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High-Efficiency Electro-Optic Modulator on Thin-Film
Lithium Niobate with High-Permittivity Cladding

Nuo Chen, Kangping Lou, Yalong Yu, Xuanjian He, and Tao Chu*

Thin-film lithium niobate is a promising platform owing to its large
electro-optic (EO) coefficients and low propagation loss. However, the large
footprints of devices limit their application in large-scale integrated optical
systems. A crucial challenge is how to maintain the performance advantage
given the design space restrictions in this situation. This work proposes and
demonstrates a high-efficiency lithium niobate EO modulator with
high-permittivity cladding to improve the electric field strength in waveguides
and its overlap with optical fields while maintaining low optical loss and broad
bandwidth. The proposed modulator exhibits considerable improvement,
featuring a low half-wave voltage—length product of 1.41 Vecm, a low excess
loss of 0.5 dB, and a broad 3 dB EO bandwidth of >67 GHz. Among all the
Mach-Zehnder interferometer modulators reported thus far, the proposed
modulator demonstrates notably high modulation efficiency while
maintaining excellent high-frequency performance. The design scheme of

applications.'™%1  TFLN  modulators

have experienced rapid development
in recent years,'”?2l and numerous
high-efficiency modulators have been
demonstrated.[?>-30]

Liu et al. increased the EO modula-
tion efficiency to a voltage-length prod-
uct of 1.75 Vecm using a shallowly etched
lithium niobate waveguide.l?’! Owing to
the disparity between the relative per-
mittivities of lithium niobate and silica,
the electrical field primarily affected the
LN core through the slab. The shallowly
etched waveguide increased the propor-
tion of the waveguide slab, enhancing the
electric field density. However, the mod-
ulation efficiency achievable using this

using high-permittivity cladding may provide a promising solution for
improving the integration of photonic devices on the thin-film lithium niobate
platform, and these devices may serve as fundamental components in

large-scale photonic integrated circuits in the future.

1. Introduction

Lithium niobate (LiNbO;, LN) has been acknowledged as a dom-
inant photonic material owing to its superior and versatile prop-
erties, such as a wide transparency window (~0.35-5 pm) and
strong electro-optic (y;;=31pm/ V), ferroelectric, and piezoelec-
tric coefficients.!'3] In recent decades, there has been an increas-
ing need for photonic integrated circuits to have lower power con-
sumption and device footprints due to the increasing complex-
ity of optical systems. The availability of wafer-scale and high-
quality thin-film lithium niobate (TFLN) on insulators has gar-
nered widespread interest in integrated optics!*”! because TFLN
not only inherits the excellent physical properties of LN but also
achieves stronger optical field confinement and improves the el-
ement integration density.3-10l

As crucial components of photonic integrated circuits, EO
modulators are widely used in telecommunications, data com-
munications, optical sensors, and quantum optics, among other
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method had an upper limit owing to the
restriction of light-propagation loss aris-
ing from electrode absorption. Another
representative study demonstrated a new
electrode extending from the sides to the
top of the waveguide, creating a much
stronger electric field within the narrow
gap. The modulation efficiency was increased to 1.32 Vecm, the
highest on record to date.*"] Nevertheless, this irregular electrode
could have a considerable influence on microwave attenuation,
with a measured EO bandwidth of 3 GHz.

It is evident that the voltage-length product, bandwidth, and
optical loss in the aforementioned reports continue to sustain
critical trade-offs constrained by light-metal absorption and in-
efficient microwave signal delivery.”) How to improve the mod-
ulation efficiency while preserving other favorable performance
measures remains to be investigated.

