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Ultra-Low-Loss Slow-Light Thin-Film Lithium Niobate

Optical Modulator

Chenlei Li, Jianghao He, Ming Zhang, Yeyu Tong, Weixi Liu, Siyuan Wang, Lijia Song,
Hongxuan Liu, Hengzhen Cao, Liu Liu, Yaocheng Shi, and Daoxin Dai*

Electro-optic modulators for next-generation optical interconnects require low
loss-efficiency products (aV, L), compact footprints, high modulation
efficiency and broad bandwidths. Here it is proposed and demonstrated a
low-loss high-efficiency thin-film lithium niobate Mach-Zehnder modulator
enabled by a novel ultralow-loss slow-light structure based on apodized
gratings in cascade. The present loss-engineered slow-light structure achieves
excess losses as low as 0.6 dB mm~' experimentally, which is tens of times
lower than conventional slow-light structures, and a high modulation
bandwidth up to 320 GHz in theory is achieved with optimally-designed
capacitively-loaded traveling-wave electrodes. Experimentally, the fabricated
slow-light modulator with a 2.8-mm-long modulation region has an ultra-low
loss-efficiency product aV, L of 7.4 V dB and a flat electro-optic response up to
67 GHz, enabling 100-Gbps on-off keying with high ERs of 4.5 dB at a low
driving voltage of 2V, while 200-Gbps PAM4 and 150-Gbps PAMS signals
are also generated to show great promise for advanced modulation formats.
In particular, it has also achieved the highest figure-of-merit (FOM =
BRX(ER/V,,)/(V,L)) of ~182 Gbpse(dB/V)/(Vecm) for high-speed optical
modulation. The outstanding performance of the present slow-light
modulator shows great potential and paves the way for developing high-speed
optical interconnects for both data-centers and high-performance computing
systems.

1. Introduction

The relentless growth of data traffic is
driving the need for optical intercon-
nects with unprecedented capacity and
efficiency.'>] To keep pace with this de-
mand, optical interconnects are moving
toward Terabit-per-second scale through-
put on a single chip. Meeting these
requirements calls for ideal electro-optic
(EO) modulators with low loss-efficiency
products (aV,L), compact footprints,
high modulation efficiencies, low propa-
gation losses, and broad bandwidths.[
Such high-performance modulators are
crucial for various applications, includ-
ing data centers, co-packaged optics,
and computercom. Among various EO
modulation approaches,!**!  thin-film
lithium niobate (TFLN) has established
itself as a superior candidate for next-
generation modulators, combining low
propagation loss and excellent inherent
Pockels effect!’™®2°] However, lithium
niobate still has a relatively low EO
coefficient of y;;~27 pm V!, which is
much lower than, e.g., EO polymer with
a high EO coefficient of 170 pm V=1,
and thus limits the modulation efficiency
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(V,L) to 2.2-2.8 V em.[¥l As a result, TFLN modulators typi-
cally require device lengths of 10-20 mm to achieve low drive
voltages,[?®! leading to increased microwave attenuation and
eventually compromising the electro-optic bandwidth. For exam-
ple, the work in ref. [15] reported LN Mach-Zehnder modulators
(MZMs) with a device length of 5 mm achieved a bandwidth of
~100 GHz. However, when the device length was extended to
20 mm, the bandwidth significantly decreased to ~45 GHz.
Various approaches have been explored to enhance the mod-
ulation efficiency and reduce the device footprint, including
microring resonators,!?’! photonic crystals (PhC) cavities,!?!3!]
Fabry-Pérot (FP) cavities,'®%2] slow-light waveguides,*323¢] etc.
More details for the performances of these optical modulators
are given in Table S1 (Supporting Information). Among them,
slow-light modulators are particularly promising as they can sig-
nificantly enhance the interaction between the optical field and
the modulating electric field by slowing the group velocity.?-#!]
However, conventional slow-light waveguides based on, e.g., pho-
tonic crystals, usually suffer from inherent drawbacks. They

© 2025 Wiley-VCH GmbH
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typically exhibit strong wavelength dependence, as the strong
slow-light effect is restricted to the band edges. More impor-
tantly, the increased light-matter interaction in these structures
often leads to excessive propagation losses, limiting the achiev-
able bandwidth and efficiency for modulation. For example, in
ref. [35], when the enhancement factor for the group index of the
slow-light structure increases from 2.4 to 5.5, the optical propaga-
tion loss significantly increases from 1.9 dB to more than 20 dB,
and the E-O bandwidth greatly drops from 24.9 to 10 GHz. Re-
cently a SiN-loaded TFLN modulator was achieved with impres-
sive efficiency V,-L of 0.21 V-cm and a bandwidth as large as
>110 GHz by using topological slow-light waveguides.**) One
should notice that those devices were designed with small fea-
ture sizes of 80 nm and exhibited strong wavelength dependence.
When increasing Vz-L from 2.2 to 0.21, the corresponding excess
loss significantly increases from 5 dB to >15 dB, as estimated
from the reported data in ref. [42].

