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Highly Reliable Silica-LiNbO3; Hybrid Modulator
Using Heterogeneous Material Integration Technology
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SUMMARY Silica-LiNbO3 (LN) hybrid modulators have a hybrid con-
figuration of versatile passive silica-based planar lightwave circuits (PLCs)
and simple LN phase modulators arrays. By combining the advantages
the two components, these hybrid modulators offer large-scale, highly-
functionality modulators with low losses for advanced modulation formats.
However, the reliability evaluation necessary to implement them in real
transmissions has not been reported yet. In terms of reliability characteris-
tics, there are issues originating from the difference in thermal expansion
coefficients between silica PLC and LN. To resolve these issues, we pro-
pose design guidelines for hybrid modulators to mitigate the degradation
induced by the thermal expansion difference. We fabricated several tens
of silica-LN dual polarization quadrature phase shift keying (DP-QPSK)
modulators based on the design guidelines and evaluated their reliability.
The experiment results show that the modules have no degradation after
a reliability test based on GR-468, which confirms the validity of the de-
sign guidelines for highly reliable silica-LN hybrid modulators. We can
apply the guidelines for hybrid modules that realize heterogeneous device
integration using materials with different coefficients of thermal expansion.
key words: modulator, PLC, lithium niobate, reliability, hybrid module

1. Introduction

Recently, 400-Gb/s technologies have been commercialized
in wavelength-division-multiplexing (WDM) transmission
systems with multilevel format using digital coherent tech-
nologies or pulse modulation method such as pulse ampli-
tude modulation (PAM), and research and development are
focusing on miniaturization and function enhancement to
achieve front density integration of optical communication
equipment. Hybrid integration, which combines the phys-
ical performance limits of individual materials, is an at-
tractive technology for achieving miniaturization and high
performance of optical modules, and has been extensively
studied. We have already proposed several types of mod-
ulators with spectrally efficient transmission characteristics
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by combining both the fast response of the LN and the ex-
cellent transparency of the silica-based PLC[1]-[10]. They
are suitable for advanced modulation formats, such as multi-
carrier or flexible formats over 100 Gb/s, and can be con-
structed with the same basic assembly structure.

However, as a problem of hybrid integration, there is
a concern about an influence on optical characteristics due
to a difference in physical constants, especially a difference
in thermal expansion coefficients. In the silica-LN modu-
lator, there is an order of magnitude difference in the ther-
mal expansion coefficient between the silica-PLC and the
LN waveguide substrate. Furthermore, the reliability of the
silica-LN modulator has not been thoroughly investigated.
This may induce optical coupling losses and thermal stress
in the lateral and axial directions, respectively, with changes
in the environmental temperature. Thus, for real network
implementations, it is necessary to devise design guidelines
for silica-LN modules to mitigate the degradations and ver-
ify the reliability of modules fabricated based on the design
guidelines.

In a previous work, we estimated the waveguide posi-
tional misalignment and thermal stress of a silica-LN modu-
lator module by simulation and a partial experiment. On the
basis of these results, we proposed design guidelines with
which the characteristic degradation in silica-LN modulator
modules can be avoided with environmental changes in re-
liability tests [11]. In this paper, we describe the results of
additional reliability tests performed on silica-LN hybrid-
integrated modulator modules in the laboratory and discuss
their reliability in detail. We fabricated some tens of mod-
ules and evaluated their reliability to confirm the validity of
the design guidelines. The results show that we achieved
reliability that complies with the Telcordia-0468 (GR-468)
standard. In Sect. 2, we describe the basic structure and con-
cept and explain the reliability issues. In Sect.3, then we
propose and discuss the design guidelines for reliability. Fi-
nally, we show the results of reliability tests of the silica-LN
modulators to confirm our design guidelines in Sect. 4.

2. Basic Structure
2.1 Concept of Silica-LN Modulators
Figure 1 shows the basic structure of a silica-LN hybrid in-

tegrated modulator, which consists of a LN chip with an ar-
ray of phase modulators and two silica-based PLCs. The
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Fig.1  Basic Structure of silica-LN hybrid modulator.
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Fig.2  Configuration of the fabricated DP-QPSK modulator.

