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Bandwidth Optimization for Mach—Zehnder
Polymer/Sol-Gel Modulators

Yasufumi Enami
Jingdong Luo

Abstract—We demonstrate that the electro-optic (EOQ) modu-
lation response linearly decreases (dB scale) with respect to the
modulating frequency, with an extremely small drop of less than
2 dB, up to a limit of 67 GHz, as measured by an optical com-
ponent analyzer. The measured bandwidth of the EO response is
wider than 67 GHz and was extrapolated to 120 GHz. This study
demonstrates a new optimized broadband optical modulator with
low half-wave voltage and low optical loss. The dielectric constant
of each material in the modulator is accurately measured by com-
paring the electrical transmission and reflection parameters for the
radio frequency (RF) high-speed coplanar electrode deposited on
each layer with theoretically obtained values. The electrical trans-
mission bandwidth for the optimized RF electrode is measured up
to a limit of 110 GHz by a vector network analyzer and then extrap-
olated to a 6-dB bandwidth of 130 GHz based on the experimental
parameters. The product of the half-wave voltage and electrode
length is 1.8 V-cm for dual-drive operation. The in-device EO co-
efficient is 160 pm/V at 1.55 pm. The product of the half-wave
voltage and loss is 10.8 V-dB.

Index Terms—Electro-optics, hybrid waveguide modulators, in-
tegrated optics devices, optical modulators, polymer active device,
sol-gel silica waveguide, ultra-broadband modulators, waveguide
modulators.

1. INTRODUCTION

BROADBAND optical modulator is a key component for

fiber optic communications and optical interconnections
and is used for ethernet and optical transceivers owing to its
high optical transmission speed of 100 Gbit/s. Next-generation
optical transceivers aim to achieve a data transmission speed in
the range of 200—400 Gbit/s, which requires high-speed modu-
lators and the corresponding test equipment to be equipped with
these modulators for mass production. Specifically, electro-optic
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(EO) modulators driven at low voltage are thought to be the most
important optical devices in test equipment because when the
optical modulator is directly driven by a high-frequency radio
frequency (RF) circuit in the test equipment, the test equipment
does not need an additional high-frequency RF amplifier circuit.
This is advantageous as it enables compact and inexpensive test
equipment without a high-speed RF circuit. For example, an
epitaxially grown lanthanum-modified lead zirconate titanate
modulator [1] has been employed in test equipment [2]. For
this purpose, the bandwidth of the Mach-Zehnder (MZ) optical
modulators in the test equipment must be extended to more than
100 GHz with a low half-wave voltage (V). Current research
focuses on Si modulators, as they are inexpensive and suitable
for the high-volume production of photonic integrated circuits
in a complementary metal oxide semiconductor (CMOS) plat-
form. Si modulators possess a typical bandwidth in the range of
30-35 GHz [3], [4], with a theoretical limit of 40 GHz [5]. Previ-
ous studies have demonstrated modulation speeds in the range
of 40—50 Gbit/s [6]-[9]. In addition, the range of values for
the product of V;; and the electrode length (L), i.e., V,; L, corre-
sponds to 1-2 V-cm for Si modulators [3], [10], [11]. The optical
loss of modulators is also important when several modulators
are employed in integrated circuits and their test equipment in
the form of cascade or parallel connections. The figure of merit
VeLoss [12] (= V,L[V-cm] x Loss[dB]/L[cm] ) of Si mod-
ulators typically corresponds to 27—42 V-dB [3], [8], [9], [11],
with the minimum value corresponding to 6.7 V-dB [10]. InP
electro-absorption (EA) MZ modulators have been reported to
exhibit a bandwidth of 67 GHz for optical modulation (3-dB
reduction) by using a lightwave component analyzer (LCA) and
an extrapolated bandwidth of 74 GHz with a V,; L of 0.022 V-cm
and a V; Loss of 52 V-dB [13]. Furthermore, MZ InP modula-
tors have been reported to exhibit a bandwidth of 67 GHz and a
Vz of 2V [14].

The bandwidth of the optical modulation is usually measured
using an LCA, which is a vector network analyzer (VNA)
combined with a high-speed photodetector, in order to directly
measure the bandwidth of the optically modulated signal
detected on the photodetector. However, optical modulation
bandwidths for frequencies above 67 GHz have not been
measured due to limitations in the response of the high-speed
photodetector in commercially available LCAs. The VNA ana-
lyzes the amplitude of the RF signal, and the LCA analyzes the
optical signal power on the photodetector after the RF signal is
converted to optical power, which is proportional to the squared
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amplitude of the optical signal. Therefore, the bandwidth of
a 6-dB reduction in the RF signal on the VNA corresponds to
that of a 3-dB reduction in the optical signal on the LCA.