Alternatively, slow-light modulators based on uniform grat-
ings in the cascade were proposed with flat-top spectral responses
and simplified designs.[2332%344] Recent demonstrations of slow-
light MZMs on silicon®?] and TFLN (2] have shown impressive
performance with high bandwidths (>110 GHz or ~50 GHz) and
low V_L values (0.96 or 1.29 V cm). However, these devices still
require high drive voltages (5 V,, for silicon** or 8.5 V., for
TFLN[2%)) even for achieving relatively low extinction ratios of 2 or
3.1dB, as the length of the modulation region is not allowed to be
extended to the millimeter-scale due to the very high substantial
propagation loss of 5.4 dB mm™! for silicon or 13.3 dB mm™! for
TFLN. Therefore, it is still very challenging to make slow-light
MZMs excel in all the key properties, such as low losses, com-
pact footprints, low driving voltages, and particularly high band-
widths.

In this work, we propose and experimentally demonstrate a
novel slow-light modulator architecture offering high electro-
optic bandwidth far exceeding 67 GHz with ultra-low propaga-
tion loss of 0.6 dB mm™!, realized by introducing a unique design
based on apodized gratings (instead of conventional uniform
gratings). In this way, the grating is apodized gradually, and thus,
the mode-mismatch loss is significantly reduced. Furthermore,
the optical field in the grating is enhanced well in the regions
with the shallowest grating corrugation, which greatly alleviates
the light interaction with the grating corrugation during the light
propagation, thus significantly reducing the scattering loss. Be-
sides, the high modulation bandwidth has been achieved by opti-
mizing capacitively loaded traveling-wave electrodes (CLTW), en-
abling effective velocity and impedance matching between the RF
and optical signals. For the fabricated slow-light MZM designed
with an extended device length of 2.8 mm and V,Lof 1.23 V cm,
a loss-efficiency product aV, L as low as 7.4 dB V is achieved as
the best one for slow-light modulators, to the best of our knowl-
edge. V_Lis widely used for evaluating the modulation efficiency
of electro-optic modulators. However, optical loss is a critical fac-
tor for slow-light modulators due to the enhanced light-matter
interaction, which often leads to significantly increased propaga-
tion loss a. Thus, we combine them for slow-light modulators to
provide a more comprehensive performance metric to optimally
balance both optical and electrical performances.?! Finally, we
successfully demonstrate high-speed data transmissions with the
data rate of 100 Gbps (OOK), 200 Gbps (PAM-4), and 150 Gbps
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(PAM-8), showing decent dynamic extinction ratios of 4.5, 3.8,
and 3.6 dB even with a peak-to-peak voltage V,,, of only 2.0 V. To
comprehensively evaluate optical modulators which are always
desired to have high bit rates (BRs), high extinction ratios (ERs)
normalized with respective to V,,, and low V_L (high modula-
tion efficiency), here we define a special figure-of-merit (FOM)
as BRX(ER/V,,,)/(V, L), and the present slow-light modulator has
a FOM of %182 Gbpss(dB/V)/(Vscm), which is the highest among
all reported optical modulators. The outstanding performance of
the present apodized-grating-based slow-light MZM shows great
potential and paves the way for developing high-speed optical in-
terconnects available for both data centers and high-performance
computing systems.

