dB,
while the crosstalk is mostly less than∼−16 dB. The wavelength
range was limited by the light source available. The actual optical
bandwidth of S1 should be much wider than the (C+L)-band
shown in Fig. 8. In addition, the insertion losses of S1 for each
channel are almost the same of ∼13 dB through comparing
the reference spectrum with the transmission spectra of S1
shown in Fig. 8. Here, large insertion loss is mainly contributed
by the large fiber-waveguide butt-coupling losses at the two
ends because our devices do not incorporate edge couplers. It
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should be possible to significantly reduce the insertion losses
by integrating edge couplers on the switch [32], [33], [34], [35].
Although the fabrication of these edge couplers featuring bilayer
[32], [33], [34] or step [35] structure is somewhat difficult, they
actually help to achieve low fiber-waveguide butt-coupling loss
of < 2 dB/facet, and a lowest loss of 0.5 dB/facet [34].

Finally, to evaluate temporal switching characteristics of S1,
a 100-kHz square-wave signal with a duty cycle of 50% was
applied to the electrodes. The measured temporal switching
characteristics are shown in Fig. 9, which show that the fall
and the rise time are 8.8 ns and 134.4 ns, respectively. For
comparison, the performances of the EO switches on LNOI
platform are summarized Table I. Compared with the mode
switch in [23], our switch achieves comparable performance.
While compared with the optical switch in [7], our switch has a
smaller extinction ratio and a longer switching time but a lower
switching voltage. And especially, our switch can achieve the
bar state with a switching voltage of 0 V.

V. CONCLUSION

We have demonstrated a broadband and low-random-phase-
errors 2 × 2 EO MZI optical switch on LNOI platform. We
reduce the low random phase errors and improve the fabrication
tolerances by using FMWs as the waveguide arms. Thanks
to these efforts, our typical fabricated switch can work on desired
initial state. And over a wide wavelength range from 1530 nm
to 1605 nm, the switch achieves an ER mostly larger than ∼16
dB and a crosstalk mostly less than ∼−16 dB for each channel.
The switching voltage is ∼7.3 V. The rise and fall times are
134.4 ns and 8.8 ns, respectively. This work can facilitate the
development of optical switches on the LNOI platform.
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