This article proposes and demonstrates an LNOI high-
efficiency EO modulator with composite cladding. The design us-
ing high-permittivity (¢) cladding alters the electric field intensity
distribution, which contributes to considerable improvements in
the electric field strength in waveguides and enhances the over-
lap between the electric and optical fields. Additionally, the de-
vices preserve low optical loss and high bandwidth simultane-
ously. That is, the proposed solution goes beyond the above con-
straints, introducing new variables to improve efficiency without
affecting other performance measures. The proposed modulator
exhibited a low excess loss of 0.5 dB and a low voltage-length
product of 1.41 Vecm. The 3 dB EO bandwidth of the modula-
tor was measured to be greater than 67 GHz. This work provides
a general solution for improving the integration of photonic de-
vices on the TFLN platform with high-¢ cladding.

© 2023 Wiley-VCH GmbH
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Figure 1. a) Schematic diagram of the parallel plates. b) Simulated microwave field distribution of electrode plates for low-¢ (blue line) and high-¢ (red
line) media. The electric field inside LN has been increased by more than four times.

2. Result and Discussion

2.1. Principle and Design

The complicated electric field distribution inside the phase
shifter of the modulator is simplified to the electric field issue in-
side the parallel plate capacitor, as shown in Figure 1a. A parallel
dielectric capacitor consists of two parallel metallic conducting
plates with a dielectric medium, silicon dioxide (SiO,), and LN
filled in between. In this article, we categorize materials with a
relative permittivity equal to or less than that of SiO, as low-¢ di-
electrics, such as air. Conversely, materials with a relative permit-
tivity greater than that of SiO, are classified as high-e materials,
exemplified by Si;N, (¢ ~ 11.1) and glycerol (¢ ~ 44).

According to Gauss’s law, at the interface of a medium with
different ¢, the electric field strength satisfies Maxwell’s equation:

D=¢,E = ¢,E 1
Substituting into the interior of the electrode plates yields
eE= £sio, Estoz =¢envEn ()

where ¢, £, , and e;y denote the relative permittivities of the
medium, SiO,, and LN, respectively, and E, E;o, , and E;y denote
the electric field strengths within them. The electric field strength
inside LN can be improved by replacing the external medium
with a larger relative permittivity. Low and high e values of 1 and
44, respectively, are substituted into the calculation, and the elec-
tric field distribution diagram inside the electrode plate is shown
in Figure 1b. The electric field inside LN has been increased by
more than four times.

We introduced this idea to the modulator, whose structure
is shown in Figure 2. It is designed on an LNOI wafer with
a 600-nm-thick X-cut LN layer and a 4.7-um-thick SiO, layer.
The Mach-Zehnder interferometer (MZI) modulator consists of
waveguide phase shifters and multimode interferometers. Gold
traveling-wave electrodes are laterally spaced in a ground—signal—
ground configuration. The composite claddings consist of a SiO,
layer and an upper high-¢ material layer, hereinafter referred to as
the upper cladding, as depicted in Figure 2b. The basic structural
parameters are the waveguide width (w), ridge etching depth (d),
gap between the signal and ground electrode (gap), and width of
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Figure 2. a) 3D schematic of the LNOI modulator. b) Perspective view of
the modulator phase shifter. c) Cross-sectional view of the modulator with
the fabrication parameters.

the SiO, cladding (wg;o, ). A cross-sectional view of the modulator
with fabrication parameters is shown in Figure 2c.

2.2. Simulation Results

Previous studies have primarily employed two common design
approaches: one with the gap between electrodes and waveguide
fully exposed to air, '8 and the other with the gap entirely covered
by SiO, (¢ ~ 3.9). [ These two structures can be categorized as a
type of configuration that involves a cladding with a low relative
permittivity. We simulated the microwave field distribution of a
phase shifter with the low-¢ cladding, high-¢ cladding, and com-
posite cladding, as shown in Figure 3. To make the comparison
of the simulation results more obvious, we used air as the low-¢
cladding and glycerol as the high-¢ cladding. For the modulator
with the low-e cladding, there is a huge difference in relative
permittivity between the cladding and the LN (e ~ 28) ridge
waveguide. Due to the sudden change of the relative permittivity
at the interface, the electric field strength is discontinuous at
the dielectric level, the ratio being inversely proportional to the