2. Structure and Design

The modulation efficiency VL of a TFLN slow-light MZM with
a push-pull configuration is given as(32l:

A-g

Vil= ooorpr——
2:-T-n,-n* -y

P 1)
where 4 is the wavelength, n is the refractive index, y,; is the
EO coeflicient, and g is the electrode gap, I represents the EO
overlap factor of the optical mode, n, is the group index. Con-
sidering the limitation posed by reducing the electrode spacing
on the modulation-efficiency improvement, enhancing the n, is
an effective approach to improve the modulation efficiency. How-
ever, slow-light waveguides based on conventional uniform grat-
ings suffer from significant scattering losses as well as mode-
mismatch losses, limiting the allowable interaction length and,
consequently, the achievable dynamic extinction ratio (ER).[?332]
The high loss in conventional slow-light waveguides is attributed
to two main factors [-5%]: One is the enhanced optical scattering
loss due to light interaction with the grating corrugation during
the light propagation, especially near the z-phase-shift regions.
The other one is the mode mismatch loss between the grating
and non-grating sections. Addressing these loss mechanisms is
essential for realizing efficient, low-drive-voltage, slow-light mod-
ulators with extended interaction lengths and improved perfor-
mance.

To overcome these limitations, we leverage an ultralow-loss
slow-light waveguide architecture to achieve an electro-optic
(EO) modulator with low-loss-efficiency products (¢V,L), com-
pact footprints, high modulation efficiencies, low propagation
losses, and broad bandwidths, as shown in Figure 1a—d. For the
present slow-light waveguide, two adjacent apodized gratings are
separated by a z-phase shift to form a resonator, as shown in
Figure 1b. The number of cascaded resonators is denoted by N,,.
The apodized-grating corrugation depth § is defined by the fol-
lowing Gaussian function [°»°2] to achieve a gradual change in
the mode field within the slow light waveguide,

& = 8, exp [—b(%—%) ] )

where §, is the offset maximum, b is the apodization strength,
and N is the number of grating teeth. The width for the central
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Figure 1. a) Schematic configuration of the proposed slow-light modulator. Inset: left, simulated mode profile in the designed LN photonic waveguide;
right, cross-sectional schematic of the nanophotonic LN modulator. b) Top view of the coupled Bragg resonator-based slow-light waveguide that consists
of a series of Bragg-gratings separated by a z-phase shift region, and the transition part connected to the normal waveguide, with the width of normal
waveguide W,, = 1um, to the width of end of Bragg-gratings W = 1.2 um, with a taper length Ly, = 5 um. c) Simulated light propagation in the designed
slow-light waveguide. d) Schematic view of the proposed periodic capacitively loaded traveling-wave (CLTW) electrode structure.

part of the waveguide is w,. Our simulation reveals that the op-
tical field is strongly localized and enhanced in the low-loss z-
phase-shift regions (Figure 1c), as discussed before.l**]

This gradual grating apodization significantly reduces the
mode-mismatch losses during propagation, particularly as the
optical field enhancement in the z-phase-shift regions, where the
grating corrugation is the shallowest and light interaction with
the grating corrugations is substantially mitigated. Moreover, the
m-phase-shift region features a relatively wider waveguide core
compared to other sections of the slow-light waveguides. Based
on our previous work,>*! for the loss introduced by the nonuni-
formity of the refractive index due to the sidewall roughness,
the transmission loss decreases as the waveguide core width in-
creases. Consequently, the interaction of the enhanced field with
the waveguide surface is substantially decreased, effectively re-
ducing the scattering loss of the slow-light waveguide. Addition-
ally, the present design with apodized gratings also elegantly min-
imizes the mode mismatch between the slow-light waveguides
and the regular waveguides. As shown in Figure 1b, the transi-
tion from a standard waveguide width of W, = 1 um to a Bragg
grating region of W = 1.2 um is facilitated by a tapered section
with a length of L, = 5 um, which is sufficient to enable adi-
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abatic mode evolution. In contrast, conventional uniform grat-
ings introduce abrupt transitions, resulting in additional mode
mismatch losses (see more details in Notes S1 and S2, Support-
ing Information). It should be noted that the present mode’s gra-
dient resulting from the intrinsic apodization in the slow-light
waveguide differs from the approach described in ref. [33], where
an additional linear taper was introduced to reduce mode mis-
match, it inadvertently acted as an additional reflector at both
ends of the slow light waveguide, thereby inducing excess loss.
In contrast, our design strategy significantly reduces the scatter-
ing losses, facilitating efficient electro-optic modulation without
excessive propagation losses.

The proposed slow-light waveguides are designed with a
400 nm-thick X-cut LN thin film in this work, an air upper-
cladding, and a 3-um-thick SiO, under-cladding layer, while the
ridge height is designed to be 200 nm. The mode profile of the
TE, mode in the designed LN photonic waveguide is shown by
the inset in Figure 1a (left). The designed slow-light MZM works
with the push-pull configuration, and the cross-section of the
modulation region is given by the inset in Figure 1a (right).

