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ABSTRACT: Electro-optic modulators (EOMs) based on a thin-film lithium niobate (TFLN) photonic integration platform play a
crucial role in loading electrical signals onto optical signals. In this paper, we proposed on-chip EOMs operating at two commercially
available wavelengths of 850 and 1550 nm and successfully demonstrated rather low voltage-length products (V,-Ls) of 0.78 V-cm
and 1.29 V-cm, respectively. Additionally, the EOM working at 1550 nm exhibits the capability of 3-dB electro-optic (E-O)
bandwidth beyond 40 GHz due to the limitation of our test conditions. This study is quite helpful for understanding EOM structures
in a TFLN platform, as well as the fabrication of high-performance and multifunctional EOM devices.

1. INTRODUCTION voltage required to modulate the output optical intensity of an
EOM from a maximum to a minimum by applying a 7 phase
shift and the physical length of the modulation region (L).
Generally speaking, a lower V,-L means a smaller device and
potentially higher 3-dB E-O bandwidth to achieve a certain V.

Electro-optic modulators (EOM:s), used to convert electrical
data into optical data, serve as a technological pillar of the
modern telecommunication industry. Without these devices,
telecommunication channels would be severely bandwidth-

limited, particularly in data centers. To meet the ever- At present, the V;-L of EOMs based on the TFLN platform,
increasing bandwidth demands from the field of 5G," satellite influenced by the distance between adjacent electrodes, the
data links,” quantum information processing3 and so on, overlap of the normalized optical and electrical fields, and the
EOMs with higher 3-dB electro-optic (E-O) bandwidth must effective refractive index of TFLN waveguides, is typically
be developed. Generally, materials, such as III—V compounds, around 1.32-3.0 V.em.”’™** As a newly arisen EOM, the
conventional bulk lithium niobate (LN), and silicon, have TFLN EOMs need to minimize the V,-L to solve the problem
already been widely used to fabricate commercial modulators. of energy consumption to achieve energy-efficient communi-
However, because of intrinsic nonlinearity, high cost, and the cation. However, with the fast development of various
limitation of traditional waveguide fabrication techniques, photonic systems, the commercially available optical commu-
neither III-V compounds nor bulk LN-based EOMs can meet nication wavelength has been extended from the near-infrared
the large-scale integration and low-cost requirements for the band to the mid-infrared band; high-performance EOMs
next-generation optical communication systems.*~” Thanks to working at 1064 nm and 2 pm have been reported.”"”> 850
the matured complementary metal-oxide-semiconductor nm, also as a frequently used optical communication
(CMOS) fabrication process, silicon has become a major wavelength, has been widely used in quantum communication
photonics platform but with the highest 3-dB E-O bandwidth and optical interconnection in data centers. Since the V, is
only around 60 GHz due to the physical limitation of a free proportional to the working wavelength, a modulator at 850
carrier dispersion effect.”” Nowadays, with the success of nm has the notable advantage of a lower V,. And an EOM

manufacturing thin-film lithium niobate (TELII\])IO and its operating at 850 nm wavelength with the 3-dB E-O bandwidth
breakthroughs in nanofabrication techniques,'' ~™'* the TFLN of 10 GHz has been reported in 2019, while the V,-L is about
platform offers new possibilities for high-performance inte- 1.6 V-cm.>

grated nanophotonic systems. Therefore, EOMs based on the In this paper, we demonstrated an on-chip TELN EOM in
Pockels effect m TELN h.a.ve already outg)ezrlformed their the Mach—Zehnder-interferometer (MZI) configuration with
counterparts realized in traditional platforms.”” coplanar waveguide (CPW) electrodes. Cosine-shaped Y-

Owing to the high E-O coefficient of y;; and the large branch waveguides are applied to split the incident light into
refractive index contrast between the ridge waveguides core

and cladding layer based on the FTLN platform, a 3-dB E-O - R
bandwidth of more than 100 GHz and half-wave voltage (V) Received: January 17, 2023
of 4.4 V have already been demonstrated in the device with a § AccePted: February 14, 2023
mm E-O modulation region and reduced to 40 GHz and 1.4V, Published: March 2, 2023
respectively, when the modulation region increased to 20
22 .
mm.”~ The voltage-length product (V,-L) is a commonly used
parameter to describe the inverse relationship between the
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Figure 1. (a) The 3D schematic of the designed modulator, including the optical part (green arrow) and electrical part (red arrow). (b) Cross-
section view of the TFLN waveguides in the modulation region of the designed modulator.
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Figure 2. (a) V,-L is evaluated as a function of n. and g at 1550 nm. (b) V,-L is evaluated as a function of I';, and g at 1550 nm.