The Pockels (EO) effect is attractive for broadband modula-
tors because the dependence of V, on the operating speed of
a Pockels modulator is usually less than that of a non-Pockels
modulator (e.g., Si modulators). The RF response of a Pockels
modulator is considerably faster than that of a Si modulator.
Furthermore, LiNbO3; modulators are used for long-haul opti-
cal communications, with an EO coefficient of 30 pm/V and
a bandwidth of 40 GHz. Many reports have measured the op-
tical modulation bandwidth of LiNbO3; modulators [15]-[20].
The dispersion of the refractive index between the optical fre-
quency and the milliwave frequency corresponds to 3.1 (e.g.,
Nopt = 2.2, Ny, = 5.3) [15], which results in a limited optical
modulation bandwidth (e.g., 43 GHz cm) because of a phase
velocity mismatch (walk-off) in the modulator, even though the
experimental RF transmission parameter S; is wider than the
bandwidth of the phase velocity mismatch.

The measurement of the optical response has been directly
demonstrated using the commercially available LCA up to
67 GHz. When the optical modulators have wider bandwidth
of more than 67 GHz, there is another indirect method to mea-
sure the bandwidth of the optical response using modulation
efficiency (comparing the power in the lower sidebands to the
optical reference power and the RF input power) on an opti-
cal spectrum analyzer (OSA). The LiNbO3; modulator demon-
strates a V; L of 17 V-cm at DC frequency [16], [17]. In 1998,
K. Noguchi et al. determined the bandwidth of the electrical
transmission S»; to be approximately 30 and 70 GHz (6-dB
reduction) for LiNbO; modulators with 3-cm- and 2-cm-long
traveling wave RF electrode, respectively, by using a VNA
[18]. They also measured an optical modulation bandwidth of
3045 GHz (3-dB reduction) for the modulator with 3-cm-long
RF electrode, using an LCA, and a modulation efficiency band-
width of 105 GHz (3-dB reduction) for the modulator with
2-cm-long RF electrode, using an optical spectrum analyzer
(OSA) [18]. Other reports have also noted the relationship be-
tween V,; and the modulation efficiency from low frequency to
20 GHz using a LiNbO3 modulator [19], [20]. The measure-
ment of the modulation efficiency can be useful to indicate an
increase in V,; at higher frequencies of up to 110 GHz [16] and
170 GHz [17]. The LiNbO3; modulators demonstrated the band-
width of the modulation efficiency of >170 GHz [17] based
on the measurement on the OSA. The modulation efficiency
bandwidth of >170 GHz for an EO polymer/gold (Au) plas-
mon waveguide modulator was determined using an OSA [21].
These reports were excellent to demonstrate the bandwidth of
more than 67 GHz.

EO polymer modulators have the advantages of low half-
wave voltage — as a result of its high EO coefficient, which is
also important for high-speed EO modulation because the lower
driving voltage is suitable for compatibility with CMOS - and
lower cost for the electronics at the high frequency of more
than 60 GHz. Hybrid EO polymer/sol-gel silica MZ waveguide
modulators [22] exhibit the lowest V,; of 0.65 V (in-device EO
coefficient of 142 pm/V) for a 2.4-cm-long dual-drive electrode
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[23] and an optical propagation loss of 5 dB/cm, which cor-
responds to V;L = 1.56V-cmand V; Loss = 7.8V -dB. The
EO polymer is efficiently poled on the sol-gel silica cladding
because the electrical conductivity of the sol-gel silica exceeds
that of the EO polymer by more than one order of magnitude
[22]. Recently, Enami et al. reported a wider bandwidth for hy-
brid modulators, in which the electrical transmission of the RF
electrode was measured up to a frequency of 50 GHz [24].

EO polymer modulators are a type of Pockels modulators
and are usually composed of dielectric materials, which have
advantageous bandwidths because of their low refractive index
dispersion. All-polymer phase modulators enable a broadband
phase modulation rate exceeding 100 GHz [25]. A heterodyne
detection system exhibited a bandwidth (3-dB reduction) of
74—113 GHz via beating between the optically modulated light
signal from the phase modulator and another laser source to
down convert the high-frequency optical phase-modulated am-
plitude signal (~100 GHz) to a low-frequency signal (~3 GHz).
An all-polymer MZ modulator also exhibited a bandwidth of the
electrical transmission S»; of 100 GHz [26] using a VNA. A pre-
vious study demonstrated EO polymer/Si slot waveguide mod-
ulators [27]-[29]. EO polymer/TiO, multilayer slot waveguide
modulators consisting of all-dielectric materials were demon-
strated for the first time [30], [31], and a wide bandwidth exceed-
ing 100 GHz was theoretically realized [32]. When the electrode
length is reduced to the range of 1 cm, broadband EO modulation
exceeding 100 GHz is realized with reasonably low V.. Here, we
present the bandwidth of hybrid EO polymer/sol-gel silica MZ
waveguide modulators without a significant decrease in either
the electrical transmission or the EO response, which enables
high-speed and low-voltage modulation. The conductivities and
dielectric constants of the sol-gel silica and EO polymer ma-
terials were carefully measured to design MZ modulators with
wider bandwidths.

