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Abstract Lithium niobate on insulator is presented as a platform for active integrated photonics at
visible-near-infrared wavelengths. An electro-optic modulator operating at 780 nm featuring an electrical
3-dB bandwidth of 35 GHz and a halfwave voltage of 2.82 V is demonstrated, enabling transmission of
a 40 Gbit/s on-off keying signal. ©2022 The Author(s)

Introduction

Integrated photonic circuits and devices working
at visible-near-infrared wavelengths promise to
be a viable approach for scaling up optical sys-
tems used in free-space optical (FSO) communi-
cation, sensing and quantum optics. For example,
integrated electro-optic modulators operating at
wavelengths around 750-850 nm could enhance
the performance of FSO satellite downlinks or
inter-satellite links[1]–[3] as well as radio-over-FSO
(RoFSO) systems based on a hybrid fiber-FSO
link[4],[5]. Nowadays, visible-near-infrared modu-
lators are also crucial components for quantum
computing based on trapped ions or atoms with
transition energies in this wavelength range[6],[7].
However, scaling up the schemes to address mul-
tiple ions or atoms is limited by the complexity
of the conventionally used free-space optical sys-
tems involving discrete components. Integrated
devices and circuits could overcome this bottle-
neck by enabling small-footprint, stable and scal-
able alternatives[8]. Additionally, integrated pho-
tonics in the visible has been employed for ap-
plications in spectroscopy[9], optical biosensing[10]

or precision metrology on a chip[11].
Since silicon is absorbing below wavelengths

of 1100 nm, the well-established silicon pho-
tonics platform based on CMOS fabrication pro-
cesses is not applicable for visible-near-infrared
wavelengths. Various materials have been stud-
ied to realize integrated photonics in this wave-
length range, including SiN[12], SiO2

[13], AlN[14],
diamond[15], lithium niobate[16] and hybrid ap-
proaches (SiN/LN)[17]. Of these materials, only
lithium niobate (LN) and AlN allow for electro-
optically active devices. However, due to the
relatively low electro-optic coefficient of AlN

(∼1 pm/V[14]) compared to LN (∼30 pm/V), LN
is an attractive material to realize high bandwidth
electro-optic modulators at low driving voltages in
the visible-near-infrared regime. Lithium niobate
on insulator (LNOI) has emerged in past years as
a versatile platform for low-loss integrated pho-
tonics with applications in optical communica-
tions[18],[19], nonlinear optics[20] and quantum op-
tics[21]. Nevertheless, the vast majority of studies
on LNOI focus on wavelengths around 1550 nm
and only few works on integrated photonics in
LNOI at visible-near-infrared wavelengths have
been reported[16],[22],[23].

Here, we present the optical design and fab-
rication of integrated photonic circuits in LNOI
at wavelengths around 780 nm and demonstrate
a 4.5 mm long electro-optical Mach-Zehnder
modulator (MZM) with an electrical bandwidth
of 35 GHz and a halfwave voltage of 2.82 V,
corresponding to a halfwave-length product of
1.27 V·cm. We study the design of the copla-
nar waveguide (CPW) for the MZM with respect
to impedance and velocity matching at this oper-
ating wavelength range and characterize the fab-
ricated MZMs electrically and electro-optically. Fi-
nally, we perform data transmission experiments
with non-return to zero on-off keying (NRZ-OOK)
signals and record open eye diagrams up to
40 Gbit/s.

Optical Design and Device Fabrication
In this section, the design considerations for re-
alizing integrated photonic circuits in the visible
using LNOI are introduced. Fig. 1(a) shows a
schematic of a waveguide MZM including two
1×2 multimode interferometers (MMIs) and a
coplanar waveguide (CPW) as the RF transmis-
sion line. The first design choice to be made
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Fig. 1: (a) Schematic of a Mach-Zehnder modulator (MZM)
including two multimode interferometers (MMIs) and a copla-
nar waveguide (CPW) to couple the microwave and optical
signals. b) SEM image of the electro-optic interaction region
showing two lithium niobate on insulator (LNOI) waveguides
in the gaps of a gold CPW. (c) Cross-section of an LNOI
waveguide with the simulated electric field component along
the crystal z-axis of the TE00 mode at 780 nm. (d) Simulated
mode distribution for an 1×2-MMI.