both arms of the EOM and then combine again at the output
facet. Our devices working at a wavelength of 1550 nm exhibit
an on-chip insertion loss of —15 dB without a specially
designed butt coupler, and the VL is tested and calculated to
be 1.29 V.cm, while the 3-dB E-O bandwidth is more than 40
GHz. Furthermore, we also reported an EOM operating at 850
nm with the lowest V,-L of 0.78 V-cm, and the performance
stability could be further enhanced by improving the butt
coupling efficiency and the quality of the etching process.

2. MODULATOR DESIGN AND FABRICATION

The 3D schematic structure of the designed EOM based on
the TFLN platform is shown in Figure la. A typical MZI
configuration consists of two 3-mm-long modulation arms
connected by cosine-shaped Y-branch couplers with an
intersection angle of 2°to achieve light splitting and
combining. In order to reduce the fabrication difficulty of
the deep etching, the TFLN is partially etched by 180 nm, and
the top width of the waveguide is designed to 1.1 ym to ensure
the guide optical mode in a waveguide working in only
fundamental mode. And then, a pair of identical tapered
waveguides, of which the top width is linearly changed from
1.1 to 2.5 um over a length of 150 pm, is designed to connect
the single-mode propagation waveguides and lensed fiber with
a mode field diameter (MFD) of 2.5 um. The electrical part of
the EOM consists of two CPW gold electrodes with a push—
pull configuration placed on both sides of the waveguides and a
pair of ground—signal—ground (GSG) pads facilitating the
high-speed microwave probing. The straight electrode tapers
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with 150 pm are designed to avoid extra RF loss caused by
electrode bending. Figure 1b shows the cross-section view of
the waveguides in the modulation arms. The TFLN, purchased
from NanoLN,** includes a 400-nm-thick X-cut LN thin film
bonded on a 4.7-um-thick buried SiO, layer that is deposited
on a 500-um-thick Si substrate. Note that, to improve the
spatial distribution of the electric field, realize velocity
matching, and prevent excessive optical loss, a SiO, cladding
layer is deposited on the top of the TFLN wafer. And, the
push—pull configuration electrodes are placed on the SiO,
cladding layer. In order to utilize the largest electro-optic
coefficient y;; component to achieve the highest modulation
efficiency, light is set to propagate along the in-plane y axis, and
the strongest component of the applied electric field of metal
electrodes is designed along the z axis. The light is launched in
the transverse electric mode, ie., quasi-TE mode. And, the
simulation results of this structure indicate one quasi-TE mode
with an effective optical group index (n,) of ~2.21 and a loss of
0.00012 dB/cm by Lumerical Mode Solutions software.

2.1. Modulator Design. Based on electromagnetic

theory,*° the refractive index variation in the x-cut TFLN
is given by eq I:
Lniry V
Aneff = E—_ mo
Mgt § (1)

where 4 is the free-space wavelength, n, is the material index of
extraordinary rays, V is the modulation voltage, and I, is the
normalized overlap between the optical and electric fields in
the x—z plane, which can be expressed as eq 2:
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Figure 3. RF electric field of (a) the ridge waveguide structure commonly adopted in a TFLN modulator; (b) the ridge waveguide structure
adopted in this work; the optical field with a logarithmic color scale of (c) the ridge waveguide structure commonly adopted in a TFLN modulator;
(d) the ridge waveguide structure adopted in this work.
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Figure 4. Calculated (a) Z,, (b) ngg, and (c) @ of the modulation region of the modulator as a function of the width of the center electrode for the
different designed gaps, when the tis 1 ym and hy is 2 pm. (d) Calculated (d) Z,, (e) ngg, and (f) @ of the modulation region of the modulator as a
function of the thickness of electrodes for the different designed thicknesses of the cladding layer, when the W, is 8 ym and g is 5 pm.

