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Breaking the bandwidth limit of a
high-quality-factor ring modulator based on
thin-film lithium niobate
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Growing global data traffic requires high-performance modulators with a compact size, a large bandwidth, a low optical
loss, and a small power consumption. A careful trade-off among these parameters usually has to be made when design-
ing such a device. Here, we propose and demonstrate an electro-optic ring modulator on the thin-film lithium niobate
platform without compromising between any performances. The device exhibits a low on-chip loss of about 0.15 dB
with a high intrinsic quality-factor (Q-factor) of 7.7 x 10°. Since a pure coupling modulation is employed, the photon
lifetime is no longer a limiting factor for the modulation speed. A large electro-optic bandwidth is obtained without any
roll-off up to 67 GHz. The device, with a footprint of 3.4 mm x 0.7 mm, also exhibits a low half-wave voltage of 1.75V,
corresponding to a half-wave voltage length product of 0.35V - cm considering the 2-mm-long modulation section.
Driverless data transmission up to 240 Gb/s is also demonstrated with a peak-to-peak driving voltage of 0.75 V. ©2022
Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Light modulation is a key function required in many optical appli-
cations, such as optical interconnect [1,2], optical computing [3],
microwave photonics [4], and laser detection and ranging [5,6]. A
modulator simultaneously having a compact size, a large modula-
tion bandwidth, a low insertion loss, a high extinction ratio (ER),
a low driving voltage, and a wide working wavelength range is
always desired. To address the above performance metrics, a variety
of material platforms and device structures has been introduced.
Semiconductor-based optical modulators on Si or InP, for example,
can usually present a large modulation efficiency, which leads to
a small device footprint [7-9]. Their matured micro-fabrication
processes in wafer scales further enable the integration of them in
complex photonic circuits [10,11]. However, being a semicon-
ductor device, the operational speed of such modulators is still
limited, to some extent, by the carrier dynamics [12]. For exam-
ple, Si-based modulators with buried PN junctions still exhibit
modulation bandwidths up to several tens of GHz [13,14]. They
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often suffer from a high insertion loss due to optical absorptions
resulting from the carriers [12,15]. Alternatively, electro-optical
(EO) material exhibiting a linear Pockels effect can be used to
construct a high-performance modulator potentially [16]. Pockels
effect, resulting from the variation of the spontaneous electric
polarization by an external electric field, is nearly instantaneous
[17]. Therefore, it can support light modulation at a very high
speed. However, such an effect can only be presented in non-
centrosymmetric crystals or engineered composite materials, such
as lithium niobate (LN) [18], barium titanate [19], lead zirconate
titanate [20], and polymers [21]. Among them, LN is probably
the best-known EO material, which has a Pockels coefficient of
~ 30 pm/V [18]. Currently LN has been widely and successfully
adopted in commercial modulator products for decades due to its
excellent properties of wide transparent wavelength window, ultra-
low optical loss, and high stability [18], even though some other
materials with a very high Pockels coefficient do exist [19-21]. Yet,
conventional LN modulators remain bulky and discrete, suffering
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from the low refractive index contrast of a diffusion-based wave-
guide structure [22]. Recently, thin-film LN (TFLN) has emerged
as a promising platform for integrated photonic devices using LN
[23-27]. The etched submicron-sized waveguide on TFLN offers
a high refractive index contrast, which leads to demonstrations of
EO modulators with footprints shrunk to about one-tenth of the
conventional ones in bulk LN. The driving voltage of such TFLN-
based modulators has also been reduced to <1V, which then
can be delivered directly through a complementary metal-oxide-
semiconductor (CMOS) circuit without using any microwave
amplifier [25,27]. Therefore, the energy consumption of the whole
signal transmitter can be largely decreased.