LN waveguide has an excellent electro-optic effect and has
already been commercialized as a high-speed modulator.
In this LN chip, the active components are arrayed sim-
ple straight-line high-speed phase modulators. On the other
hand, the PLCs contain all the passive components, such as
the optical splitter, polarization beam combiner (PBC), and
WDM filters for orthogonal frequency-division multiplex-
ing (OFDM). The combination of these two mature tech-
nologies as shown in Fig. 1 yields a flexible and large-scale
integrated modulator for advanced formats. Various kinds
of modulators with this basic structure can be fabricated by
changing the number of phase modulators in the LN chip
and the circuit design of the PLCs.

The DP-QPSK modulator in Fig. 2 is a typical example
with the same structure. Here we describe the structure of
the silica-LN hybrid modulator in more detail. In more ad-
vanced modulators, the configuration is the same as in this
example, although the number of arrays of LN phase shifter
waveguides and the size of each chip are different. It con-
sists of an LN chip with an array of eight straight phase mod-
ulators and two silica PLCs with couplers, a polarization ro-
tator with a half-wavelength plate (HWP), and a waveguide
PBC. The LN and silica PLCs are butt-coupled with UV
curable adhesive by using the conventional active alignment
technique. This is a mature technique originating from the
assembly of silica PLCs and optical fiber arrays. Optical
fiber blocks are also butt-coupled to the PLC with UV cur-
able adhesive.

Figure 3 (a) and (b) shows schematics of the structure
in an overview and cross section of the portion of a silica-LN
hybrid modulator along an optical axis in the module pack-
age, respectively. In the module, the silica-PLC-LN chip is
bonded to a stainless-steel (SUS: Steel use stainless) pack-
age as shown in Fig. 3 (a). Figure 4 is a photograph of the
DP-QPSK module. The module is 131-mm long, includ-
ing fiber boots at both ends, 13.5-mm wide, and 7-mm high.
This is one of the smallest sizes, including both fiber booths,
ever reported for such a module.
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Fig.3  (a) Schematic structure of a portion of a silica-LN hybrid modu-
lator in the module package. (b) Schematic cross-section of the silica-LN
modulator along an optical axis.
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Fig.4  Photograph of silica-LN DP-QPSK modulator which size is 118
mm long, 13.5 mm wide, and 7 mm height.

Table1 Thermal expansion coefficient of constituent materials.
Coefficient
Element (ppm/K)
Optical Fiber 0.75
Silica-PLC(Si substrate) 2.5
LN 15.4
SUS Package 17.3

2.2 Reliability Issues

The silica-LN modulator module consists of a silica PLC on
a Si substrate, a LN chip, optical fiber, and a SUS package as
shown in Fig. 3. However, there are differences in the ther-
mal expansion coefficients among these materials (Table 1).
Here we use a SUS package which has a thermal expansion
coefficient close to that of LN to avoid the thermal stress be-
tween the LN chip and package. Thus, the thermal expan-
sion coefficients of the optical fiber and silica-PLC, whose
substrate is silicon, are much smaller than those of the LN
chip and SUS package.

Accordingly, there are two reliability issues for the
silica-LN modulators caused by the thermal expansion dif-
ference. First, in the lateral direction of the optical axis be-
tween the silica-PLC and LN, the LN chip expands much
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Fig.5 Position shift between LN and PLC by increasing temperature.

more than the PLCs when the temperature increases as
shown in Fig.5. As a consequence, the positions of wave-
guides on the PLC and LN chip shift relative to each other
because the adhesive between the PLC and the LN chip is
not hard enough to keep them in place. This alignment po-
sitional mismatch caused by ambient temperature change
gives rise to excess coupling loss between a PLC and the
LN chip.

Secondly, in the axial direction, the issue is thermal
stress resulting from large thermal expansion of the LN and
SUS package compared to the silica-PLC and optical fiber
as temperature increases. The LN chip is directly bonded to
a SUS package, which has a thermal expansion coefficient
close to that of LN. The PLCs and optical fibers are butt-
coupled consecutively using adhesive. And the fibers are
soldered to the fiber feed-through at each end of the pack-
age to form hermetic seals, as shown in Fig. 3 (b). Thus, as
the temperature increases, the SUS package expands much
more than the PLC chips and the fibers. Accordingly, the
PLC chips and the optical fibers receive tensile stress from
the package at a high temperature.

