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Bias-free electro-optic polymer-based two-section
Y-branch waveguide modulator with 22 dB
linearity enhancement
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A bias-free two-section Y-branch directional coupler modulator with high linearity based on domain-inverted
modulation is fabricated and tested. 25 wt. % AJLS102/APC is used as an active core layer with an experi-
mentally confirmed device r3; value of 56 pm/V at 1.59 um. The fabricated device shows an extinction volt-
age of 4 V. A two-tone test is performed to demonstrate 64 dB distortion suppression at 25% modulation
depth, which is 22 dB higher than a conventional Mach—Zehnder modulator. © 2009 Optical Society of

America
OCIS codes: 250.2080, 250.4110, 250.5460.

A Mach—Zehnder modulator (MZM) made of lithium
niobate (LiNbOj) is the most common type of com-
mercially available electro-optic (EO) modulator, but
its performance has several intrinsic limits. First, the
operating point of an MZM needs to be biased to
maintain a higher switching depth with better linear-
ity [1]. Second, the transfer curve of an MZM is sine
square, which intrinsically contains nonlinear Fou-
rier components that degrade device performance for
rf photonics and sensor applications where a linear-
ized transfer curve is highly desired. To address
these issues, various linearization techniques have
been proposed and studied. These include dual polar-
ization [2], dual parallel modulation [3], cascaded
MZM [4,5], and ring-resonator assisted MZM [6].
However, these linearization techniques all come at a
cost of increased device complexity. High linearity
can also be achieved by carefully designing a
Y-branch directional coupler modulator (YDCM) with
inverted domains. The theoretical basis for the
domain-inverted YDCM was established by Kogelnik
et al. [7]. Tavlykaev et al. theoretically investigated
how the linearity of a YDCM can be improved by
carefully designing inverted domains [8], and this
was experimentally confirmed by [9]. Owing to its
symmetric structure, YDCM is intrinsically set at
half-power point, eliminating a dc bias requirement.
Linearization techniques for YDCM, such as domain
inversion and photobleaching, have been investi-
gated by several groups [10,11]. In this Letter, we de-
sign and experimentally demonstrate a linearized
YDCM based on two-section domain-inverted modu-
lation. The fabricated device shows a highly linear
transfer curve. A standard two-tone test is performed
to demonstrate the third-order intermodulation dis-
tortion (IMD3) suppression of 64 dB at 25% modula-
tion, which is 22 dB higher than a conventional
MZM.

The refractive index of an EO polymer is a function
of an applied electric field. When an external electric
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field is applied to one arm of the directional coupler,
the refractive index will change in response to the ap-
plied electric field and induce a mismatch in the
propagation constant (AB) between the two arms. In
a two-section directional coupler with inverted do-
mains, it can be shown that the sign of A8 would be
opposite in the neighboring section owing to the op-
posite polarity of applied voltage. This AB inversion
can induce the suppression of IMD3, which is an im-
portant criterion representing the nonlinearity of de-
vice performance [8,10]. Note that the highly linear
performance is derived from the device structure it-
self instead of from complex external linearization
techniques [2-5]. The electrode geometry of the two-
section YDCM shown in Fig. 1 is designed such that
the polarity of the applied voltage is opposite in the
adjacent section. This electrode design simplifies the
poling process while achieving the same effect as in-
verted domains. A lumped electrode design is, how-
ever, valid only for low-frequency characterization,
typically in kilohertz range, and needs to be replaced
by a traveling-wave electrode design for high-
frequency characterization in the future.

Figure 2 is our simulation result showing the rela-
tive level of distortion suppression in a two-section
YDCM at a modulation depth of 1%. Distortion sup-
pression, which is defined as the ratio of fundamental
signal (Pgnq) to distorted signal (Pg;), is calculated
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Fig. 1. Schematic illustration of a lumped driving elec-
trode design for two-section YDCM.
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Fig. 2. (Color online) Relative level of distortion suppres-
sion in two-section YDCM.

Fig. 3. Cross-sectional scanning electron micrograph of
the fabricated device (A-A’ corresponds to the reference
line in Fig. 1).

as a function of the normalized length of each section
(s; and sy). L1 and L2 are the length of each section,
and [ is the coupling length of directional coupler. A
two-tone numerical procedure is used to calculate the
level of distortions [8]. The level of IMD3 is calcu-
lated by applying Fourier analysis to the time-
dependent optical outputs coming from a two-section
YDCM with two electrical input signals of slightly
different frequencies applied to the electrodes. The
point at s;=s9=2.86 is chosen for further evaluation
in this work.