II. MATERIALS AND EXPERIMENTAL METHOD

Broadband hybrid EO polymer/sol-gel silica waveguide mod-
ulators have a single RF input on the top of the waveguide, as
shown in Fig. 1. We fabricate two broadband optical modulators.
One has the RF electrode length of 1 cm and another has that of
5 mm with same device structure. The long-term stability of V,
is examined by using a previously fabricated modulator. An Au
lower ground electrode underneath the sol-gel silica cladding
was connected with Au electrode pads fabricated on the modu-
lator surface. The Au top RF traveling-wave electrode and the
Au electrode pads via the lower ground electrode were set in a
coplanar position such that they could be connected with high-
frequency probes or connectors. The top RF electrode covered
one of MZ waveguide arms in the demonstration. The output RF
traveling wave was also designed and set in the coplanar posi-
tion such that it could be terminated with a terminator of 50 €2.
A 2-um-thick Au lower ground electrode was fabricated using
a liftoff process and an Au electroplating technique. A 12.5-nm-
thick Ti and 100-nm-thick Au seed multilayer was sputtered on
a 6-pum-thick thermal oxide SiO,/Si substrate as a seed layer for
a consecutive electroplating process for the Au lower electrode.
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Fig.1. Schematic of a high-speed hybrid EO polymer/sol-gel silica waveguide

modulator: (a) top view and (b) side view and electro-optic chromophore.

The photoresist coated on the Au seed layer was patterned using
a photomask in a mask aligner for the Au electroplating.

A sol-gel solution consisting of methacryloyloxy
propyltrimethoxysilane (MAPTMS) and an index mod-
ifier (zirconium(IV)-n-propoxide) at a molar ratio of
95(MAPTMS)/5 mol% was prepared for the lower-cladding,
side-cladding, and upper-cladding layers of the sol-gel wave-
guide. A 0.1 N HCI solution was added to the sol-gel solution
as a catalyst to partially hydrolyze the sol-gel solution. Irgacure
184 (Ciba) was added to the side-cladding solution as a
photoinitiator for the subsequent patterning of the cladding
by UV irradiation through a photomask and wet etching in
isopropanol.

A 4-pm-thick lower-cladding layer was coated on the RF
electrode/substrate. The claddings were baked at 150 °C for 1 h
to construct a cross-linked silica network in the lower-cladding
layer. The side-cladding solution was coated on the lower-
cladding layer, which was UV irradiated through a photomask
in a mask aligner to pattern the waveguide structure of the side-
cladding layer. The sample was wet-etched in isopropanol to
remove the MZ waveguide core region and then baked at 150 °C
for 1 h. A 1.7-um-thick guest-host EO polymer (SEO100) [33]
with 35 wt% dipolar phenyltetraene chromophore doping in
amorphous polycarbonate (APC) was spin-coated between the
side-cladding layer on top of the lower-cladding layer and baked
overnight at 80 °C in a vacuum oven. The sol-gel solution was
coated on the EO polymer as an upper-cladding layer and baked
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at 150 °C for 1 h. A via-hole was dry-etched on the waveguide to
access the Au lower ground electrode. An Au via-pillar was fab-
ricated using the Au electroplating technique, so that its height
corresponded to the height of the waveguide and it reached the
surface of the waveguide, as shown in Fig. 1. The Au seed layer
was sputtered on the total surface connected with the via-pillar.
The Au electroplating and liftoff technique was used to pattern
the photoresist on the Au seed layer to fabricate the top Au
high-speed electrode. The photoresist was removed after the Au
electroplating, and the MZ waveguide modulator sample was
diced for butt coupling of an optical fiber.

The EO polymer was poled between the top RF electrode
and the lower ground electrode. The distance between the RF
microstrip line at the RF input and top pad for the ground was
50 um, which is large enough for dielectric breakdown to occur
during poling of the EO polymer. A poling voltage of 300 V
for an inter-electrode distance (d) of 13.3 um was applied at a
temperature of 155 °C in a N, environment to the EO polymer,
which was then cooled to room temperature to fix the chro-
mophore in the host polymer.