are the waveguide dimensions. Here, we use
a 300 nm x-cut LN thin-film on top of a 4.7 µm
thick SiO2 layer on a silicon substrate. For an
etch depth of 150 nm we choose a waveguide
top width of 400 nm in order to obtain single-
mode waveguides for TE polarization with an op-
tical group index of no = 2.4. The simulated
electric field along the extraordinary crystal z-
axis of the fundamental TE mode is shown in
Fig. 1(c) together with the cross-section of a LNOI
waveguide placed inbetween a pair of gold elec-
trodes. The second optical building block is the
1×2 MMI, which is designed using a bidirectional
eigenmode solver to minimize the excess loss for
the wavelength range of interest. The simulated
mode profile is shown in Fig. 1(d) and the relevant
design parameters are indicated. We reported
measured excess loss of ∼0.2 dB per MMI for an
etch depth of 115 nm elsewhere[24]. For an etch
depth of 150 nm we adjusted the MMI parame-
ters to the following: lM = 72.4 µm, wM = 7 µm,
lT = 90 µm, wT = 2.2 µm and g = 3.5 µm. An
SEM image of a device fabricated with the same
process flow as reported previously[19] is shown
in Fig. 1(b).

Electrical Device Design and Characterization
Bandwidth limitations of travelling-wave MZMs
are mainly due to RF losses, velocity and
impedance mismatch[25]. Hence, the design of
the CPW is crucial to balance the bandwidth-
voltage tradeoff. In Fig. 2(a) the cross-section
of a CPW on LNOI is shown and the realized
devices had an electrode thickness t of 0.9 µm,
a gap of 5.2 µm and a ground width wg above
200 µm. In Figs. 2(b)-(d) we show the electrical
characterization of two CPWs with signal widths
ws of 5 µm and 30 µm, measured using a 67 GHz

Fig. 2: (a) Cross-section of the electro-optic interaction re-
gion of a Mach-Zehnder modulator (MZM). The dimensional
parameters of the material stack and the coplanar waveguide
(CPW) used in this work are specified in the text. (b) Mea-
sured RF losses for two CPWs with different signal widths
ws. (c) Measured electrical reflections S11. (d) Measured RF
phase indices.

vector network analyser (VNA) and a pair of GSG
microwave probes. Lower RF losses, impedance
matching to 50 Ω and a higher RF phase index
is expected from simulations for the 30 µm sig-
nal line, which is verified by the measurements.
However, the RF phase index of ∼2 is still sub-
stantially lower than the optical group index at 2.4.
Hence, by using simple CPW structures, velocity
and impedance matching for a MZM at 780 nm is
not simultaneously achievable for the given LNOI
material stack and waveguide dimensions.

Electro-Opic Measurements
In order to measure the DC characteristics and
the electro-optic response of the MZMs we used
the setup sketched in Fig. 3(a). For the DC or low-
frequency characterization we applied a 1 kHz tri-
angular voltage signal to the MZMs while record-
ing the transmitted optical intensity. Fig. 3(b)
shows the obtained normalized transmission ver-
sus applied voltage for a 4.5 mm long CPW. The
halfwave voltage is 2.82 V, corresponding to a
voltage-length product of 1.27 V·cm, and the op-
tical extinction ratios were typically around 20 dB.
The electro-optic response shown in Fig. 3(c) was
measured using the VNA and a 45 GHz photo-
diode. The cables and GSG microwave probes
were de-embedded by performing a calibration
using an impedance standard substrate. As ex-
pected from the electrical characterization of the
CPWs in the previous section, the MZM with the
30 µm signal electrode showed a larger electri-
cal 3-dB bandwidth (corresponding to the optical
1.5-dB bandwidth[25]) of ∼35 GHz and an opti-
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Fig. 3: (a) Setup for DC characterization and electro-
optic (EO) response measurements including a tunable laser
source (TLS), a semiconductor optical amplifier (SOA) and a
fiber polarization controller (FPC). The coplanar waveguide
(CPW) is contacted using a pair of GSG microwave probes,
one of which is used to terminate the transmission line. An
arbitrary waveform generator (AWG) and a slow photodiode
(PD2) are used for the DC characterization. The obtained nor-
malized transmission is shown in (b) with a halfwave voltage
of 2.82 V for a 4.5 mm long MZM. The small-signal EO re-
sponses of two MZMs with different signal widths ws are plot-
ted in (c). These results were measured using a 67 GHz vector
network analyser (VNA) and a 45 GHz photodiode (PD1).