To further understand the effect of the proposed slow-light
waveguide on performance improvement, we investigate the key
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Figure 2. Calculated results of the apodized-grating slow-light waveguide: a) group index ng. b) transmission spectral responses. c) calculated propaga-
tion loss. d) calculated losses for the apodized-grating and conventional slow-light waveguide. ) Simulated electric field intensity distributions inside

the apodized-grating and conventional slow-light waveguides with n; ~4.2.

properties of the structure. Figure 2a—c presents the calculated
group index n,, transmission spectral, and propagation loss for
the proposed slow-light waveguide with varying grating corruga-
tion depths §,. These simulations were performed using the com-
mercial software ANSYS FDTD. The grating parameters are as
follows: the grating period A = 438 nm, the apodization strength
b = 10, the grating teeth number N = 40, and the number of
resonators in cascade N, = 3. Here, the small N, is chosen to
avoid computational complexity. The center width w, is fixed at
600 nm while 6, is varied from 400 to 700 nm, respectively. The
apodized grating design achieves remarkably low propagation
losses of 0.35, 0.72, 0.9, and 2.3 dB mm™" for n, of 3.4, 3.6, 4.0,
and 4.2, respectively, indicating that the grating corrugation in
the field-enhancement regions does not introduce significant ex-
cess losses (ELs). Although reducing the corrugation depth be-
low 400 nm can further decrease the propagation loss and in-
crease the optical bandwidth, it also lowers the group index and
reduces the modulation efficiency. Figure 2d gives a comparison
of the ELs between the proposed slow-light waveguide based on
apodized gratings and the conventional structure (corresponding
b = 0) used in [2)] (more details about the conventional struc-
ture are shown in Note S2, Supporting Information). The con-
ventional slow-light waveguide exhibits pretty high propagation
losses up to 14, 20, and 25 dB mm™! for group indices of 3.4, 3.8,
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and 4.1, respectively. In contrast, the excess loss of the present de-
sign with apodized gratings is reduced greatly by more than an
order of magnitude compared to the conventional one. We notice
the non-monotonic behavior in propagation loss as §, increases.
This arises from the scattering loss mechanism in the slow-light
structure, as observed previously.*’! For the present structure, as
n, increases from 3.6 to 4.0, the grating corrugation depth 6, in-
creases from 400 nm to 600 nm, which is still shallow and does
not introduce strong light interaction with the sidewalls. As a re-
sult, the propagation loss increases slightly. In contrast, when n,
> 4.0, the grating corrugation depth §, increases to 700 nm, and
the optical field begins to interact notably with the grating side-
walls, thus exacerbating the scattering losses and leading to the
observed jump in loss. Figure 2e shows the simulated light prop-
agation in the present (left) and conventional (right) slow-light
waveguides designed with n, ~ 4.2, respectively. The apodized-
grating design maintains low propagation losses even with en-
hanced n,, while the conventional one suffers from significant
optical attenuation.

The influences of the parameters such as N, N, §, and w;, on
the ELs, the group index n, and the optical bandwidth BW,dB
are analyzed carefully. It can be seen from Figure 3a—c that n,
is insensitive to the resonator number N, while the ELs in-

P
crease slightly with the number N, because of the increased
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propagation length. When the grating period number N in-
creases, the 3-dB optical bandwidth of the spectrum decreases
while the group index increases gradually. It is seen that there is a
trade-off between the modulation efficiency and the optical band-
width. Moreover, as shown in Figure 3d—f, the slow-light effect
can be enhanced with an increased refractive index n, by increas-
ing the corrugation depth §, or decreasing the center width w, of
the Bragg-grating resonators. On the other hand, the expense is
that the BW; 4 decreases. To balance the optical bandwidth and
the modulation efficiency, the structural parameters are chosen
as A = 437 nm, wy = 0.6 pm, §, = 0.6 pm, N, = 80, and N =
40. Figure 3g—i shows the calculated results of the group index
n,, the transmission spectrum, and the corresponding propaga-
tion loss for the optimally designed slow-light waveguide, which
gives an optical group refractive index n, of ~#3.8 within a BW; 43
more than 5.5 nm, with a minimum propagation loss of 0.3—
0.6 dB mm~". It should be noted that there are some weak rip-
ples on the top of the transmission spectrum, which may come
from the wavelength dependence of the coupling coefficient. The

Laser Photonics Rev. 2025, e01998

€01998 (5 of 10)

ultralow-loss performance enables a 2.8-mm-long modulation re-
gion, which is impractical for conventional slow-light waveguides
due to their prohibitively high ELs.