III. DESIGN AND EXPERIMENTAL RESULT
A. Electrical Properties of the Modulators

We accurately measured the dielectric constant and electrical
conductivity for each material and compared the value of the
dielectric constant with the calculated results using the S param-
eter experimentally obtained using a VNA in a frequency range
of 10 to 50 GHz. The measured relative dielectric constants of
the EO polymer (SEO100), sol-gel silica, SiO,, and Si were 3,
4,4, and 11.9, respectively. The dissipation factors (tand) of the
dielectric constant of the EO polymer and sol-gel silica were
0.03 and 0.02, respectively. These values were experimentally
obtained from the measurement of the phase (Agy,;) of the
transmission parameter S; for each thin film [34],

Apgr1 =21\ Jeerr fL/C (1)

where fand €./, denote the transmission signal frequency and
effective dielectric constant, respectively. A 6-pum-thick copla-
nar electrode of the ground-signal-ground planes (GSG) was
patterned on each 1-pum-thick EO polymer film, and a 4-um-
thick sol-gel silica film was deposited on a 6-pm-thick SiO,/Si
substrate to measure the dielectric constant of each material.
The same coplanar electrode was also fabricated on a sap-
phire substrate to measure the dielectric dispersion and to val-
idate the measurement accuracy. The experimentally obtained
result for the dielectric constant of sapphire was 10.8, which
was similar to the already known physical constant of 11.9,
thereby validating the accuracy of the dielectric constant mea-
surement. Following the phase of the transmission parameter Sy
and the measurement of an insertion loss, the experimental result
was curve-fitted using a three-dimensional microwave simulator
known as the high-frequency electromagnetic field simulation
software. The fitting result indicated that the dielectric disper-
sion ranged from 10 GHz to 50 GHz. The dielectric relaxation
for each layer was not measured from 10 GHz to 50 GHz, which
corresponded to the upper limit of the VNA (Keysight N5245A).
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The dielectric dispersion for each material in the modulator was
small enough to obtain wide bandwidth for the electrical trans-
mission in the frequency range. The conductivities of the sol-gel
silica, Au, and Si were 1078, 2.2 x 107, and 0.1 S/m, respec-
tively. The conductivities of the EO polymer and SiO, were
negligible compared to those of the other materials.

EO polymers have a thirty-times-lower refractive index dis-
persion (<0.1) than LiNbO; (e.g., 3.1), which indicated a wider
optical modulation bandwidth. In an optical modulator with a
traveling-wave electrode, the bandwidth of the optical modula-
tion is limited by (i) the difference between the phase velocity
of the optical wave and the millimeter wave (walk-off), (ii) the
characteristic impedance of the electrode, and (iii) the propa-
gation loss of the electrode. As long as the bandwidth due to
walk-off is larger than the bandwidth of the electrical trans-
mission S,; and the RF transmission loss is small enough, the
bandwidth of the optical modulation is same as that of the elec-
trical transmission S,;. Because we used active materials with
low refractive index dispersion, such as EO polymers, we can
theoretically increase the RF transmission bandwidth up to the
walk-off bandwidth. The product of the 3-dB bandwidth for
the optical response Af,, and RF electrode length L of a Pock-
els modulator composed of dielectric materials depends on the
refractive index dispersion between the optical and milliwave
frequencies without considering the electrical transmission loss
and impedance mismatch:

V2e

Afyl=——""
T |nopt _nmw|

@

where L, nopi (= \/€opr), and 1y (= /€m) denote the RF elec-
trode length, an effective refractive index at the optical fre-
quency, and an effective refractive index at the milliwave fre-
quency, respectively.

We calculated the effective refractive index n,,; to be 1.661
for the hybrid EO polymer/sol-gel modulator from the measured
refractive index of the EO polymer of 1.704 and that of the sol-
gel silica of 1.487 using the 3D finite-differential time-domain
(FDTD) method, which corresponds to an effective dielectric
constant &,,, of 2.76. The product of the bandwidth and RF
electrode length (Af,, L) was calculated with respect to the ef-
fective dielectric constant ¢,,,, at the milliwave frequency and is
shown in Fig. 2. This is helpful to see how the effective dielectric
constant &, at the milliwave frequency can decide the band-
width of the optical response due to the phase velocity mismatch
when the electrical transmission loss and impedance mismatch
is ignored. The optical modulator consists of the optical wave-
guide, where the optical wave and the milliwave interact. The
optical waveguide has effective refractive index 7, at the op-
tical frequency. The phase velocity of the optical wave in the
optical waveguide is delayed by the effective refractive index
Nope- Similarly, the optical waveguide has effective refractive
index n,,, at the milliwave frequency.