3. Design

To solve these problems, we estimated the characteristic
degradation and thermal stress by thermal simulations and
high-frequency electromagnetic simulations and also per-
formed partial experiments for the verification. On the basis
of the results, we devised design guidelines to ensure the re-
liability of the silica-LN integrated modules. In this section,
we describe the design guidelines regarding the lateral and
axial directions.

3.1 Lateral Direction

In the lateral direction, as mentioned above, the issue is that
the waveguides of silica and LN shift relative to each other
at the connection boundary between a silica PLC chip and
LN chip, as shown in Fig. 5. Near-field patterns of PLC and
LN waveguides are shown above the figure of the hybrid
chip. The PLC waveguide is equipped with a spot-size con-
verter at the edge of the chip. The coupling loss between
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Fig.6  Relationship between the optical loss change/electrical crosstalk
and the waveguide pitch.

the PLC waveguide and the LN waveguide is about 0.4 dB.
This waveguide positional mismatch gives rise to small ex-
cess coupling losses as temperature increases.

As shown in Fig. 6, if we decrease the pitch of the
waveguides, induced losses are decreased as temperature in-
creases. On the other hand, the small pitch increases the
electrical crosstalk between the radio frequency (RF) elec-
trodes. Thus, we calculated these characteristics and an-
alyzed this trade-off quantitatively. The optical coupling
losses between the silica PLC and LN for the outermost
waveguides induced by the temperature change (-5 to 75°C)
were approximately calculated by the simple Gauss beam
overlap model. The solid line in Fig. 6 shows that an optical
loss change is decreased to less than 0.3 dB as the wave-
guide pitches are decreased below 400 yum. On the other
hand, electrical crosstalk was calculated analytically by us-
ing the approximate model of conventional parallel coplanar
waveguides (CPWs). The dotted line in Fig. 6 shows the re-
sults of these calculations performed by using these rough
models. A CPW corresponds to a pair of optical wave-
guides, and waveguide pitch is defined as the distance be-
tween the CPWs. The electrical crosstalk is reduced to less
than —28 dB at a frequency of 20 GHz as the waveguide
pitches are increased to more than 200 um. Therefore, we
selected the waveguide pitch of 300 um with low optical loss
change of less than 0.3 dB and adjacent electrical crosstalk
of less than —25 dB. Figure 7 shows frequency responses
of the electrical crosstalk on the adjacent CPWs in an ac-
tual module prototype when the waveguide pitch is about
300 pum. Although the crosstalk from adjacent YI to YQ is
slightly larger, the electrical crosstalk is suppressed below
-25dB.

3.2 Axial Direction
For the axial direction, the thermal expansion coefficient of

the SUS package is much larger than that of the PLC and
optical fiber as mentioned above. Thus, the PLC and optical
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Fig.7  Electrical crosstalk for the CPWs on LN substrate.
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Fig.8  Schematic cross-section of the modulator with fiber bending.

fiber are stretched by the package in Fig. 3 (b) as tempera-
ture increases; this stretch may induce a break in the fiber in
the worst case. Therefore, we pushed the fiber in the thrust
length ALy inside the package before soldering it to pro-
duce a small bend to mitigate the effects of thermal stretch-
ing stress as the temperature increases, as shown in Fig. 8.
However, if we push the fiber into the package too far, the
fiber will bend too much; this bend induces a bending break
in the fiber. Thus, we have to estimate the suitable structural
parameter range of fiber thrust length ALy as a parameter
of optical fiber length Lgpe, as shown in Fig. 3 (b) by simu-
lation and experiment to avoid fracture due to bending.