The MZM incorporates a ground-signal-ground (GSG)
traveling-wave electrode configuration with CLTW (Figure 1d)
to achieve velocity matching between the electrical and optical
signals. T-shaped periodic structures are introduced between
the ground and signal electrodes to minimize the electrode
gap, maintain impedance matching, and reduce the electrical
signal velocity. The electrode parameters are carefully designed
following the procedure above to be (W,;, W,, d, W,, g, W) =
(2, 46, 2, 20, 4.4, 25) pm. With these optimized parameters and
2.8-mm-long modulation length, the characteristic impedance,
the RF effective index, and the RF loss a, EO response are
calculated, as shown in Figure 4. Simulations indicate an
electro-optic (EO) bandwidth exceeding 320 GHz for the 2.8-
mm-long device. We also calculated the electro-optic response
of a slow-light TFLN modulator using a general traveling-wave
electrode with the same modulation length. Its 3 dB electro-optic

© 2025 Wiley-VCH GmbH
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bandwidth is ~45 GHz, which is much smaller than that of the
proposed capacitor-loaded electro-optic bandwidth (see Note S3,
Supporting Information for more details).

Figure 5a—d shows the fabricated TFLN slow-light modulators
(see more details about the fabrication in Note S4, Supporting
Information). The apodized grating design, with reduced corru-
gation strength toward the resonator edges, eliminates the need
for transition regions between the straight and slow-light waveg-
uides (Figure 5d). The half-wave voltage measurements of the
fabricated Mach-Zehnder modulator (MZM) were characterized
by applying a 50-kHz triangular wave signal from an arbitrary
function generator (AFG) and measuring the output with an os-
cilloscope (DSO) via a photodetector (PD) (Figure 5e). Sweeping
the voltage from —4 to 4 V reveals a half-wave voltage (V,)) of 4.4V,
corresponding to a modulation efficiency (VL) 0of 1.23 V cm. The
observed enhancement in V, L directly attributed to the enhance-
ment of n,, compared to conventional TFLN modulators (typi-
cally V,L = 2.2 V with n,x2.2/"%). These results align with the
theoretical framework of Equation (1), which establishes a lin-
ear dependence of V, L on n,. Based on the measured results
of V_L, this fabricated slow-light waveguide has an enhanced
group index n, of ~3.8, which agrees well with the calculated
result in Figure 3. The optical properties of the slow-light waveg-
uides are further investigated (Note S5, Supporting Information).
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The measured 3-dB optical bandwidth is ~6 nm (i.e., 1550.3—
1556.6 nm) and remains insensitive to the number of cascaded
resonators N,,. As the number of grating teeth N increases, the
propagation loss remains nearly constant. At the same time, the
slow-light effect is enhanced, and the optical bandwidth gradually
reduces from 6 nm to 2 nm, consistent with previous reports.!*!

The propagation losses were normalized against a nearby
straight waveguide to isolate the additional losses due to verti-
cal coupling. Then, we quantified losses by extracting and fitting
the slope of the relationship between length and loss in slow-
light waveguides of varying lengths. Figure 5f shows the mea-
sured propagation losses for slow-light waveguides with N, =
10, 50, and 80, as well as N = 40. The inset shows an image of
the fabricated slow-light waveguides with different N,. Remark-
ably, the present design achieves a low propagation loss of only
~0.6 dB mm™" using our laboratory’s process, compared to the
2.0 dB cm™! propagation loss of the fabricated straight waveg-
uide using the same process. This is more than an order of mag-
nitude lower than that of conventional slow-light waveguides.!?’]
The fabricated MZM achieves an ultra-low a V,L of 7.4 dB V, mak-
ing it the best-performing slow-light modulator reported to date.