© 2023 Wiley-VCH GmbH

85US017 SUOLLILLOD dA11ER.D) 3|dedl|dde ay3 Aq pauieoh ae ol YO 138N JO S9INI 04 Akeid13U1UO AB]IA UO (SUO1IPUGD-PUEe-SWSI WD A8 | IMAseiq 1 U1 |UO//SdNY) SUOHIPUOD PUe SWB L 3U1 835 *[€202/0T/70] uo Ariqiiauliuo A1 ‘Aiseaun BuilueN Ag 22600220z 10d1/200T OT/10p/wod"As | Afeq fpu!|uo//Sdiy WOy popeoumod ‘0 ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

High (

‘Mid

Low ¢

Low

Si0,

www.lpr-journal.org

sio,

Figure 3. Cross-sectional views of simulated z-component of the microwave field distribution of TFLN modulator phase shifter with a) the low-¢ cladding,

b) high-¢ cladding, and c) composite cladding.

relative permittivity of the medium. That is, the electric field
is concentrated in the air. However, the electric field strength
in the waveguides—which is effective for modulation—is
limited.

For the modulator with the pure high-¢ cladding, because
the relative permittivity of glycerol is larger than that of the air
or SiO,, the electric field strength inside the LN waveguide is
higher than that of the LN waveguide with conventional SiO,
cladding.

For the modulator with the composite cladding, because the
relative permittivity of glycerol is larger than that of SiO,, the
electric field strength inside the glycerol cladding layer is lower,
whereas the electric field strength in the SiO, cladding layer and
the LN ridge waveguides is higher than that of the LN waveguide
with conventional SiO, cladding. Meanwhile, because the elec-
tric field distribution inside the LN is continuous, the electric
field within the waveguide rises steeply—from low to high—near
the interface of the composite dielectric cladding, manifesting
as a new electric field intensity peak. The electric field strength
in the slab near the ridge waveguide area also increases. Overall,
with the combined effect of these two attributes, the electric
field strength in LN waveguides is substantially enhanced
compared to that of the modulator with the conventional SiO,
cladding and close to that of the modulator with the pure high-¢
cladding.

However, glycerol, as mentioned above, stands as a special case
due to its exceptionally high dielectric constant and very low re-
fractive index of ~1.48. By contrast, most high-¢ materials typ-
ically exhibit high refractive indices, such as Si;N,, which pos-
sesses a high refractive index of #1.97. Consequently, these mate-
rials have the potential to weaken the optical confinement and re-
duce the overlap between the electrical and optical fields (I'), ulti-
mately leading to a decrease in the electro-optic efficiency. There-
fore, we have retained the SiO, cladding to maintain a high-index
contrast of >0.7 near the ridge waveguide. This ensures strong
field confinement and subsequently reduces scattering losses. To
analyze the optical mode profiles and calculate the waveguide
transmission loss, we employed the FDE module in Lumerical
Mode software. The simulation compared the optical mode pro-
files of two structures: one completely covered by high-e cladding
(Si;N,) and the other with SiO, cladding. The simulated optical
mode profile for the transverse electric (TE) mode is presented
in Figure 4. Evidently, the presence of SiO, cladding restricts
the optical mode field effectively and mitigates light propagation
loss arising from electrode absorption, reducing the loss from
137.4 dB cm™! to 13.8 dB cm™!. This allows integration of various
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Figure 4. Simulated TE optical mode profiles of phase shifter with a) high-
€ cladding, and b) composite cladding.

high-e materials in the modulator without causing a detrimental
increase in loss. Consequently, the proposed structure exhibits
enhanced versatility and practicality.