Despite its great success, a TFLN modulator based on a classic
Mach—Zehnder interferometer (MZI) structure is still large usually
with a length of several centimeters [27]. To further reduce the size
of a modulator, resonant structures can be employed, including
Fabry—Perot cavities [28,29], photonic crystal cavities [30], or
micro-rings [31]. For example, Si-based ring modulators have
already been presented with lowered insertion losses, shrunk foot-
prints, and comparable modulation bandwidths when compared
with MZI modulators [32]. The conventional working principle
of a resonant modulator relies on the shift of its resonance by an
external electrical stimulation [7]. In this way, the transmitted light
near the resonant wavelength can be modulated. The quality-factor
(Q-factor) of such a resonator is the key parameter for modulation.
On one hand, increasing the Q-factor can effectively reduce the
driving voltage due to the relatively small resonant shift required to
achieve sufficient modulation depth. On the other hand, a high-Q
resonator would largely decrease the modulation speed due to the
elongated photon lifetime inside the resonator [33,34]. To release
this compromise, a strategy of coupling modulation has been pro-
posed [34]. By modulating the coupling strength of the resonator
to the bus waveguide, the light transmission can also be modulated
while maintaining the resonant wavelength unchanged in theory.
In this way, the time-consuming photon rebuilding in a high-Q
resonator can be avoided. A resonant modulator simultaneously
having a low driving voltage and a large modulation bandwidth
can, therefore, be expected. Unfortunately, this is not achieved
experimentally yet. Preliminary demonstrations of such a cou-
pling modulation in ring resonators on Si did not show significant
improvements on performances as compared to the conventional
modulation scheme [35,36]. This is mainly due to two facts. First,
an ultra-high-Q ring is difficult to achieve on Si especially when a
PN junction for modulation is embedded. Second, it is also diffi-
cult to achieve a pure coupling modulation without affecting the
resonant wavelength when using the free-carrier effect in Si.

In this paper, we report, for the first time, a high Q-factor ring
modulator on TFLN with an ultra-high-speed and low driving
voltage by utilizing a pure coupling modulation. An MZI structure
working in a push-pull configuration is employed as the modulated
coupler of a ring resonator, whose measured intrinsic Q-factor
reaches 7.7 x 10°. An effective half-wave voltage V; of 1.75 V is
obtained, corresponding to a record-low half-wave-voltage-length
product V; L of 0.35 V-cm considering the TFLN MZI structure.
The device also presents a flat modulation frequency response
without any noticeable roll-off up to 67 GHz, which breaks the
photon lifetime limit in a typical resonant modulator. As an exam-
ple application, driverless data transmission up to 240 Gb/s, using
the four-level pulse-amplitude modulation (PAM-4) format, is
also demonstrated. Moreover, the device footprint is only about
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3.4mm x 0.7 mm, which is significantly smaller than other
high-speed and low-driving-voltage TFLN modulators.

2. STRUCTURE AND PRINCIPLE

The structure of the proposed ring modulator is shown in Fig. 1(a),
which consists of a standard 2 x 2 MZI modulator structure and
a loop waveguide connecting two ports of the MZI. The other
two ports are considered as the light input and output ports of the
present modulator. This structure is essentially a ring resonator
with an MZI to tune the coupling ratio between the ring and the
bus waveguide. Clearly, the key part of this design is the MZI
coupling ratio modulator. Here, a periodic capacitively loaded
traveling-wave (CLTW) electrode structure is adopted, which
has been proven to give so far the best modulation performances
on TFLN [37-39]. The whole device structure is designed and
fabricated on a commercial x-cut LN-on-insulator (LNOI) wafer
(NanoLN) with a 400-nm-thick x-cut TFLN layer and a 3-um-
thick buried oxide layer on a Si substrate. Grating couplers are used
as fiber-to-chip interfaces [40]. The fabrication processing of the
device starts with the TFLN structure patterning using electron-
beam lithography and dry etching. Then, an oxide over-cladding
was deposited using plasma enhanced chemical vapor deposition.
Two Au layers for the metal electrodes were subsequently deposited
using electron-beam evaporation and lift-off processes. Finally,
holes were etched between the metal electrodes through the over-
cladding and buried oxide layers, and the Si substrate was removed
beneath the TFLN waveguide at the modulation sections using iso-
tropic Si dry etching. Further details of this process are discussed in
[27]. Pictures of a finished sample are illustrated in Figs. 1(b)—1(d).

The working principle of the present device can be described
as follows. First, the transmission of the MZI is initially set to
ensure that the ring resonator is working at a critical-coupled state
[Fig. 1(e)]. In this case, the transmission of the whole device should
be zero theoretically at the resonant wavelength. Then, the MZI
is tuned to a state in which the coupling to the cross port is zero,
i.e., zero-coupled state [Fig. 1(f)]. Therefore, the light in the bus
waveguide is isolated from that circulating in the ring, and the
transmission would be high. The ring resonator is designed with a
high Q-factor so that the photon lifetime in the resonator is long
at the zero-coupling state. Furthermore, the MZI modulator is
designed to work in a push-pull configuration, i.e., the induced
phase changes in the two arms have opposite signs. This ensures
that during the tuning process only the amplitude of the MZI
transmission varies while its phase maintains. Thus, the resonant
wavelength of the ring stays unchanged, and the resonant photons
built up already in the ring would also be kept for a relatively long
time (proportional to its Q-factor). Once the MZI is tuned back,
the critical-coupled state can be immediately restored, and the
transmission of the device drops. The coupling ratio required for
a high Q-factor resonator to achieve the critical coupling is small.
Therefore, for the operations discussed above, the transmission of
the MZI at the crossing port only has to be tuned in a small range to
achieve a full modulation depth. The driving voltage of the present
device can then be much smaller than that of a conventional MZI
modulator.