First, we estimated the condition where the optical fiber
doesn’t receive tensile stress from the package. We cal-
culate the expansion length difference between the optical
fiber plus the PLC and the SUS package as the temperature
increases. In region (i) in Fig. 8, the expansion length dif-
ference ALpyc between the PLC and SUS package with the
temperature increase of AT is shown as ALpy ¢ = Lp c(S—a)
AT. Here the thermal expansion coefficient (a, 3) is for the
Si substrate and the SUS package. Similarly, the expansion
length difference ALgyer between the optical fiber and SUS
package in region (ii) is shown as ALgper = Lfper(8 — )
AT. The parameter vy is the thermal expansion coefficient
of the optical fiber. Therefore, the total length difference
AL between the PLC and fiber and the package is shown
as A L = {(ﬁ —a) Lpc + (:8 - 7) Liyer} AT

When ALgs (1+7yAT) is lower than ALy, the fiber re-
ceives strong tensile force from the package and may break.
Therefore, ALmns has to be designed under the following
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Fig.10  Experimental setup for the fiber stress test.

condition if the term of ALy YAT is negligibly small.
ALprust > {(B — @)LpLc + (B = ¥) Lver AT (1)

Next, we estimated the condition where the fiber bend-
ing rupture with fiber thrust can be avoided. We first cal-
culated the stress of fiber when we thrust the fiber with
ALgnse by simulation with the finite element method. Fig-
ure 9 shows the dependence of stress in the optical fiber on
AL as a parameter of fiber length L. In this simulation,
we assumed the PLC length is 20 mm, which corresponds
to the typical size of a PLC comprising high-functionality
and large optical circuits. Here, the typical tensile frac-
ture strength of a conventional optical fiber is reported to
be 6 kgf[12], [13]. We estimated the tensile fracture stress
to be 4.8 GPa (indicated as a dotted line in Fig. 9), consider-
ing the optical fiber diameter is 125 um[14]. In the estima-
tion of mechanical strength in optical fiber, it is said that we
have to set up a safety coefficient of at least 5, considering
a risk margin [15]. Thus, we decided that the target stress
value should be less than 0.96 GPa, as shown in Fig.9 by a
dashed-dotted line.

We also estimated the relationship between the rupture
stress and the thrust distance 4L by experiment because the
fiber in the module is metal-coated and the stress and rup-
ture strength may be different from the ideal bare fiber we
simulated above. Figure 10 shows a schematic of the ex-
perimental setup. The compact fiber block was bonded to
the PLC with UV curable adhesive, and this PLC with opti-
cal fiber was bonded on the dummy package with adhesive.
The optical fiber of length of 8 mm with metal ferule was
thrust with a common precise pulse stage. The fiber broke
at the thrust distances of 570 and 950 um. These values
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correspond to the stress of 5.4 and 9.2 GPa, respectively.
The results are shown in Fig. 9 as red arrows. These typical
values show that the thrust fracture values in this experiment
correspond to our calculated fracture stress.

Furthermore, we measured the dependence of the buck-
ling force of the optical fiber on the fiber thrust distance AL
using the experimental setup in Fig. 10. Here the stage un-
der the package can be moved freely, and the optical fiber
is not fixed to the package and can move freely. Therefore
the stress of the optical fiber was directly measured with a
pressure sensor just at the opposite side of the package to the
fiber. Figure 11 shows buckling stress dependence of fiber
thrust distance 4L. The fiber stress is about 60 gf when AL is
100 um. The typical buckling stress of bare fiber is reported
to be 56 gf when the fiber length L is 8 mm [16]. This value
is almost equal to our experimental values. These results
show that our fibers have almost the same buckling force
as our values calculated from the mechanical properties of
optical fiber.

We plot the relationship between thrust length AL
and fiber feed length Lgpe, in Fig. 12. From the fiber stretch-
ing viewpoint, we show the result calculated from (1) as a
dashed-dotted line in Fig. 12. Thus, the optical fiber in the
region where ALy 1S below the dashed-dotted line indi-
cates the risk of stretch fracture damage to the fiber at that
point. We also plot the results of the rupture experiment
as two triangle marks in Fig. 12. On the other hand, from
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the fiber compression viewpoint with thrust, the red dashed-
dotted line is thrust rupture stress of 4.8 GPa, and the solid
red line is that of 0.96 GPa which is one-fifth, considering
the safety factor of 5 as described above. Here, the safety
region is approximately described as

ALprust < 0.0125 Lpey. 2)

We illustrated the region that satisfies (2) in Fig. 12, where
ALt 18 below the solid black line.

