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Integrated traveling-wave lithium niobate modulators need relatively large device lengths to achieve low drive voltage. To
increase modulation efficiency within a compact footprint, we report an integrated Fabry–Perot-type electro-optic thin film
lithium niobate on insulator modulator comprising a phase modulation region sandwiched between two distributed Bragg
reflectors. The device exhibits low optical loss and a high tuning efficiency of 15.7 pm/V. We also confirm the modulator’s
high-speed modulation performance by non-return-to-zero modulation with a data rate up to 56 Gbit/s.
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1. Introduction
Lithium niobate (LiNbO3 , LN) has been the dominant material
platform for optical modulators widely used in optical fiber
communications due to its excellent physical properties, such
as its high electro-optic (EO) Pockels coefficient, low optical
absorption, high intrinsic modulation bandwidth, and longterm material reliability[1,2]. However, conventional LN modulators based on low-index-contrast optical waveguides show
weak EO interactions, limiting further improvement of modulation efficiency and reduction of device size. Recently, thin film
LN-on-insulator (LNOI) has emerged as a promising platform
for high-performance integrated modulators, as it offers strong
optical confinement and thus high integration density. Several
studies have demonstrated the integrated Mach–Zehnder modulators (MZMs) with low drive voltage, low optical insertion
loss, and high EO bandwidths on both the LNOI platform[3,4]
and silicon-based LN hybrid platform[5–7]. The modulation efficiency of integrated LN modulators with dry-etched LN waveguides has increased to ∼2 V · cm[3,8], which is significantly
higher than that of conventional modulators with ion-diffused
or proton-exchanged waveguides (> 10 V · cm). Even so, an
integrated LN modulator in the traveling-wave Mach–
Zehnder configuration still has modulation lengths of 1–2 cm
to achieve low-voltage energy-efficient modulation. Such footprint sizes are still too large for future optical interconnect
applications.
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Lumped-element resonant modulators offer smaller device
sizes and lower power consumption than traveling-wave MZMs.
Various types of resonant LN modulators have been explored,
such as micro-ring resonators with circular[9–11] or race-track
cavities[12,13] as well as distributed Bragg reflectors (DBRs)[14,15].
Among these, the DBR structure is particularly attractive due to
the absence of bending waveguides in resonators, therefore
avoiding mode hybridization on an X-cut LN film brought about
by the anisotropy of LN material[16]. Another resonant modulator that has not been demonstrated on the LNOI platform is
the Fabry–Perot (FP) modulator. The electrical signals modulate
the refractive index in the FP cavity, resulting in resonant wavelength shift, thus realizing intensity modulation of transmitted
light. FP modulators can offer higher sensitivity because of the
sharp roll-offs in its optical transmissivity spectral response.
In this work, we demonstrate an integrated LNOI FP resonator modulator. The on-chip FP cavity is formed by a pair of
DBRs as end mirrors and an etched LN waveguide with lumped
electrodes between the DBRs. We optimize the design of the
DBRs and FP cavity to achieve a low insertion loss
(< 1.65 dB) across the whole C band and a high EO tuning efficiency of 15.7 pm/V. Finally, we confirm its performance with
non-return-to-zero (NRZ) data modulation up to 56 Gbit/s.

2. Design and Fabrication
Figure 1(a) shows the schematic of the integrated modulator
based on the FP resonator. The two DBRs act as mirrors to
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Fig. 1. (a) Schematic of the resonant modulator based on LNOI. (b) Simulated optical TE0 mode profile and electric field distribution. (c) Refractive index change
distribution in LN. The applied voltage is 10 V. (d) Scanning electron microscope (SEM) image of the DBR. (e) SEM image of the modulation region.