The static wavelength response of the fabricated modula-
tor device was first measured as shown in Fig. 2, where the
responses of the grating couplers are normalized out. The
obtained spectrum can be viewed as a ring response with
its coupling ratio superimposed onto an MZI response.
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Fig. 1.  (a) Three-dimensional sketch of the device. Insets show the detailed top and cross-sectional views at the modulation section. The structural
parameters for the electrode are (r, ¢, s, £, b, g, w,, dy, da, b, b1, h,) = (47,3,2,5,15,1.8,75,1.1,0.2, 9, 39, 35) um. (b) Microscope picture of a
finished device. Scan electron microscope pictures of (c) directional coupler region and (d) CLTW electrode. Working principle of the coupling modulation
when the device is at (e) critical-coupled state and (f) zero-coupled state.
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Fig.2. (a) Transmission spectrum of the device showing a composited MZI and ring response. The simulated cross-port coupling spectrum of the MZI
isalso plotted. (b) Zoom-in view of the spectrum at the undercoupled region. The work wavelengths of the device should be selected at the resonances of the
ring.

The free spectrum ranges (FSRs) of the ring and the MZI device, a shift from the undercoupled region to the critical-coupled

responses are 0.14 nm and 17.40 nm, respectively. They are region is enough to ensure the same modulation depth. Figure 2(b)
also matched well with the simulation results (see Supplement 1, shows a zoom-in view of the transmission spectrum around the
note 1). Three regions can be distinguished in this spectrum, undercoupled region, where the rest of the tests were carried out.
i.e., the overcoupled region, the critical-coupled region, and the Thanks to the compact size, the on-chip insertion losses of the
undercoupled region. Unlike traditional MZI modulators, one has device at non-resonant wavelengths are about 0.15 dB. The loaded
to shift the spectrum for at least halfan FSR, so called the half-wave Q-factor and the resonant linewidth of the ring are 3.7 x 10° and

voltage V7, to achieve the largest modulation. Yet, in the present 0.51 GHz, respectively, at the critical-coupled state. The intrinsic
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(a) Recorded transmission spectra around one resonant wavelength of 1536.8943 nm when the applied DC voltages on the electrode are changed

from 1 Vto —0.5 V. (b) Corresponding transmission at 1536.8943 nm as a function of applied DC voltages.
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Normalized optical transmissions and applied voltages under a triangular-wave scan at 200 kHz. Different operational states for the device are

marked. Inset shows a zoom-in view between the zero-coupled and critical-coupled states.

Q-factor of the resonances that can be deducted is about 7.7 x 10°,
which is lower than the state-of-the-art result for a ring resonator
on TFLN. Nevertheless, it is still orders-of-magnitude higher than
those in conventional resonant modulators.

To show the EO modulation properties of the present device,
we applied different direct-current (DC) voltages to the device and
monitored the transmission spectrum at one resonant wavelength
around 1536.8943 nm. As shown in Fig. 3(a), the depth of the
resonant dip changes according to the applied voltage, while its
position is hardly affected, which confirms clearly that the pure
coupling modulation is achieved here. Figure 3(b) shows the
dependence of the dip transmissions on the applied voltages. A
static ER of >20 dB can be obtained. To eliminate any unwanted
low-frequency effects of the LN material, the transmission at the
resonant wavelength is further recorded using a 200 kHz triangular
voltage sweep as shown in Fig. 4. Clearly, the transmission curve
here shows a significant difference from a sinusoidal response for a
traditional MZI modulator. It actually resembles the envelope of
the measured transmission spectrum in Fig. 2(a). We then define
an effective V;; of the present device as the voltage swing needed
for the maximal modulation depth, which is 1.75 V. Considering
the length of the MZI structure, i.e., 2 mm, a V; L 0of 0.35 V-cm
is obtained, which is also close to the simulation results (see
Supplement 1, note 2), and considerably less than those achieved
in conventional MZI modulators based on TFLN [25-27,37-39].