_ £ [/IH |E°(xz)|2ERF(xJ Z) dx dz

mo

%4

ffc(lEo(x, 2)I* dx dz

Here, E, and Egg are the optical and RF fields along the z
direction, respectively. When the optical field is perturbed by

an applied electric filed, the optical phase variation A¢ is

calculated by eq 3:

2)
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Table 1. Optimal Parameters of the Designed EOM at 1550
nm

wy ot/ g W/ k) hy HY W/ G/
parameters um pm gm pgm  pm pm pm  pgm  pum
value 18 1 N 0.5 04 022 4.7 1.1 25

If we set A¢p = 7, the V-L for the TFLN-based EOM in the
push—pull conditions can be calculated using eq 4:

e A’g

X =
1, ;/33F

1
VL=—
L 2

(4)

As shown in Figure 2, the theoretical limitation for V-L is
between 0.66 and 13 V-cm when the three paramaters, i.e., fi.g
& and I', are set in a reasonable region, calculated using eq 4.
However, n. plays a dominating role, especially when the I,
is a constant. In principle, there are three key factors to
guarantee high-performance operation of an EOM.* First of
all, the EOM must be impedance matched, i.e. the
characteristic impedance of the electrodes (Z;) should be S0
Q. Second, the difference between the microwave index (nyg)
in the transmission line and the group optical index in the
waveguide should be as small as possible, indicating the
electrical wave would propagate along with the CPW
electrodes with the same velocity as the optical wave. At last,
the microwave loss (@) must be as low as possible. However, it
should be noticed that there are design trade-offs between
bandwidth and working voltage. Figure 3b depicts the RF
electric field of the structure adopted in our designed TFLN
EOM; the peak RF electric field has increased by 57%
compared with the structure in other works (as displayed in

Figure 3a), which would greatly reduce the V,-L. Meanwhile,
the corresponding optical fields with a logarithmic color scale
are shown in Figure 3¢ and Figure 3d, respectively. It can be
found that the optical field is strongly coupled to the leaky
modes excited at the metal-LN interface without the SiO,
cladding layer. The leaky mode distributed along the metal
electrodes would lead to excessive optical loss for the EOM.
As we know, the bandwidth and voltage performances of the
EOM are closely related to the structure of the electrode
structure and the dielectric layer.””*"*”*® The electrode
analysis operating at a frequency of 70 GHz using the
variable-controlling approach is conducted via COMSOL
Multiphysics was under the following initial conditions: the
buried oxide layer thickness h, = 4.7 pm, the top SiO, cladding
layer thickness h; = 1 ym, the electrode thickness t = 1 ym, the
gap between top electrodes g = S pum, the signal electrode
width W, = 10 ym, and the applied voltage V =1 V. And the
influence on the parameters of Z, ngg, and « are illustrated in
Figure 4. Compared with h; and t, W; and g show more
significant impact on the propagation performance of CPW
electrodes, since these parameters directly affect the value of
distributed capacitance per unit length of the modulator
region. The @ and Z, both decrease with the increase of W,
while the ngpg increases. In addition, because of the alleviation
of electrical current congestion with the increase of g, a could
be as low as ~0.96 dB/mm when g is beyond S um.
Considering that the electrode structure has complex effects on
high-speed performance of the modulator, optimization
simulations of the electrodes are carried out under the
constraints of the minimum objective function by taking

endf;cet

% HY mag @ det | mode | HFW
X’ 0.40nA 5.00kV 24000x 4.0mm TLD SE |5.29um

(b)

Figure S. (a) Optical microscope images of the fabrication modulator. (b) SEM image of the cross-section of the fabrication waveguide. (c) AFM

image of the dry etched surface of the sample.
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Figure 6. (a) The optical power versus applied DC voltage. (b) Voltage signals resulting from the designed EOM characterization. (c) V,-L under
different scanning speeds. (d) The measured E—O response of the modulator up to 40 GHz.

advantage of the optimization module in COMSOL Multi-
physics; detailed results are listed in Table 1.