Therefore, when the effective dielectric constant ¢,,,, for the
milliwave frequency of the hybrid waveguide for a desired RF
frequency approaches the elective dielectric constant &,,, of
2.76 for the optical frequency, the product of the bandwidth and
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Fig. 2. Dependence of the calculated product of the bandwidth and electrode
length (Af,, L) on the effective dielectric constant for the milliwave (&,,,,) due
to the phase velocity mismatch between the optical wave and RF traveling wave
in the modulator.

TABLE I
CALCULATED BANDWIDTH DUE TO THE ELECTRICAL
TRANSMISSION AND PHASE VELOCITY MISMATCH

RF electrode length S mm 10 mm
Bandwidth of RF transmission S,, 128 GHz 60 GHz
Bandwidth due to phase velocity 168GHz 84 GHz
mismatch

RF electrode length will further increase. The effective dielectric
constant &,,,, at the milliwave frequency was calculated to 2.251
based on the experimentally obtained dielectric constant and
conductivity using Ansys high frequency simulation software
(HFSS) after the optimization of the optical waveguide structure.
The product of the bandwidth and electrode length Af,, L due
to walk-off was calculated to be 84 GHz cm. The bandwidth of
the phase velocity mismatch and the electrical transmission for
each RF electrode are given in Table 1.

Because the RF transmission bandwidth is narrower than that
of the phase velocity mismatch, the bandwidth of the exper-
imentally obtained electrical transmission S»; corresponds to
that of the optical modulation. Therefore, the RF transmission
bandwidth, which indicates the optimization of the impedance
matching and reduction of the propagation loss of the elec-
trode, is an important parameter to measure. The broadband fre-
quency response of the modulator was demonstrated by measur-
ing the electrical transmission S»; parameter on two RF VNAs
(Keysight N5245A and Anritsu ME7808). The input and out-
put of the modulator were connected using milliwave probes
through a milliwave cable, and the output probe was termi-
nated. S>; was measured from a low frequency of 10 MHz to a
high frequency of 110 GHz, which was divided into two band-
widths, 10 MHz to 50 GHz (Keysight N5245) and 65 GHz to
110 GHz (Anritsu ME7808). S,; at 0 dB was set to 40 MHz for
the measurement from 65 GHz to 110 GHz.
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Fig. 3. Frequency response of (a) the RF transmission parameters S>; and
(b) the RF reflection parameters Sy, for the broadband hybrid EO polymer/sol-
gel silica waveguide modulator. Red and blue dots indicate the experimental
results for the modulators with 5-mm-long RF electrodes.

The experimentally obtained response of the electrical trans-
mission parameter S| for a 5-mm-long single-drive modulator
can be well explained by the theoretically calculated parameters
shown in Fig. 3. S,; was reduced by 4.6 dB at the VNA limit
of 110 GHz, which led to a bandwidth of 130 GHz for a 6-dB
decrease in the transmission parameter S,;, which corresponded
to the bandwidth of the EO response for a 3-dB decrease in the
transmission parameter, as the VNA detects optical power as the
power source and electrical signals as the amplitude. The top
RF microstrip line electrode was designed to achieve phase ve-
locity matching between the optical wave and milliwave while
maintaining an impedance matching of 50 2. The electrical re-
flection S;; was also measured and is shown in Fig. 3(b). Sy;
was less than —10 dB over the measured frequency range from
10 MHz to 110 GHz, which also ensured impedance matching.
The value of d (13.3 um) that corresponded to the total thickness
of the sol-gel silica cladding and the EO polymer in conjunction
with the 6-um-thick top RF electrode increased the bandwidth
to a maximum of 130 GHz.

The calculation result for S; indicated that all significant de-
creases reached a maximum of 130 GHz, which corresponded
to the widest bandwidth compared to all other non-Pockels InP
modulators (e.g., approximately 74 GHz) [13] and LiNbO3 mod-
ulators [16], [17]. The experimental results indicated that the
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Fig. 4. Frequency response of EO modulation for the broadband hybrid EO
polymer/sol-gel silica waveguide modulator. The red circles indicate the experi-
mental results for the modulators with 5-mm-long RF electrodes. The black line
indicates the calculated results. The LCA had a frequency limitation of 67 GHz.

input impedance of 50 €2 at the input port was widely matched
to the impedance by the proposed modulator design.