From the above considerations, we can set up the
guidelines of (1) and (2) along the optical axis for fiber feed
length Lgpe, and thrust distance ALy, to avoid the break-
age due to tensile force and fiber compression by thermal
expansion. In these guidelines, we use the relation § > y
from a practical viewpoint. As a result, the optical fiber in
the region where 4Ly is above the solid line indicates the
risk of compression damage to the fiber at that point. This
region is between the straight line and the dashed-dotted line
in Fig. 12.

When we design a practicable module for a silica-LN
modulator, we have to shorten Lgpe, to make the module
compact. However, the shorter Ly, is, the narrower the tol-
erance to changing ALy, becomes for the assembly. Con-
sidering this tradeof, in practical modules, we set Lgper and
ALgse at 10 mm and about 75 um, respectively. These pa-
rameters are illustrated as a star plot in Fig. 12. We fab-
ricated some tens of DP-QPSK modules using this design
guideline, and we evaluated the reliability characteristics to
verify this guideline. We have to judge the validity of this
design guideline for reliability from the module reliability
results. As described in the next section, we measured the
basic characteristics the fabricated DP-QPSK modules and
evaluated the reliability following the Telcordia-0468 tests.

4. Reliability Results
4.1 [Initial Properties

We used the guidelines to fabricate several tens of modules
for 100G DP-QPSK modulators. Typical characteristics of
the modulators are listed in Table 2. Our module is fully
compliant and compatible with the Optical Internetworking
Forum (OIF) 100G standard. It has a low insertion loss of
less than 11 dB at a wavelength of 1.55 um, including an
intrinsic polarization-division loss of 3 dB. Figure 13 shows

Table 2  Typical characteristics of the fabricated DP-QPSK modulator.
Parameters Properties | Target spec.

Insertion loss 10.3dB <14 dB

Extinction ratio; Parent MZI 32dB >22dB

Child MZI 27 dB >20dB

Optical retumn loss 46 dB > 30dB

Polarization extinction ratio 38 dB >20dB

PDL 0.4 dB <15dB

EO bandwidth 27 GHz > 23 GHz
RF port Vr @ 32Gbaud 34V <35V
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Fig.13  (a) Measured eye diagram, (b) constellations of X-pol (Pol.1)
and Y-pol (Pol.2).
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Fig.14  Change in insertion loss during —5 to 75°C temperature cycle
online test.

the good eye diagram and the clear constellations for the two
channels, which correspond to two polarization channels.

4.2  Temperature Dependence

To confirm the validity of the selection of a waveguide pitch
of 300 um, as described in Sect.3, we performed on-line
temperature cycling tests between —5 and 75°C, which is
the typical operation temperature range for a general 100-
Gb/s optical transport system. Figure 14 shows the fiber-
to-fiber insertion loss change in the temperature cycling test
for ten cycles. The change was less than +0.5 dB. The loss
change is a little larger than our idealistic model in Fig. 6.
We suppose that the excess loss is mainly added in the low
temperature range originating from the misalignment of the
waveguides in the PLC-LN assembly and the misalignment
in out-of-plane movement in the temperature cycling pro-
cess. Furthermore, we also measured the extinction ratio
(ER) in the temperature change. Figures 15 and 16 show
the extinction ratios of the Mach-Zehnder interference at 75,
25, and —5°C for X-polarization and Y-polarization, respec-
tively. The amount of fluctuation is shown with reference to
25°C. These fluctuations are less than =1 dB, and the stabil-
ity in temperature change is obtained.

These results indicate that the insertion excess loss
caused by the waveguide position shift with changing tem-
perature is sufficiently suppressed in the operating tempera-
ture range.
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ical shock test at 500 G.