3. HIGH-SPEED MODULATION PERFORMANCE

To demonstrate the high-speed operation of the present modulator
as discussed in the previous section, the small signal EO response
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Fig.5. EO frequency responses of the device until 67 GHz at the wave-
length 0f 1536.8943 nm. The simulation result is also included.

was then measured, and the results are shown in Fig. 5. The input
light here was tuned at one resonant wavelength, 1536.7498 nm, at
the undercoupled region. A flat frequency response was presented
without a noticeable roll-off up to 67 GHz, which is the measure-
ment limit of our equipment. Clearly, the measured modulation
bandwidth exceeds the photon lifetime limit of such a high Q-
factor modulator, thanks to the coupling modulation scheme.
Generally, the measured EO response curve here is matched well
to the simulation results (see Supplement 1, note 3). The small
peaks around multiples of 18.43 GHz are related to the FSRs of the
ring resonant response, which can also be predicted in theory [34].
Since the present modulator exhibits alow V7, itis possible to drive
it using direct outputs from CMOS circuits without a microwave
amplifier. This can dramatically improve the system performances
and reduce the power consumption.
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Fig. 6. (a) Experimental setup for measuring the transmitted eye dia-
grams and BERs of the device. (b) Transmitted eye diagram for an OOK
signal at a data rate of 160 Gb/s. (c) Transmitted eye diagram for a PAM-
4 signal at a data rate of 40 Gbaud (80 Gb/s). (d) BERs of the transmit-
ted 200 Gb/s OOK, 160 Gb/s PAM-4, 224 Gb/s PAM-4, and 240 Gb/s
PAM-4 signals with different received optical powers. The insets show the
calculated eye diagrams after DSP for the 200 Gb/s OOK and 224 Gb/s
PAM-4 signals. The peak-to-peak driving voltages for all the above mea-
surements were 0.75 V.

To further verify this driverless operation, we performed high-
speed data transmissions using the fabricated device. As show in
Fig. 6(a), a tunable laser source of about 0 dBm output power was
used as the light input. The polarization was tuned to transverse
electrical mode with a polarization controller (PC). The electrical
data signal was generated by a 256 GS/s arbitrary wave generator
(AWG) of 70 GHz analog bandwidth with a peak-to-peak voltage
V,p of 0.75 V (Keysight M8199A) and fed to the device under test
(DUT) with a microwave probe (GGB 67 A). Another microwave
probe was used to provide the 50 Q termination. Gray-coded
symbols were generated offline using a 2!° uniformly distributed
pseudorandom sequence. The sampling rate of the AWG was set
as double of the baud rate of the generated signal for baud rates
<128 Gbaud, and a simple zero-order hold filter with two samples
per symbol was used for pulse shaping. For higher date rates, one
sample per symbol was used. The DUT was fixed on a temper-
ature controlled (TC) stage with its temperature fixed at 25°C.
The output modulated light was amplified by an erbium-doped
fiber amplifier (EDFA) and filtered by a bandpass filter (BPF).
It was finally detected by a high-speed photodiode of 70 GHz
bandwidth (Finisar XPDV3120). The electrical signals were
recorded using a sampling oscilloscope (SO) of 80 GHz band-
width (Agilent 86100D) for raw eye-diagram measurements or a
real-time oscilloscope (RO) of 59 GHz bandwidth (Labmaster 10
Zi-A) for calculating the bit error rates (BERSs) using a linear digital
signal process algorithm based on a simple feed-forward equalizer
0f200 taps.

The raw transmitted eye diagrams of a 160 Gb/s on-off key
(OOK) signal and an 80 Gb/s PAM-4 signal are shown in Figs. 6(b)
and 6(c), respectively. The dynamic ERs here reach 5 dB. A clear
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eye-opening can be observed in both cases. Figure 6(d) shows
the measured BERs of 200 Gb/s OOK and 160 Gb/s, 224 Gb/s,
240 Gb/s PAM-4 signals at different received light powers just
before detection. One can find that the BERs can drop below
the hard-decision forward-error-coding (HD-FEC) threshold
(3.8 x 1072) up to 224 Gb/s PAM-4 data rate. For the highest
measured date rate of 240 Gb/s PAM-4 signal, the BER can drop
below the soft-decision forward-error-coding (SD-FEC) threshold
(2 x 1072) and approach the HD-FEC threshold. At this data rate,
the electrical energy dissipated per bit for modulation is estimated

to be 2.7 f]/bit.