To verify this idea, we used COMSOL Multiphysics and Lumer-
ical Mode software to conduct a co-simulation, considering the
effects of the electric and optical field distributions on the mod-
ulation efficiency. We simulated the effects of different materials
on the modulation efficiency with the same structural parame-
ters. The waveguides featured a top width of w = 1.4 um and
ridge etching depth of d = 200 nm. The gap between the sig-
nal and ground electrode gap was set to 5 um, and the width of
the Si0, cladding (wy;,,) was set to 3.2 ym. Figure 5a shows that
the modulation efficiency increases as the relative permittivity of
the upper cladding increases. For the modulators without upper
cladding and with glycerol upper cladding, the modulation effi-
ciency increases from 1.95 to 1.56 Vecm, illustrating that com-
posite cladding causes a marked improvement in modulation ef-
ficiency.

To investigate the performance of the proposed design further,
we introduced structural variations based on different materi-
als. We used P = gppﬂ to describe the proportion of the upper

cladding and to anilyze the effects of P on the modulation effi-
ciency with various materials when the electrode gap (gap) was a
constant, as shown in Figure 5b. When the proportion of the up-
per cladding increases, the modulator is more linearly efficient.
Moreover, when the modulator is almost entirely covered with
glycerol, the modulation efficiency is 1.37 Vecm. Air is the only
counterexample, as it has a relative permittivity lower than that
of SiO,.

To analyze the impact of glycerol on the traveling-wave elec-
trodes, we conducted simulations using the HFSS software.
The simulations involved comparing the electrodes with and
without glycerol coverage. We analyzed three key indicators:
the frequency-dependent characteristic impedance Z, the RF

© 2023 Wiley-VCH GmbH
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Figure 5. a) Simulated modulation efficiencies of modulators with different materials as the upper cladding. b) Simulated modulator efficiencies with
different upper claddings versus the proportion of the upper cladding. The inset shows the specific structure with the fabrication parameters.
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Figure 6. Simulation of a) RF loss coefficient a,,,, b) RF effective index n.g, and c) characteristic impedance Z as a function of frequency for modulators
covered with and without glycerol. d) Simulation of EE reflection S11 and EE transmission S12 for devices with and without glycerol coverage.

effective index n.q, and the RF loss coefficient «,,, as depicted
in Figure 6a—c. It should be noted that these curves exhibit a
high degree of similarity, indicating that the presence of glycerol
does not significantly impair the high-frequency performance
of the electrodes. Impedance matching is ensured as the value
of Z remains ~45 Q over the RF spectrum. The RF effective
index n.g is ~2.35, which closely aligns with the optical group
index of 2.3, thus resulting in velocity matching for this modu-
lator. The RF loss coefficient a,,, exhibits a relatively low value
of 0.507 dB-cm™!-GHz™'/? with glycerol coverage and 0.474
dB-cm™'-GHz™"/? without glycerol coverage. Furthermore, we
have included the simulation results of the electrical-electrical
(EE) responses, as illustrated in Figure 6d. It is evident from
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the data that the S21 response of the devices, irrespective of
glycerol coverage, exhibits a striking resemblance, except for the
presence of resonances at specific frequencies.

3. Measurement Results for the Fabricated Device

The proposed LNOI modulators were fabricated on an LNOI
wafer from NANOLN using a 600-nm-thick X-cut TFLN layer
and a 4.7-um-thick buried SiO, layer. The pattern was defined
using an i-line stepper, and a 200-nm thick LN layer was etched
using inductively coupled plasma (ICP) reactive-ion etching.
Subsequently, an 800-nm thick SiO, layer was deposited on the
top of the waveguides using plasma-enhanced chemical vapor

© 2023 Wiley-VCH GmbH
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Figure 7. a) Microscope image of the fabricated LNOI modulator. b) SEM image of the cross-sectional view of the modulator phase shifter.
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Figure 8. Measured loss of a) the straight waveguide and b) 1 X 2 multimode interferometers.

deposition and etched using ICP. A 600-nm-thick Ti/Au layer
was subsequently deposited via electron-beam evaporation and
lift-off to form the electrodes.