cal 3-dB bandwidth beyond 50 GHz. Also, the
steeper roll-off at high frequencies of the MZM
with the 5 µm signal line due to the larger veloc-
ity mismatch is observed. At frequencies below
12 GHz, the narrow MZM shows peaking in the
electro-optic response caused by an impedance
larger than 50 Ω.

Data Transmission Experiments
Finally, we performed NRZ-OOK data modulation
experiments using the setup sketched in Fig. 4(a).
A pseudo-random binary sequence (PRBS) is
generated by a digital-to-analog converter (DAC)
with a sampling rate of 100 GS/s, a peak-to-peak
output voltage up to 500 mVpp and a 3-dB band-
width of 44 GHz. The electrical signal is then am-
plified and applied to the device using a GSG mi-
crowave probe. The peak-to-peak voltage after
the microwave probe was around 2 Vpp, depend-
ing on the output voltage of the DAC and the data
rate. Light from a tunable laser source (TLS) at
780 nm is amplified to ∼25 dBm using a semi-
conductor optical amplifier before being coupled
to the integrated MZM using a lensed fiber. The
modulated optical signal at the output is collected
and measured using a 25 GHz photoreceiver with
a transimpedance amplifier and a real-time oscil-
loscope (RTO) with a sampling rate of 100 GS/s
and an analog bandwidth of 33 GHz. We used
such high optical input powers due to large opti-
cal coupling losses. Nevertheless, we achieved

Fig. 4: (a) Setup for the data transmission measurements.
A digital-to-analog converter (DAC) generates the NRZ-OOK
pseudo-random binary sequence which is amplified using an
RF amplifier. The intensity modulated optical signal is de-
tected with a 25 GHz photoreceiver (PR) and a real-time os-
cilloscope (RTO). In (b)-(d), exemplary eye diagrams for NRZ-
OOK modulation at 20 Gbit/s, 30 Gbit/s and 40 Gbit/s are
shown, respectively. The corresponding peak-peak voltages
Vpp fed to the device and the resulting Q-factors are displayed.

open eye diagrams for NRZ-OOK signals up to
data rates of 40 Gbit/s without forward error cor-
rection, limited by the RTO and the photoreceiver.
In Figs. 4(b)-(d) the recorded eye diagrams for
20 Gbit/s, 30 Gbit/s and 40 Gbit/s are shown for
the MZM with the 5 µm wide signal electrode,
which showed lower insertion losses. The mea-
sured Q-factors were 14.7, 9.3 and 5.0, corre-
sponding to bit error ratios (BERs) on the order
of 10-49, 10-20 and 10-7, respectively, and the on-
chip applied peak-to-peak voltages are indicated.

Conclusion
We have demonstrated the potential of LNOI as
a platform for scalable passive and active in-
tegrated photonic circuits at visible-near-infrared
wavelengths. Fabricated electro-optic MZMs with
4.5 mm long CPWs showed an electrical 3-dB
bandwidth of 35 GHz and a halfwave voltage of
2.82 V at an operating wavelength of 780 nm.
Also, NRZ-OOK data modulation experiments
with open eye diagrams up to 40 Gbit/s are re-
ported. In order to enhance the bandwidth of
visible MZMs while maintaining low driving volt-
ages, more sophisticated CPW designs could be
employed to allow for simultaneous velocity and
impedance matching and changing the substrate
material to quartz or sapphire would drastically re-
duce the RF losses[23],[26]. Due to the integrated
nature of the demonstrated devices, more com-
plex photonic circuits such as cascaded MZMs to
increase the extinction ratio are feasible.
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