Figure 6a shows the measured EO responses S,; of the
fabricated MZM when operating at different operation wave-
lengths of 1550.5, 1553.5, and 1556.1 nm, respectively, using the
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Figure5. a) Optical microscope images of fabricated slow-light MZMs. Scanning electron microscopy pictures of the modulation section b), the apodized
Bragg-grating c) and the waveguide junction between the regular waveguide and the slow-light waveguide d). e) Normalized optical transmissions of
the fabricated LNOI photonic chip as a function of the applied voltage. f), Static extinction ratio (ER) as a function of the applied voltage. f) Measured

propagation losses for waveguides with Np =10, 50, and 80.

experimental setup described in Note S4 (Supporting Informa-
tion). The frequency range is limited to 67 GHz due to the Light-
wave component analyzer (LCA) constraints. Notably, the EO re-
sponses remain flat without roll-oft within the measured fre-
quency range for all operating wavelengths spanning the 6-nm
3-dB optical bandwidth, which is in excellent agreement with the-
oretical predictions. The slow-light MZM is further evaluated for
high-speed data transmission. Figure 6b—d shows the measured
eye diagrams for 100 Gbps on-off keying (OOK), 200 Gbps four-
level pulse amplitude modulation (PAM4), and 150 Gbps eight-
level pulse amplitude modulation (PAMS) signals, all driven with
a peak-to-peak voltage (V,;,) of 2.0 V. The eye diagrams exhibit
wide openings and high extinction ratios of 4.5, 3.8, and 3.6 dB
for the 100 Gbps OOK, 200 Gbps PAM4, and 150 Gbps PAMS8
signals, respectively, confirming the modulator’s excellent perfor-
mance at high data rates. The energy efficiency of the slow-light
MZM is estimated to be 40 {] bit~! for 200 Gbps PAM4 signaling.
Remarkably, the power consumption can be further reduced by

(a)

0

EO Response (dB)

1556.1nm

20 30 40 50 60
Frequency (GHz)

extending the modulation region length, leveraging the ultralow
excess losses (ELs) of the slow-light waveguide design.

3. Discussion and Conclusion

In this work, we have proposed a novel approach to overcome
the long-standing challenge of achieving low-loss, compact, and
high-performance EO modulators by introducing novel apodized
gratings in cascade for slow-light waveguides. The key advan-
tage of the present design lies in its ultra-low propagation loss
of 0.6 dB mm™!, which is over an order of magnitude lower
than conventional slow-light waveguides. The present slow-light
waveguide with apodized gratings is allowed to directly connect
to the input/output straight waveguides without any additional
mode converters. In particular, the slow-light strategy enabling
ultra-low losses allows to use of a relatively long modulation re-
gion (which is not achievable for conventional slow-light modu-

100Gbps OOK ER: 4.5 dB

- ="

)
200Gbps PAM4 ER:3.8dB

- e

-

Figure 6. a) Measured EO responses for the fabricated slow-light modulator under different working wavelengths spanning from 1550.5 to 1556.1 nm.
b—d) Measured optical eye-diagrams at data rates of 100 Gbps OOK, 200 Gbps PAM4, and 150 Gbps PAMS.
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lators with high losses), which consequently helps to achieve im-
proved dynamic ERs and lowered drive voltages, paving the way
for high-performance EO modulators even supporting advanced
modulation formats such as PAM-4 and PAM-8. The present
slow-light MZM has a high modulation efficiency of 1.23 V cm,
which is about twice higher than regular MZMs without slow-
light structures. In addition, the periodic CLTW electrodes have
been utilized to overcome the mismatch of the impedance and
velocity for the electrical and optical signals, greatly enhancing
the modulation bandwidth to be far beyond 67 GHz (the maxi-
mal bandwidth of the equipment).

The present slow-light MZM shows a broad optical bandwidth
of 6 nm, which is sufficient for Lan-wavelength-division multi-
plexing (LWDM) with a channel spacing of 4.5 nm as well as
DWDM with a narrow channel spacing of ~0.8/1.6 nm or more.
Compared with those EO modulators based on, e.g., microring
resonators or photonic-crystal cavities, our design greatly relaxes
the critical requirement for the operation-wavelength alignment
and making the device robust to external environmental varia-
tions, thus reducing the power consumption for the resonance-
wavelength control. Such compact and broadband phase modu-
lation also provides a promising path to be scaled for WDM and
coherent modulation techniques.