For materials such as MgF,, MgO, and Al,O;, a 500-nm-thick
high-e material layer was deposited using electron-beam evapo-
ration. Subsequently, the pattern was defined on the deposited
layer using photolithography, followed by the implementation of
dry etching to selectively remove a specific section of the layer.
This process generates the necessary space for the subsequent
placement of the probe. Figure 7 shows microscope and scan-
ning electron microscope (SEM) images of the fabricated device.
Regarding glycerol, we actually fabricated glycerol-coated devices,
as depicted in Figure 9a. Because glycerol is a liquid at room tem-
perature, we applied a drop of glycerol directly to the modulation
area of the device.

To determine the on-chip losses of our modulator, we designed
a direct waveguide on the same chip with the same cladding and
of the same length as the modulator. By subtracting the fiber-to-
fiber insertion losses of the two waveguides, we could easily ob-
tain the on-chip losses specific to our modulator. Furthermore,
we conducted additional measurements to calibrate the loss of
the waveguide and the 1 X 2 MMI structure to validate the low-
loss characteristics of our device. To obtain accurate test results,
we fabricated a series of folded waveguides and employed the
cut-back method®!) to measure the waveguide propagation loss.
All the experiments mentioned in this paper were conducted at
a wavelength of 1550 nm. Our measurements indicated a trans-
mission loss of 0.25 dB cm™! for the straight waveguide, as il-
lustrated in Figure 8a. Similarly, by performing cascade tests, we
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recorded an additional loss of 0.01 dB for the 1 x 2 MMI structure,
as shown in Figure 8b (details can be found in Supporting In-
formation). The fiber-to-fiber loss of the straight waveguide was
measured to be 6.7 dB. Given that the total length of our chip is
0.6 cm, the on-chip loss of the straight waveguide is negligible,
while the fiber-to-chip interface loss equates to ~3.3 dB facet™.
Comparatively, the fiber-to-fiber loss of the modulator is 7.2 dB,
resulting in an on-chip loss of 0.5 dB.

We characterized the modulation efficiency of the fabri-
cated LNOI modulator using the experimental setup shown in
Figure 9b. Light from a tunable laser at 1550 nm (SANTEC
TSL-550) was amplified using an erbium-doped fiber amplifier
(EDFA: Keopsys CEFA-C-PB) and subsequently launched into
the device under test. A polarization controller was used to adjust
the input light to TE mode. Subsequently, the modulated light
was detected using a high-speed photodetector. An arbitrary sig-
nal generator (AWG: GW Instek AFG-3051) was employed to pro-
vide a 1 MHz triangular voltage sweep. A real-time oscilloscope
was used to measure the signal from the AWG and the photode-
tector (PD: Light sensing LSIHPD-A12). To quantify the system
loss, reference waveguides were attached to the chip. As a result,
the fiber—waveguide coupling loss and straight waveguide loss
could be filtered to derive the normalized on-chip insertion loss
of the device.

More than five materials were utilized as the upper cladding
to confirm the reliability and universality of our study. However,
owing to process limitations, some cladding films fractured, re-
sulting in vacant data. Figure 9d shows the EO half-wave voltage
measurement for the 4-mm-long devices with different materials

© 2023 Wiley-VCH GmbH
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Figure 9. a) Microscope image of the device under test. b) Setup for modulation efficiency measurement. c) Normalized optical transmission as a
function of applied voltage for the 4-mm device covered with glycerol, showing a Vz of 3.52 V and VzL of 1.41 Vecm. d) Measured modulation efficiencies
of modulators with different materials as the upper cladding. e) Measured modulation efficiencies of modulators with different materials as the upper
cladding versus the proportion of the upper cladding.

as the upper cladding when the width of the SiO, claddingwg,, =  ciency. The experimental results follow the rule that when the
3.2 pm. The experimental results agree well with the simulation  proportion of the upper cladding increases, the modulator be-
results. comes more efficient. We found the measured modulation effi-

The modulation efficiency increases as the relative permittiv-  ciency using high-refractive-index cladding to be worse than that
ity of the upper cladding increases. Figure 9e shows the influence  in the simulation, which may be due to the weak optical con-
of the proportion of the upper cladding on the modulation effi-  finement and the deterioration of the overlap factor being more
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Figure 10. Measured a) EO S21, b) EE reflection S11, and c) EE transmission S21 for the 4-mm long device covered with glycerol.
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than expected. When P ~ 85%, there is a reverse-trend data point,
which could be a result of an overlay error—the finer the struc-
ture, the more it is affected. The impact of the upper cladding
leads to more light leakage, which influences the modulation ef-
ficiency.