B. Electro-Optic Response

Furthermore, the EO response (EO modulation index) of the
modulator was measured up to the highest frequency of 67 GHz
using an LCA (Keysight 81960A), which is the upper limit of
frequency of commercially available LCAs. The optical and
RF input power was 40 mW at a wavelength of 1550 nm and
0 dBm (0.224 V at 50 Q load), respectively. The measured
result for the modulator with a 5-mm-long RF electrode showed
a 1.5-dB reduction in the optical response for an EO-modulated
frequency of 67 GHz, as shown in Fig. 4, which also indicates an
extrapolated 3-dB bandwidth for the EO response of >100 GHz
from the theoretical result.

An RF probe (Cascade Microtech APC65-GSG-250) and RF
cable (Cascade Microtech 145-605-B) with upper frequency
limits of 65 and 67 GHz, respectively, were used for the LCA
measurement. This limitation results in noisy high-frequency
LCA measurements near the upper limit. When the character-
istic impedance of the RF traveling wave in the microstrip line
electrode is matched the driver and the load, considering the
electrical loss, the EO response M (f) can be expressed as a
function of the optical modulation frequency [35].

a2 | Sinh? (@L/2) + sin® (£L/2)

M= (@L/27 + €L/2)

3)
where

s = 27[f ‘nmw - nopt’ /C 4

where « is the attenuation constant of the RF traveling wave.
The calculated EO response was fitted with the experimentally
obtained response for the modulator with a 5-mm-long RF elec-
trode. Our result for the optical modulation bandwidth with a
5-mm-long RF electrode showed less reduction in the optical
modulation up to 67 GHz and a wider optical bandwidth than
that of previously reported polymer MZ modulators [36]. These
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Fig. 5. Experimental setup to examine the eye diagram of the EO response of
a single-drive modulator using a 56-Gbps programmable PPG and a sampling
oscilloscope. LD: distributed feedback laser diode. EDFA: erbium-doped fiber
amplifier. The measurement equipment had a bandwidth limitation of 40 GHz.
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Fig. 6. The eye diagrams of (a) the electrical input to the EO modulator
and (b) the optical output from the EO modulators (single-drive operation and
5-mm-long RF electrode) measured on the sampling oscilloscope at 56 Gbps.
The limited bandwidth of the electronic equipment of 40 GHz resulted in the
sinusoidal shape of the eye diagram. Time scale: 5 ps/div.

results corresponded to the widest bandwidth compared to all
other non-Pockels InP modulators (e.g., extrapolated to 74 GHz)
[13] and LiNbO3 modulators [16], [17].

C. Measurements of the Eye Diagram

An eye diagram at the EO modulation speed of 56 Gbps
was measured for the optical modulators, as shown in Fig. 5,
using a pseudorandom binary sequence pulse pattern genera-
tor (Keysight N4975A) and a sampling oscilloscope (Keysight
86100D). The output optical signal was amplified using an
erbium-doped fiber amplifier (EDFA) to accurately measure the
eye diagram on the sampling oscilloscope. The probes used in
the experiments were the same as those used in the small signal
modulation experiments to measure the electrical transmission
S>1. The signal from a pulse pattern generator (PPG) was RF
amplified to the level of V,; and placed into the modulator using
a milliwave probe, as shown in Fig. 5. The output pulse was
coupled out using another probe and terminated by a 50-2 ter-
minator connected to the probe. A distributed feedback laser at
1.55 pm was coupled to the modulator using a tapered single-
mode fiber. The output light was coupled out using another
tapered fiber, following modulation (non-return-zero signal) by
the PPG. The output light was amplified on the EDFA to com-
pensate for the fiber-to-fiber coupling. The amplified optical
single was placed into the sampling oscilloscope to measure the
eye diagram.

The eye diagrams measured on the sampling oscilloscope at
56 Gbps are shown in Fig. 6. The electrical equipment used to
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measure the eye diagram had a bandwidth of 40 GHz, which
resulted in a sinusoidal shape for the input RF signal, instead of
a rectangular shape, as shown in Fig. 6(a). The eye diagram for
the optical output showed a similar shape to the electrical eye
diagram with an extinction ratio of 2.25 dB, as shown in
Fig. 6(b). This measurement ensured that the optical eye diagram
followed the electrical eye diagram. It is not suitable to compare
the result of the optical eye diagram with the result based on mea-
surements using electrical equipment with a wider bandwidth.