However, the three-dimensional structure of the designed
EOM was simulated and analyzed in ANSYS HESS, including
GSG CPW electrodes and optical waveguides. The electrode
structure consists of a probe region, a taper region, and an
interaction region. The probe region includes three square
rectangles with thae size of 100 X 100 ym, and the spacing
between these probes is ~50 ym. Then, Z, = 49 Q and ng =
2.24 were obtained. Since in the case where the velocities of
the optical wave and the microwave are matched, the 3-dB E-O
bandwidth can be estimated by the 6.34-dB electrical
loss.””***” Therefore, the theoretical E-O response of the
designed EOM is evaluated by the loss of transmission line
electrodes; according to the simulated curve of the microwave
transmission S,, and reflection S,, it is found that the EO
response is much larger than 70 GHz, and the RF return loss is
lower than —17 dB.

2.2. Modulator Fabrication. The fabrication approach for
the designed EOM is as follows. First of all, a 400-nm-thick Cr
layer was chosen as the hard mask and deposited on top of the
cleaned TFLN wafer by using RF magnetron sputtering. Then,
the waveguide pattern was defined by electro-beam lithography
(EBL) and transferred to the Cr layer via a wetting-etched
process. Subsequently, the wafer was etched in the mixture
gases of SF¢ and Ar by inductively coupled plasma reactive ion
etching (ICP-RIE). And the etching process was time-
multiplexed to prevent the wafer from being damaged by
overheating. After dry etching process, the Cr mask was
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wetting-etched using a mixture solution of (NH,),Ce(NO;)4
and HNO;, and the remaining photoresist was removed with
acetone in a water bath. Then, a 500-nm-thick SiO, cladding
layer was deposited on the TFLN using plasma-enhanced
chemical vapor deposition (PECVD). As for the electrode
definition, it is significantly different than electrode formation
for the low-frequency EOM; electroplating was used instead of
liftoff, to be much thicker. A thin seed layer of Ti/Au was first
evaporated by electron beam evaporation (EBE) on the surface
of the SiO, cladding layer. And then, the electrode patterns
were fabricated through a secondary optical contact lithog-
raphy process and an electroplating process. Finally, after the
electrodes were as thick as 1 pm, the photoresist and
uncovered seed layer were removed, and the end facets of
the waveguides were diced to expose the waveguide end facets
and carefully polished using a SiO, suspension in order to
obtain a high coupling efficiency between the lens fibers.

The optical microscope images of our fabricated modulator
with the enlarged image of electrodes and polished end fact of
waveguides are shown in the Figure Sa; the size of the
modulator is about 5.5 mm X 400 pm. Figure Sb shows the
scanning electron microscope (SEM) image of the rib
waveguides cross-section obtained by focused ion beam milling
(FIB), it can be seen that the sidewall angle is about 73° and
the etched depth of optical waveguides is 180 nm. And the
root-mean-square (RMS) of the etched slab surface is
measured to be 0.74 nm using an atomic force microscope
(AFM) in the range of 5§ X S um?® as displayed in Figure Sc.
Note that the roughness of the etch slab surface significantly

https://doi.org/10.1021/acsomega.3c00310
ACS Omega 2023, 8, 9644—9651
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Figure 7. (a) The simulated overlap between the optical field and electric field via COMSOL Multiphysics at a frequency of 70 GHz at a
wavelength of 850 nm (inset: the SEM image of the cross-section of the optical waveguide). (b) The measured non push—pull configuration
voltage curve of the modulator under DC bias with 200 kHz. (c) The measured 3-dB E—O bandwidth of the fabricated modulator. (d) The

measured 6.34-dB electrical loss of the fabricated modulator.

affects the flatness of the electrodes placed above, which could
directly influence the microwave characterization of the
devices.