Overall, there is good agreement between the simulated and
measured data, proving that the simulation offers useful guid-
ance for improving modulator performance. Glycerol is the most
suitable cladding material, satisfying the need for both a low re-
fractive index and a high relative permittivity. When the modula-
tor is almost entirely covered with glycerol, the measured Vr is
3.52 Vin a push-pull configuration, as depicted in Figure 9c, and
the corresponding voltage-length product (VzL) is 1.41 Vecm.

Additionally, we performed characterizations of the EE re-
sponses and EO responses, as depicted in Figure 10. The device
shows a 3-dB EO bandwidth of over 67 GHz. The observed peak
below 10 GHz in the response may be caused by the impedance
mismatch, which may be attributed to the fact that the electrode
impedance is lower than the 50 Q load. However, the response be-
yond 40 GHz exhibits a jagged and upward trend, which may be
attributed to system noise. The measured EE transmission, repre-
sented by S21, exhibits an ultra-low roll-off of <2 dB at 67 GHz for
the 4-mm long devices. Furthermore, the EE reflection, denoted
as S11, consistently maintains a level below —16.5 dB across the
entire frequency range that was measured. A slight deviation ex-
ists between the measured and simulated results. We attribute
this disparity to subtle differences that may arise between the ac-
tual devices manufactured and the simulation models utilized.

Subsequently, we proceeded to evaluate the performance of
the 4-mm long device in terms of high-speed data transmissions.
Figure 11 illustrates the eye diagrams of the transmitted signals
utilizing 40 Gb s~! on—off keying (OOK) and 64 Gb s~! OOK,
both of which exhibit a significantly spacious eye-opening. The
extinction ratios for these configurations were measured at 9.3
and 7.8 dB, respectively.

The performances of the reported LNOI MZI modulators are
summarized in Table 1. Among these modulators, our modu-
lator fabricated via standard photolithography shows the lowest
voltage-length products and the lowest optical loss, while hav-
ing no impact on the device’s high-frequency performance. In
brief, the modulator developed in this study achieved a satisfac-
tory compromise among modulation efficiency, loss, and band-
width.

4, Conclusions

We experimentally demonstrated an LNOI high-efficiency EO
modulator with composite cladding. The structure of the com-
posite cladding could increase the electric field strength in the

Laser Photonics Rev. 2023, 2200927
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64 Gb -s~1 00K
Figure 11. Measured optical eye diagrams at data rates of a) 40 Gb s~! and b) 64 Gb s™' OOK.

Table 1. Performance comparison of the reported LNOI MZI modulators.

Reference Device V, - L(V-cm) Loss 3dB EO
length [dB] bandwidth
[mm] [GHZ]
7] 5 22 0.5 100 GHz
20] 4 25 - 100 GHz
21] 5 33 - 170 GHz
[22] 5 2.5 2.5 70 GHz
[29] 5 1.75 25 >40 GHz
30] 7.5 1.32 2 >3 GHz
This Work 4 1.41 0.5 >67 GHz

LNOI waveguide, thereby improving the modulation efficiency
without negatively impacting the high-frequency performance.
The measured voltage-length product was 1.41 Vecm when using
glycerol cladding. This approach is a novel method of improving
the modulation efficiency based on the traditional MZI modula-
tor structure, which could be combined with other structures to
achieve better performance. Our suggested design strategy of us-
ing high-permittivity cladding may provide a means of enhancing
photonic device integration on the TFLN platform and function
as akey element in future large-scale photonic integrated circuits.
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