Input signal: 10kHz triangle

Fig. 4.
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The device is fabricated by standard semiconductor
processes such as spin coating, photolithography,
oxygen plasma reactive ion etching (RIE), and wet
etching. The active core layer is 25 wt. % AJLS102/
APC (amorphous polycarbonate), and the lower and
upper cladding layers are UV15-LV and UFC-170A,
respectively. The inverted rib waveguides are pat-
terned on UV15-LV layer by photolighography and
oxygen plasma RIE. This polymer waveguide struc-
ture is sandwiched between the aluminum bottom
electrode and the gold top electrode. A contact poling
technique is used to pole AJLS102/APC with a poling
field of 100 V/um. With the poling voltage applied at
room temperature, the device is heated up to 135°C
at the ramping speed of 10°C/min and then cooled
down to room temperature. After poling, the gold top
electrode layer is patterned into the driving elec-
trodes by photolithography and wet etching. In the
last step, the fabricated device is cleaved and pol-
ished at both ends for testing. Figure 3 is a cross-
sectional scanning electron micrograph of the fabri-
cated device, and A-A’ is the reference line
representing the device area corresponding to Fig. 1.
The waveguide width is 5 um, and the center-to-
center separation between waveguides is 10 um. The
thicknesses of UV15-LV, AJLS102/APC, and UFC-
170A are 3.5, 1.5, and 3 um, respectively. The step
height of the rib waveguide is 0.4 um. The measured
in-device r33 value is 56 pm/V using the reference
MZM fabricated on the same wafer with the two-
section YDCM.

The two-section YDCM is tested at A=1.59 um, at
which the waveguide supports a TM single mode.
The device is tested at the coupling stage of a four-
axis Newport auto aligner for precise alignment and
light coupling. A TM-polarized laser is launched and
coupled into the device with a polarization-
maintaining fiber. The output light is coupled into a
single-mode fiber that is connected to a photodetec-
tor. The total optical loss is measured to be —27 dB,
which is very high considering the material propaga-
tion loss of -6 dB (-2 dB/cm of AJLS102/ACP times
the total device length of 3 cm) and typical coupling
loss of =10 dB. This high loss is attributed to the
roughness of the input and output facets and possibly
the waveguide walls after the RIE process. Figure 4
shows the measured output optical signals of the
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(Color online) (a) Over-modulation of two-section YDCM at A=1.59 um by an rf signal of 10 kHz with -4V—-+4 V|,

(b) transfer curve of two-section YDCM at A=1.59 um modulated by rf signal of 50 kHz.
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two-section YDCM as a function of the applied volt-
age. Figure 4(a) represents the overmodulation at
1.59 um. The extinction voltage is measured to be
4V, which is much reduced from our previous work
[10] owing to improvements in EO polymer proper-
ties and fabrication techniques. Figure 4(b) shows a
highly linear transfer curve at 1.59 um.

A standard two-tone test is performed to test the
distortion suppression ratio of the fabricated device.
The testing setup is shown schematically in Fig. 5(a).
Two driving signals of 50 and 55 kHz are combined
and applied to the device. A modulated output optical
signal is coupled into a single-mode fiber that is con-
nected to a photodetector with a built-in amplifier
(Throlabs, PDA-400). The converted electrical signal
is analyzed by an HP8563E microwave spectrum
analyzer. Figure 5(b) shows the rf response of the
tested two-section YDCM. The applied rf power is
-0.5V-+0.5V, which is equivalent to 25% modula-
tion depth of the tested device. Fundamental signals
at f; (50 kHz) and f, (55 kHz) are measured to be
-27.8 dBm, and the resulting IMD3s at 2Xfi-fs
(45 kHz) and 2Xfo-f; (60 kHz) are experimentally
confirmed to be —92.13 dBm. The achieved distortion
suppression is 64 dB. It is necessary to characterize
the distortion introduced by the testing setup in or-
der to confirm that 64 dB suppression is derived
purely from the device itself. Generally, the biggest
source of nonlinear distortion in a testing setup is the
amplifier that is used to amplify the electrical signal
converted from the detected optical signal. Consider-
ing the transimpedance gain (1.5X 10° V/A) and the
responsivity (~0.9 A/W) of PDA-400, the voltage
converted from the modulated optical signal is calcu-
lated to be ~6.7 V, which is low enough compared
with the saturation limit (10 V) to exclude possible
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Fig. 5. (Color online) (a) Block diagram of the testing
setup, (b) rf response of two-section YDCM tested at \
=1.59 um.
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extra nonlinear distortion from the amplifier. Our
theoretical calculation expects that the distortion
suppression of 58 dB can be achieved at 25% modu-
lation depth. Extra 6 dB suppression can be attrib-
uted to experimental errors, i.e., the fluctuation of
the output signal and possibly undermodulation due
to external perturbation. Theoretical calculation
shows that conventional MZM has a distortion sup-
pression of 42 dB at 25% modulation depth. Our de-
vice shows 22 dB improvement over conventional
Mach—Zehnder structure.

In conclusion, a bias-free YDCM based on the
domain-inverted modulation of an EO polymer is fab-
ricated and tested at 1.59 um. A two-tone test of the
fabricated device is demonstrated with an IMD3 sup-
pression of 64 dB at 25% modulation depth, which is
22 dB higher than conventional Mach—Zehnder
structure.
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