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Based on poled guest-host electro-optic (EO) polymer DR1/SU-8, a Mach-Zehnder interferometer (MZI) EO modula-
tor operated at 1.55 um is proposed. For achieving high response speed and high EO modulation efficiency, both
waveguide structure and electrode structure are especially optimized. The impedance match and less index mismatch
are achieved. The final characteristic impedance of electrode is about 49.4 Q, and the microwave index and the light-
wave index are 1.5616 and 1.6006, respectively. The device is fabricated using wet-etching technique and inductively
coupled plasma (ICP) etching technique, and its performance is measured at 1.55 pm. Experimental results show that
when the applied voltage is tuned, the modulator can be changed from ON state to OFF state. The insertion loss at ON
state is 12 dB and the extinction ratio between ON and OFF states is about 10 dB. The high response speed is in nano-
second level for a square-wave signal. Therefore, the modulator possesses potential applications in high-speed optical

networks on chip.
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Optical switches, modulators and attenuators are impor-
tant components in optical networks on chip (ONoC),
optical interconnects and millimeter and microwave
photonics!"™. In order to get excellent performance, vari-
ous electro-optic (EO) devices based on different wave-
guide structures including standard directional coupler
(DO)®! Y-fed coupler®, Mach-Zehnder interferometer
MzD, multimode interference (MMI) coupler® and
phase-generating coupler (PGC)Y, as well as different
electrode structures including four-section cross-connect
microstrip line (MSL) electrode!, two-section reversed
electrodes'” and shielded push-pull MSL electrode!'"!
have been proposed for decreasing driving voltage and
speeding up response, minimizing insertion loss and
crosstalk, and broadening lightwave spectrum.

The dye-doped EO polymers based on disperse red 1
(DR1) chromophore can be simply synthesized, and the
related reported devices utilizing the guest-host polymer
DR1/polymethyl methacrylate (PMMA) and side-chain
polymer DR1-co-PMMA reveal some acceptable proper-
ties!'>"*. Besides PMMA, the negative tone photoresist
SU-8 has good chemical and thermal stability and high
optical transparency around 1.55 pum. In this paper, an
MZI1 EO modulator based on synthesized guest-host EO

polymer DR1/SU-8 is optimally designed and fabricated
using wet-etching technique and inductively coupled
plasma (ICP) etching technique. And owning to good
impedance match and small refractive index mismatch,
the device reveals high response speed of 16 ns.

The schematic diagram of the designed polymer MZI
EO modulator is shown in Fig.1(a), which consists of a 3
dB Y-branch splitter, an MZI EO region and a 3 dB Y-
branch combiner. The modulator is equipped with MSL
electrode, which contains a pair of electrodes on two
MZI arms and a grounded electrode. For increasing mod-
ulation bandwidth, the MSL electrode is configured to be
traveling-wave style with a load resistance of Z;=50 Q.
The length of EO active region is Lgo, and the gap be-
tween the two MZI arms is d. The electrode width and
gap in the MZI region are W and G, respectively. The
input power and output power are denoted by P;, and Py,
respectively.

The cross-section view of EO active region is shown
in Fig.1(b). The poling directions of the two rib cores are
opposite, as labeled in Fig.1(b). Silicon is used as sub-
strate, the DR1 chromophore doped EO polymer DR1/
SU-8 is used as core, the upper and under buffer layers
and the layer besides the core are the same material of

#  This work has been supported by the National Science Foundation Council of China (Nos.61107021, 61177027 and 61077041), the Ministry of
Education of China (Nos.20110061120052 and 20120061130008), the China Postdoctoral Science Foundation Funded Project
(No0s.20110491299 and 2012T50297), and the Special Funds of Basic Science and Technology of Jilin University (Nos.201103076 and

200905005).
#% E-mail: zhengchuantao578@163.com



ZHENG et al.

SU-8, the two upper driving electrodes and under gro-
unded electrode are made of aluminum, and the upper
confined layer upon the driving electrode is air. Under
1.55 um, the optical coefficients of DR1/SU-8 are n;o=
1.620 and a,,=2.0 dB/cm, those of the buffer material
SU-8 are n50=1.573 and 0,0=0.95 dB/cm, and those of the
upper confined layer air are n4=1.0 and 040=0, respec-
tively. The refractive index and bulk amplitude extinction
coefficient of the aluminum are n;=1.44 and x;,=16.0,
respectively. For realizing fundamental mode propaga-
tion and low optical loss, the waveguide parameters are
optimized as ¢=3.0 pm, »;=3.0 um, 5,=3.0 pum, 5;=3.0
um and 5,=0.1 um. In this case, the effective refractive
index and amplitude loss coefficient of E;, mode are
Nemo=1.6006 and o.;=1.9063 dB/cm, respectively. In the
MZI EO region, the coupling coefficient between the two
MZI arms should be weakened and neglected, so the
coupling gap should be selected as large as possible.
Here we choose d=30 um, and the corresponding cou-
pling coefficient K is below 1.39x10"*m™. The EO ac-
tive region length is Lgp=2.2 cm.
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Fig.1 (a) Schematic diagram of the fabricated polymer
MZI EO modulator; (b) Cross-section view in the EO
active region, where SMF means single mode fiber