reflect the light within a particular wavelength range. An EO
phase modulator with length Lc is embedded between the DBRs.
Our devices are fabricated on an X-cut LNOI wafer from
NANOLN, where a 600 nm thick LN film is bonded on
2.5 μm silicon dioxide. We first define the LN DBR and waveguide patterns using electron-beam lithography (EBL). Next, the
ridge waveguides with 300 nm slab thickness are formed by an
inductively coupled plasma dry-etching process. Then, we
deposit an amorphous-Si (a-Si) layer and define and fabricate
a grating coupler in the a-Si layer to ensure efficient fiber-chip
coupling and transverse-electric (TE) optical mode operation[17]. Finally, we fabricate the lumped electrodes through a
lift-off process. The measured propagation loss of these LN
waveguides is about 0.3 dB/cm[8].
We choose the waveguide width in the FP cavity of 1 μm to
ensure single-mode operation. In the modulation region, the LN
waveguide lays in the gap between the ground and signal (GS)
electrodes. As shown in Fig. 1(b), the in-plane electric fields (Ez )
between the electrodes are aligned with the z axis of the X-cut LN
thin film, so that it can interact with the TE optical mode
through the strongest EO coefficient (r33 ) of LN. When a voltage
is applied, the EO effect in the LN material [Fig. 1(c)] causes a
change in the effective index (Δneff ) of the optical mode. Figure 2
indicates that the smaller gap of electrodes can bring larger Δneff
and higher absorption loss. We choose the gap of the electrodes
as 5.4 μm [Fig. 1(e)] to achieve a negligible metal absorption loss
(0.02 dB/cm) and a good overlap between the electric field and
optical mode. Figure 1(d) displays the fabricated DBR with a

Fig. 2. Variation of the LN waveguide effective refractive index (1 V voltage
applied) and absorption loss as a function of the electrode gap.

uniform period Λ of 406 nm, an average width w of 1.0 μm,
and sidewall corrugation width Δw of 0.5 μm. The Bragg gratings show relatively sharp rectangular shapes, which ensure
an essential step effective index modulation.
To optimize the FP modulator for optical interconnects, the
design aims for the following.
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(1) Broad operating wavelength range, which makes tuning
control more flexible.
(2) Maximum modulation efficiency, which minimizes the
voltage required to achieve a certain static modulation
extinction ratio (ER) at a fixed wavelength.
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Fig. 3. (a) 1 dB bandwidth of stopband versus corrugation depth Δw.
(b) Maximum extinction ratio (ER) and quality (Q) factor versus number of
grating periods N. (c) Transmission spectra of the FP modulator with different
FP cavity length Lc.

(3) An appropriate trade-off between large static ER and
photon-lifetime-limited modulation bandwidth. While
a high quality (Q) factor would enable higher ER and
lower drive voltage, a lower Q factor would be required
to enable higher modulation bandwidth. Most reported
resonant modulators have exhibited a Q factor range
from 3000 to 14,000 for decent overall performance[9,18–21].

power of the tunable laser and the wavelength step size are set to
0 dBm and 3 pm, respectively. The measured transmission spectra in Fig. 3 are normalized to the fiber coupling loss. Figure 4(a)
indicates that the on-chip insertion loss is less than 1.65 dB
across the whole C band. Over the wavelength span of 16 nm,
the measured ER is greater than 9 dB. The maximum loaded
Q factor of ∼12,000 is attained at the Bragg wavelength of
∼1548.9 nm, corresponding to a cavity linewidth of 15.6 GHz.
The presented device has N = 30 for each DBR, which is a little
bit more than that of the simulation. Meanwhile, the duty cycle
of the fabricated DBR has deviated from the designed 50%
[Fig. 1(d)]; hence, the measured stopband bandwidth and
reflection are smaller than predicted. Nevertheless, the ER
and Q factors meet the performance for the required modulator
performance.
To characterize the static EO property of the device, we sweep
the DC voltage from 0 V to 25 V while monitoring the shift of
resonant wavelengths [Fig. 4(b)]. The resonant wavelength shifts
by ∼386 pm around 1551.7 nm, exhibiting a linear dependence,
as the 25 V voltage is applied with an EO tuning efficiency
(δλ=δV) of 15.7 pm/V. The presented tuning efficiency is
much higher than those of the ring modulator adopted Si/LN
(3.3 pm/V[9]) and SiN/LN (2.9 pm/V[13]) hybrid waveguides.
For photonic-crystal nanobeam resonators on LNOI[22], the