Moreover, the eye diagrams of the push-pull dual-drive mod-
ulators were also examined to reduce the driving voltage, using a
10-mm-long RF electrode fabricated on both optical waveguide
branches of the MZ modulators. The PPG signal was separated
and amplified using an RF amplifier (AH54147A, Anritsu) for
both RF electrodes of the dual-drive modulator. The electrical
phase of each pulse was adjusted to different polarities using
electrical delay lines (A60V, Waka Manufacturing Co.) to ob-
tain push-pull operation. The output of each RF electrode was
terminated using 50 @ impedance loads. “A pulsed peak-to-
peak voltage of 1.5—3.0 V was applied to the modulator dur-
ing the eye diagram measurement with the extinction ratio of
3.93-6.88 dB. When the pulsed peak-to-peak voltage is in-
creased to 8 V, the extinction ratio was 7.11 dB. Even though the
pulse voltage was reduced to 1.5 V and the equipment used to
obtain the eye diagram had a limited bandwidth of 40 GHz, the
eye diagram was obtained at 56 Gbps on the sampling oscillo-
scope. The measurement of the bandwidth and the eye diagram
indicated that the modulator exhibited considerably higher speed
modulation (e.g., >100 Gbps).

D. Half-Wave Voltage of the Modulators

The V, at 1550 nm was measured for the hybrid EO
polymer/sol-gel silica waveguide modulator with a 5-mm-long
RF electrode, which indicated a bandwidth of 130 GHz. The
input light was controlled for the polarization state excited by
a transverse magnetic mode in the modulators using a polar-
ization controller. The optical output of the output fiber was
placed into an optical detector. A time-varying voltage with a
triangular waveform was applied between the RF top milliwave
electrode and lower ground electrode at a frequency of 10 kHz.
The voltage was applied to a single MZ waveguide for single-
drive operation. The intensity-modulated output from the MZ
modulator detected by an optical detector was monitored on
an oscilloscope along with the voltage signal. Additionally, V;,
was measured for the modulators at a wavelength of 1550 nm
based on the transfer function between the voltage signal and
the optical signal, as shown in Fig. 7.

A V. L value for the hybrid modulator with a 5-mm-long
RF electrode was 4.15 V-cm (single drive) at 10 kHz. A V, L
value of 1.8 V-cm was also obtained for the 10-mm-long RF
electrode (Fig. 7) when both RF electrodes of the broadband
hybrid modulator were poled and driven in a dual-drive opera-
tion. The difference in V,; L values was derived from the poling
efficiency of each modulator. The in-device EO coefficient was
found to be 160 pm/V from V,L =0.8V-cm,d = 13.3 um,
and a mode overlap integral of 0.73. The mode overlap integral
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Fig. 7. Half-wave voltage V; measured for the ultra-broadband modulator
under dual-drive operation at 10 kHz. V; L = 1.8 V-cm (d = 13.3 um, L. =

10 mm) at 1550 nm.
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Fig. 8. Long-term stability of the half-wave voltage (V) measured for a
modulator at 1 kHz. VL = 2.5 V-cm at 1550 nm.

was calculated from a perfectly fabricated waveguide, using the
3D FDTD method. Therefore, the actual mode overlap integral
is less than 0.73, and the in-device EO coefficient is more than
160 pm/V.

A previously fabricated hybrid modulator for the V, mea-
surement of similar guest-host EO polymers was examined to
determine the long-term stability over two years. The samples
were kept at random variations of room temperature to a
maximum of 40 °C in air without any protection. The V, L
value of 2.5 V-cm did not change over two years, as shown
in Fig. 8, which indicated that the hybrid modulator was
stable for long-term usage when the modulator was used in
temperature-controlled conditions.

E. Optimized Design for Wider Bandwidths of More Than
140 GHz

The electrical transmission parameters of the modulators with
2.5-, 5-, and 10-mm-long RF electrodes were calculated with
the same device parameters using HFSS and considering the
impedance mismatch, as shown in Fig. 9.

The bandwidth of 6-dB reduction (which corresponds to a
bandwidth of 3-dB reduction for the EO response) was more
than 140 GHz for the modulator with the 2.5-mm-long RF elec-
trode. However, when we consider the frequency of 140 GHz,
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Fig. 9. Frequency response of the electrical transmission for the modulators.