3. RESULTS AND DISCUSSION

The experimental setup for the V, measurement is as follows:
for the optical signal, quasi-TE polarized light of 9 dBm from a
tunable laser (KG-TLS, CONQUER) biased at 1550 nm
wavelength is injected into the input waveguide of the
modulator via butt-coupling by using a lensed fiber
(CXFIBER). The modulated output light signal is measured
using a highly sensitive InGaAs photodetector (KG-PR-200M-
A, CONQUER) and then converted to a voltage signal (V)
with a trans-impedance amplifier and finally observed on a
digital oscilloscope (DSO: Tektronix). For the RF signal, a low
frequency (~2 kHz) sawtooth voltage signal (V;,) from a
function generator (DG1022U, RIGOL) is divided into two
branches: one is connected to the DSO directly, and the other
is applied to the electrode of the EOM via the tungsten probe
tips (Signatone SE-10T). (Ideally, the tungsten probes should
be connected to the GSG pads of the EOM. However, due to
the limitation of our test conditions, the tungsten probes were
just connected to the GS pads; i.e, the EOM was tested in the
nonpush—pull configuration.) It is worth noticing that for the
V. measurements at zero frequency, the other end of the CPW
electrodes is left as an open circuit, and for nonzero frequency
an extra load is necessary to prevent reflections and for
impedance matching. Here, the plot of optical power versus
applied DC voltage is shown in Figure 6a; it is found that the
extinction ratio (ER) is 19 dB. And the voltage travel from the
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measurement at nonzero frequency is shown in Figure 6b, the
measured non-push—pull value of V is 8.6 V. Therefore, the
value of V, for the designed modulator in push—pull
configuration with a length of modulation arm of 3 mm is
4.3 V, of which the V,-L is as low as 1.29 V-cm. Meanwhile,
Figure 6¢ shows the box chart of the measured V-L under
different scanning frequencies; it is found that at a low
scanning frequency, the value of V-L is small, which probably
is caused by the slow effect of LN.””*" What’s more, as shown
in Figure 6c, it can also be derived that the median of the V-L
is no more than 1.5 V-cm. As for the measurement setup of
high-frequency electro-optic characterization. It has been
demonstrated that although the phase was adjusted via bias
control, the insertion loss of the EOM is as high as 15 dB.
Therefore, after the optical signal is modulated, the output
light is amplified by an erbium doped fiber amplifier (EDFA)
before being detected by a high-speed photodetector of 50
GHz (KG-PD-50G, CONQUER). Furthermore, the high-
frequency RF signal from the vector network analyzer
(VNA:ROHDE&SCHWARZ) is applied to the traveling-
wave push—pull electrodes through a 40 GHz bandwidth
input RF probe (Model 40A, GGB) and the RF signal is
received by the RF probe connected with a 50 € load
resistance to the electrodes. From Figure 6d, it can be found
that the measured 3-dB E-O bandwidth of the fabricated
modulator is larger than 40 GHz, and the microwave reflection
is as low as —15 dB.

For the wavelength of 850 nm, the single-mode cutoft width
is smaller than that of 1550 nm; therefore, the top width of the
optical waveguide in our designed modulator is set to 410 nm,
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and the etched depth is 180 nm. Additionally, the electrode
structures are also simulated via optimization module of
COMSOL Multiphysics. Based on the optimized results, a
single electrode with a width of ~16 um is chosen for the
visible modulator, and the overlap between optical field and
electric field is evaluated as shown in Figure 7a. An optical
power of —8 dBm was detected at the output port of the
modulator when its input port was connected to a single-mode
850 nm semiconductor laser with an output power of 10 dBm.
Since the same refractive index difference would cause a larger
phase accumulation at a shorter wavelength, it is found that the
calculated value of VL in the push—pull configuration
modulator with a gap between the electrodes of 5.5 ym in a
modulation arm 3-mm-long is decrease to 0.78 V-cm. The E-O
response of 850 nm EOM is shown in Figure 7c, the measured
3-dB E-O bandwidth is about 20 GHz. To be noted, it is
limited by the bandwidth of our high-speed photodetector
(KG-PD-20G, CONQUER) rather than the fabricated EOM
itself. And to confirm this, the 6.34-dB electrical loss of this
EOM is measured in Figure 7d and the 3-dB E-O bandwidth is
far beyond 40 GHz. To the best of our knowledge, it is the first
time that modulator working at 850 nm exhibited such a low
half-wave voltage length product and high E-O response.
However, since the insertion loss of the fabricated modulator
has great influence on performance measurements, the stability
of the device needs further improvements by designing an
efficient butt coupler.

4. CONCLUSION

In this work, the on-chip EOMs based on the TFLN platform
were designed and fabricated. The 3-dB E-O bandwidth is
greater than 40 GHz according to theoretical calculation and
experimental measurement. The modulator operating at 1550
nm shows a V,-L no more than 1.5 V-cm. Furthermore, we also
demonstrated a modulator working at 850 nm with the V,-L =
0.78 V-cm. The corresponding 3-dB E-O bandwidth is beyond
40 GHz and beneficial for its applications in data center
internal, optical interconnects and quantum communication.
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