4.3 Initial Strength Tests

We performed mechanical shock tests to confirm the reli-
ability of hybrid assembly by using adhesive to silica-LN.
We measured the characteristic for 11 modules before and
after the test at 500 G. Figure 17 (a) shows the histogram of
the changes in insertion loss (X-pol, Y-pol, total). They are
less than +0.4 dB. Figure 17 (b) shows the histogram of the
changes in return loss for the input and output fiber. They
are less than +1 dB and —3 dB, of course in specification.
These results mean the initial strength of the hybrid mod-
ules is sufficient for the practical modules.

For our structure of a silica-LN hybrid modulator, the
joint region between the PLC chip and LN chip might suf-
fer from deterioration due to sympathetic vibration of the
PLC chip, which is separated from the inside wall of the
package. The natural vibration frequency of the PLC chip
is determined by its size and the adhesive area between
the PLC chip and LN chip. We optimized these parame-
ters with which the PLC has a natural vibration frequency
of over 2000 Hz using the finite element method. As in
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mechanical shock test, we measured the characteristic for
11 modules before and after the vibration test between 20
and 2000 Hz at 20 G. Figure 18 shows the histograms of
the changes in insertion loss and in return loss. The former
are less than +0.2 dB, and the latter are less than +2 dB. In
addition, we performed an on-line test for the insertion loss
and confirmed that the insertion loss variations are smaller
than 0.1 dB. These results indicate that our hybrid modules
are sufficiently resistant to vibration.

4.4  Temperature Cycle Tests

Furthermore, we also performed temperature cycling tests
compliant with Telcordia-0468. Figure 19 is the histograms
of the results of 100 temperature cycles between —40 and
85°C with a minimum temperature ramp rate of 10°C /min.
The changes in insertion and return loss before and after cy-
cling were at most +0.4 and +1.2 dB, respectively. We also
checked that the extinction ratios after the test were within
the specification. We confirmed the validity of our design
guidelines to avoid the temperature change degradation as-
sociated with temperature change, which is the top issue for
putting hybrid modules into practical use.

4.5 Other Environmental Tests

In addition to the above tests, we performed the other im-
portant Telcordia-0468 tests as shown in Table 3. After each
test, we measured the optical insertion loss, optical return
loss, polarization-dependent loss (PDL), on/off extinction
ratio, polarization extinction ratio, DC Vr, and photodiode
responsivity. After all of tests, we measured the internal
moisture. Table 4 shows the criteria for each module pa-
rameter after the tests. For these tests, we found that all of
the silica-LN 100G DP-QPSK modules are reliable. These
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Table 3  Reliability test results compliant with Telcordia-0468.

GR-468 P

Mechanical 300G, 3ms,
shock Stimes/direction
Vibration ~ 20&: 20-2000-20Hz 11 0 oK
4min/cyc, 4cyc/axis
Dump ggeqc, 85%, 2000h 11 0 OK
heat
Temp. -40/85degC, 100cycle
Cycling >= 10C/min 1 0 oK
High Temp.  aieqc, 1500/20000 11 0D OK
storege
CyclicTemp. 20 cyc, 25-65C, 80-
Humidity 100%RH, 1 0 oK
Thermal Cond. A, 0-100C, 1 0 oK
shock 15¢cyc .
Dump heat 756 ggo; 1000h 11 0 OK
operational
Table 4  Criteria for the environmental tests.

Insertion loss Change < 1.0 dB

Reflection loss In spec. after tests

PDL Change < 0.5 dB

Extinction ratio In spec. after tests

Polarization

- ) In spec. after tests
extinction ratio P

DC Vpi Change<1.0V

PD responsivity | Change < 15 mA/W

Internal

5000
Moisture < ppm

results specifically show that our silica-LN hybrid modu-
lators, fabricated by following our proposed design guide-
lines, have sufficient reliability for practical use.

5. Conclusion

For the fabrication of highly reliable silica-LLN hybrid mod-
ulators, we proposed design guidelines for waveguide pitch,
fiber thrust distance, and fiber feed length. We fabricated
several tens of 100-Gbit/s DP-QPSK hybrid modulator mod-
ules based on the guidelines and confirmed their reliability
in some important environmental tests based on Telcordia-
0468. The guidelines are applicable to all other silica-LN
hybrid modulators for more advanced formats.
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