4. DISCUSSION AND CONCLUSION

Table 1 summarizes the performances of some demonstrated
intensity modulators on Si and TFLN, including the present
ring modulator using the coupling modulation. Thanks to the
ring resonator here, the V3 L of an MZI structure on the TFLN
platform has been pushed almost an-order-of-magnitude lower.
This further helps reduce the device length to about 2 mm, while
still maintaining a driverless operation. The footprint of such a
high-performance TFLN modulator is now at the same level of
conventional Si-based MZI modulators. Moreover, the modula-
tion bandwidth of the present resonant modulator is not limited by
its Q-factor. It solely depends on that of the 2-mm-long MZI struc-
ture for modulating the coupling ratio, which can theoretically
support a 3 dB EO bandwidth in the THz region (see Supplement
1, note 3) due to the short length and the advanced CLTW elec-
trodes. This s, to the best of our knowledge, the highest bandwidth
among EO modulators in different platforms.

The breaking of the photon lifetime limit also means that the
device footprint or its effective V; can be further decreased by
improving the intrinsic Q-factor of the ring. As a Q-factor up
to 1.14 x 107 has already been demonstrated for a ring on the
TFLN platform through optimizing the fabrication processing
[41],a V;; ofabout 0.47 V,i.e.,a V; L 0f0.094V - cm, can then be
expected for the present device configuration and dimensions (see
Supplement 1, note 2). Another improvement for the device is to
increase its working wavelength range. For better presentation of
the device working principle, an MZI structure with unbalanced
arm lengths was adopted here as shown in Fig. 1(a). The under-
coupled region is, therefore, limited to several nm wavelength
range. If a balanced MZI with a separate DC electrode to tune the
working point was to be used, the FSR of the MZI response, as
well as the working wavelength range, could be largely expanded.
The resonant wavelength of the ring response can also be adjusted
using another DC electrode on the ring. Since the FSR of the ring
is relatively small, a small tuning on the ring resonance is enough to
address all the wavelengths between one FSR (see Supplement 1,
note 4). One drawback of the coupling modulated ring modulator
is the memory effect induced by the charging and discharging of
the light power inside the cavity during modulation [35]. Due to
this effect, the drive voltage, bias point, and data rate, as well as data
patterns, can impact the modulated signal quality. A run-length
limited coding scheme can be applied to alleviate these influences
(see Supplement 1, note 5). A dual coupling modulated ring struc-
ture can also be adopted to completely remove the fluctuation of
the light power in the ring and, hence, the memory effect [42].

In summary, we have introduced a TFLN-based modulator
with a compact size of about 3.4 mm X 0.7 mm, a large modu-
lation bandwidth reaching in principle THz, a low insertion loss
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Table 1. Comparison of Several Performance Metrics for Intensity Modulators

Platform Type Loss(dB) VL (V.cm) V,,(V) EO Roll-Off Length (mm) Data Rate (Gb/s)
Si[13] MZI 5.4 1.4 5 —3dBat55GHz 2 112 (HD-FEC)
Si[14] MZI 5.4 1.35 2.3 —3dBat47 GHz 2.5 225 (SD-FEC)
Si[32] ring 1.5 0.8 3 —3dBat >60 GHz 0.008 240 (SD-FEC)
TFLN [38] MzI’ 1.5 2.6 / —1.8dBatr50 GHz 20 /

TFLN [30] pC’ 22 / 25 —3dBar17.5GHz 0.03 11

TFLN [39] MZI 0.2 22 1 —1.4dBat67 GHz 10 112 (KP4-FEC)
TFLN (Thiswork)  ring+ MZI’ 0.15 0.35 0.75 ~0 dB at 67 GHz 2 224 (HD-FEC)

240 (SD-FEC)

“CLTW electrode on quartz substrate.
‘Lumped electrode.
‘Suspended CLTW electrode on Si substrate.

of about 0.15 dB, a high static ER of >20 dB, and a low driving
voltage of 0.75 V. The pure coupling modulation using an MZI
and a ring structure facilitates these high performances. With this
design, we are able to break the bandwidth limit of a high Q-factor
resonant modulator. The demonstrated device here paves the way
for realizing a compact EO modulator on the TFLN platform
while not compromising between modulation performances.
This is important for future high-density integrated circuits with a
large number of channels in data communications and microwave
photonics.
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