Table S1 (Supporting Information) gives a summary of the re-
ported devices, including the loss-efficiency product aV L, the
data BR, the normalized ER, and the EO bandwidth. Clearly, sili-
con EO modulators still need to be improved regarding the high
losses as well as the limited EO bandwidth, which thus hinders
their use for satisfying the ever-increasing demand for ultra-high-
BR data transmission. In contrast, TFLN EO modulators indeed
provide a promising option with reduced losses and improved
bandwidths, while the modulation efficiency is still low due to the
limited EO coefficient of LN, and thus, centimeter-scale modula-
tion regions are usually necessary for lowering the voltage V,,,. In
contrast, 784 nm modulators (ref. [29]) attain enhanced modula-
tion efficiency through reduced optical mode confinement, yet
these attributes render them incompatible with telecommuni-
cation wavelengths. As demonstrated previously, with the assis-
tance of slow-light structures, one can enhance the modulation
efficiency and shrink the footprint for the EO modulators, which,
however, still suffer from the issues related to high propagation
losses, limited EO bandwidths, and narrow optical bandwidths.

As shown in Table S1 (Supporting Information), our fabri-
cated TFLN slow-light modulator with optimized parameters
has highlighted an ultra-low value of aV L (~7.4 dB V) among
the reported high-efficiency modulators, with low losses of
0.6 dB mm™, a high modulation efficiency V,L of 1.23 V cm,
a compact footprint of ~2.8 mm, low driving voltage (i.e., low
power consumption) of 2 V, as well as high optical band-
widths of ~6 nm simultaneously. Experimentally, we have ob-
tained a flat EO response up to 67 GHz, while the calculated
3-dB EO bandwidth reaches 320 GHz, showing the great po-
tential for ultra-high-speed data modulation. Here, data trans-
missions with 100 Gbps OOK, 200 Gbps PAM4, and 150 Gbps
PAMS signals with high ERs (4.5, 3.8, and 3.6 dB) have been
demonstrated successfully, showcasing the great potential to
work with advanced modulation formats. A higher bit rate be-
yond 200 Gbps is possible if an advanced experimental setup is
available.
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Figure 7. The FOM for TFLN and silicon MZMs reported. Here FOM =
BRX(ER/Vpp) /(V,eL).

In order to give a comprehensive evaluation of the overall per-
formance of high-speed optical modulators, here we define a spe-
cial figure-of-merit (FOM) as the product of the bit rate (BR),
the normalized extinction ratio (ER) and 1/(V,L), i.e., FOM =
BRX(ER/V,,)/(V,L). A higher FOM is obtained for an optical
modulator with a higher BR, a higher normalized ER as well
as a lower V_L (higher modulation efficiency). Figure 7 shows
the calculated FOM for all the optical modulators reported. As
it can be seen, the FOM of the most reported optical modula-
tor is no more than 100. One of the representative slow-light
silicon modulators is the one reported with 110 GHz in,/*?!
which has a loss as high as 29.8 dB mm~! and an FOM of 65
Gbpse(dB/V)/(Vecm). Another example is the slow-light TFLN
modulator reported in,?3! showing a loss of 13.3 dB mm™! and
a FOM of 14 Gbpse(dB/V)/(Vecm). In contrast, the present slow-
light modulator works with a low loss of 0.6 dB/mm and a FOM
as high as 182 Gbpse(dB/V)/(Vecm), which is a new record. From
the comparison given in Figure 7 and Table S1 (Supporting In-
formation), it can be seen that the present slow-light modulator
is an example with the best overall performance to satisfy the de-
mands of real applications. It is worth noting that ref. [15] re-
ports a high-performance modulator with favorable values with
low waveguide loss and 210 Gbps data transmission. However, as
the dynamic extinction ratio under specified drive conditions is
not explicitly reported, a reliable FOM value cannot be extracted
for inclusion in Figure 7.

Further reducing the device loss is possible when using stan-
dard UV lithography (instead of the E-beam lithography used
here) because the stitching errors and the sidewall roughness
can be minimized. The feasibility of UV lithography for fabricat-
ing sub-wavelength structures has been well-established through
industry-scale implementations,>®! which is helpful for the fab-
rication of sub-wavelength photonic structures.

Improving the dynamic ER for higher-order modulation for-
mats can be addressed through electronic and photonic equal-
ization techniques.l**-8] Finally, co-integration with laser sources
and coherent receiver circuitry will be very attractive for the de-
ployment of next-generation optical communication systems.
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In summary, this groundbreaking slow-light modulator has
been developed to overcome the trade-offs between the optical
loss, the device size, the modulation efficiency, and the band-
width that have hindered conventional EO modulators. By of-
fering a new route to high-density, energy-efficient, and ultra-
high-speed optical interconnects, our approach opens the door
to Terabit/s-scale datacom and computation applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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