The green, red and blue lines indicate the calculated results for the modulators
with 2.5-, 5-, 10-mm-long RF electrodes, respectively. The calculated results
were considered for the electrode loss and impedance mismatch, using Ansys
HFSS software. The red circles and blue triangles indicate the experimental
results for the modulators with 5- and 10-mm-long RF electrodes, respectively.
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Fig. 10. Calculated frequency response of the EO response for the modula-
tors when the electrode loss was considered and the impedance is completely
matched. The green, red and blue lines indicate the results for the modulators
with 2.5-, 5-, 10-mm-long RF electrodes, respectively.

we can assume reduction of 3 dB for the electrical transmission
S>1 as shown in Fig. 9. Therefore, the V,; will be increased to
10.18 V (=7.2 V/0.707) for 2.5-mm-long RF electrode, which
can be calculated the driving voltage of 7.4 V to maintain ex-
tinction ratio of 7 dB at the modulation frequency of 140 GHz.
We may need a RF power amplifier or reduce the V,; further.
The RF transmission for the modulator with the 10-mm-long
RF electrode was also experimentally measured to ensure that
the calculation based on HFSS is valid when the same device
parameters are used. The bandwidth of the electrical transmis-
sion for the modulators with 5 and 10-mm-long RF electrodes
was calculated to be 130 and 60 GHz, respectively. The ex-
perimentally obtained transmission S,; parameter matched the
calculated parameter within a maximum error range of 0.5 dB
to a frequency of 50 GHz based on the measured parameters.
This implied that the refractive index dispersion of the EO poly-
mer enabled a wider bandwidth exceeding 130 GHz for MZ
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modulators when an electrode less than 2.5 mm in length was
used, as opposed to the aforementioned demonstration using
a 5-mm-long electrode. There was no dipping in the electri-
cal transmission parameter S,; experimentally and theoretically
from the frequency with respect to MHz to 110 GHz as shown
in Fig. 9, which also proved that our measured dielectric con-
stants were accurate and the dispersion was small enough in
the frequency range of 10 to 50 GHz. The EO response with
respect to the optical modulation frequency for the modulators
with 2.5-, 5-, and 10-mm-long RF electrodes was calculated,
as shown in Fig. 10, based on eq. (3) using the same device
parameters obtained from the measurement of the EO response
for the modulator with the 5-mm-long RF electrode, as shown
in Fig. 4.

The 3-dB bandwidth of the EO response for the modulators
with 5- and 10-mm-long RF electrodes was 120 and 50 GHz,
respectively. The bandwidth for the EO response was calculated
to be narrower than that of the RF transmission by 10 GHz for
each RF electrode length.

IV. CONCLUSION

Optical modulators, such as Si, LiNbO3, InP, all-polymer, EO
polymer/Si slot, and EO polymer/Au plasmon modulators, do
not show bandwidths over 67 GHz (3-dB reduction) via LCA
measurement. We compared the bandwidth from the reduction
in the optical modulation at a frequency of 67 GHz by using
a commercially available LCA. We accurately measured the
dielectric constant, the conductivity and the dissipation factor
(tand) of each material based on our technique and obtained an
optical modulation bandwidth Af,L = 84 GHz cm, consider-
ing the phase velocity mismatch. The phase velocity mismatch
mainly results from the refractive index dispersion of the ac-
tive materials, the RF impedance mismatch (50 €2) and the RF
electrode loss due to errors in the electrode design and fabri-
cation. The EO polymer had a low refractive index dispersion
of <0.1, which was 30 times lower than that of LiNbO3 (3.1).
The optical bandwidth of the polymer modulators can be max-
imized when the design and fabrication of the RF electrode is
optimized from the accurately measured dielectric constant and
conductivity, which we examined extensively. The results in-
dicated great potential for the hybrid modulators when the RF
electrode length was further reduced and optimized, which en-
ables an increased bandwidth. The optimization of the electrode
design and fabrication for these modulators was ensured for the
electrical transmission S,; parameter by using a VNA.

This study involved the measurement of the bandwidth of
broadband EO polymer/sol-gel silica waveguide modulators
to a maximum value of 110 GHz, which was extrapolated to
130 GHz from the experimentally measured parameters. The
initial measurement of the optical eye diagram corresponded to
56 Gbps, even though the measurement equipment had a band-
width limitation of 40 GHz. When electronics with wider band-
widths are available, the optical eye diagram can be measured
over a wider range. The measured response for the EO modula-
tion at a frequency of 67 GHz for the modulator with 5-mm-long
RF electrode indicated the bandwidth of 120 GHz, which can

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 18, SEPTEMBER 15, 2018

demonstrate the bit rate of 160 Gbps. The EO polymer was effi-
ciently poled with respect to the broadband modulators, and the
in-device EO coefficient was more than 160 pm/V at 1.55 um. A
V. L value of 1.8 V-cm was measured for the dual-drive broad-
band hybrid modulator, and the propagation loss corresponded
to 6 dB/cm. The measured V, Loss value of 10.8 V-cm is the
lowest value among ultra-broadband modulators [12].
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