We start the design by choosing a corrugation depth Δw,
which determines the operating wavelength range (i.e., the width
of the photonic bandgap or stopband). Figure 3(a) shows the
1 dB stopband width as a function of Δw with the number of
grating periods N = 30 and Λ = 412 nm. We choose Δw =
0.5 μm (corresponding to a grating coupling coefficient
κ = 113.9 m−1 ) for a bandwidth of 70 nm. The number of grating
periods (N) is also an important parameter, as a high N increases
the ER and Q factor [Fig. 3(b)]. According to point (3) mentioned above, we choose N of 20–25 for a smaller Q and an ER
larger than 10 dB. Finally, we determine the cavity length Lc ,
which affects the Q factor and the free-spectral range (FSR).
As shown in Fig. 3(c), the Q factor increases with Lc , while
the FSR decreases with Lc for N = 20. Therefore, the required
voltage to switch between the “ON” and “OFF” states decreases
with the length of the FP cavity, so does the photon-limited
bandwidth. We set Lc at 0.8 mm for a good balance among the
modulation efficiency, modulation bandwidth, and footprint.

3. Measurement Results
We measure the normalized transmission spectrum of the FP
resonator using a tunable laser (Agilent TLS 81600). The output

Fig. 4. (a) Measured transmission spectrum of the FP cavity. Inset: the resonance peak at the Bragg wavelength. (b) Measurement and linear fitting of
the resonant wavelength shift as a function of the applied DC voltage. Inset:
the spectral shift as the voltage sweeps from 0 V to 25 V at different
wavelengths.
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Fig. 5. Measured EO S21 responses at different operation wavelengths. Δλ
represents the wavelength offset from the resonance wavelength.

achieved tuning efficiency (16 pm/V) is slightly higher than the
one shown here.
To investigate the small-signal response for various optical
detuning (Δλ), we measure the EO S21 parameters with a vector
network analyzer (Agilent N5227A). In Fig. 5, when the wavelength is detuned from 100 pm to 130 pm, the EO bandwidth
increases from 18 GHz to 24 GHz. We found that a peak appears
before the roll-off, as the optical detuning increases to 120 pm.
This peaking effect has been shown to increase the bandwidth
beyond the cavity linewidth, but that comes at the expense of
reducing the optical modulation amplitude[23–25]. Therefore,
we should choose a proper operation wavelength for high-speed
modulation.
We verify the high-speed modulation performance with NRZ
modulation with the setup shown in Fig. 6(a). A tunable wavelength laser with an optical power of 10 dBm is launched into the
modulator. We generate the pseudo-random bit sequences
(PRBS) with lengths of 215 − 1 using an arbitrary waveform generator (AWG, Micram). The PBRS signal is amplified by a linear

electrical amplifier (SHF 807). Then, the electrical signal with a
peak-to-peak voltage of ∼3.4 V is applied to the lumped electrodes through a microwave probe. The modulated light is
amplified by an erbium-doped fiber amplifier (EDFA) to compensate for the optical insertion loss. The modulated optical signals are recorded by a sampling oscilloscope (DCA, Agilent
86100D) with a 65 GHz optical module. To compensate for
the DC bias drift in LN material[26,27], instead of electric DC bias,
we tune the input light wavelength at around 1549 nm to achieve
the best open eye diagram. The optical eye diagrams at 20 Gbit/s,
40 Gbit/s, and 56 Gbit/s obtain 5.1 dB, 3.8 dB, and 2.7 dB
dynamic ER, respectively [Fig. 6(b)]. The dynamic ER decreases
as the modulation speed increases because of the limitation of
photon-lifetime bandwidth.

4. Conclusion
In summary, we have experimentally demonstrated an LNOI FP
resonator modulator. We form the on-chip cavity by integrating
two DBRs and an 800 μm modulation region. The fabricated
device exhibits a high modulation efficiency of 15.7 pm/V
and open eye diagrams up to 56 Gbit/s. Our results suggest a
new avenue for utilizing the excellent material properties of
LN for very small footprints and a highly efficient optical modulator with good potential in future optical interconnects
applications.
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