The electrodes on the layered dielectric medium shown
in Fig.1(b) can be analyzed with extended point-matching
method!"*"! and the detailed formulation can be seen in
our previous report'). The electric potential distribution
@ (V) and electric field component £ , (V/mm) over
the cross-section region in Fig.1(b) are shown in Fig.2(a)
and (b), respectively, where W =10 um, G =25 um, b,=
0.1 pm, and the applied voltages on the two upper elec-

Optoelectron. Lett. Vol.9 No.4 0255 ¢

trodes are both 1 V. We observe that the electric field
component Ey in the left core region and that in the
right core region are identical in both direction and am-
plitude. Since the two cores are reversely poled, there
will be a mismatch between the two mode propagation
constants.

(b)

Fig.2 (a) Electric potential distribution and (b) electric
field component E, (V/mm) within the EO cross-sec-
tion region, where W= 10 pm, G = 25 pym, bs=0.1 ym
andU=1V

Over the cross-section of waveguide, when the exter-
nal electric field £,(x,y) is applied, the fundamental mode
effective refractive index of one waveguide can be
changed from neg to #emo+Anem, that of another wave-
guide can be changed from 7.y t0 Hepr-Anem, and

1
Ang, = _5’713 (nl/nefﬂ))VsaUry > (1)

where the EO overlap integral I~ , is given by

LB )| o)f
v .[f:|Ey0 (an’)r dxdy

The propagation constant mismatch between the two
waveguides is

(2)

2n 2n
AB = T(netﬂ) +Angy, ) _T(nefﬂ) —Anggy ) =

4nhAn g |2 . 3)

The output power of the modulator is
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P, =P, cos’ (AL, [2). (4)

out

Then the output power can be modulated by the applied
voltage. When U= 0 V, P,, becomes the maximum,;
whereas under an appreciate voltage named half-wave
voltage, P, becomes the minimum.

Still, the electrode should be treated as the distributed
parameter circuit, and the microwave characteristic im-
pedance and microwave effective refractive index are

Z. = V(CW ). (5)
n, =G,/ C, (6)

1 . .
where C, :U ﬁser -dS is the capacity between one

operation electrode and the grounded electrode, E'is the
electric field surrounding the operation electrode, £, is

the permittivity in free space, and € is the relative dielec-
tric constant of the material surrounding the operation
electrode. C, is the capacity of the same electrode when

embedded in the free space, which can be similarly cal-
culated with Cj.

The electrode dimensions (W and G) should be opti-
mized to realize the high EO overlap integral and the
good match between the characteristic impedance of
electrode and load resistance. Noticing that the two op-
eration electrodes combine at the microwave’s input port
and output port, each branch should possess a character-
istic impedance of 100 Q. Fig.3 shows the EO overlap
integral 7, of one waveguide core, impedance Z. for one
electrode branch and microwave effective refractive in-
dex n, versus the electrode dimension W with different
G, where ¢=3.0 pm, »,=3.0 um, »,=3.0 um, »;=3.0 um
and b,4=0.1 pm. From Fig.3(a), under certain W, as G
increases from 5 pm to 30 um, /7, increases and reaches
the maximum value under G =25 um. But as G increases
to 30 um, 77, decreases. Therefore, a suitable selection,
for example, G =20 um and W =10 pum, is desired for
enhancing /,. Meanwhile, from Fig.3(b), when G =10
pm and W =10.5 pum, the impedance for a single branch
is Z, =98.7 Q. In this case, n, =1.5616 exhibits a small
mismatch with lightwave index of n.m =1.6006, and
I",=0.03431 um™.
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Fig.3 (a) EO overlap integral Iy for one waveguide
core and (b) characteristic impedance Zc for one
branch and microwave effective refractive index nn
versus W with different G

The EO polymer material was synthesized using
physical doping process by mixing 3% DRI in thinner
SU-8 and SU-8, and a proper amount of photoinitiator
was added to the mixture for obtaining high stability in
thermal and dipole alignment. The solution was stirred
for 12 h under dark and thermostatic condition and fil-
tered by a molecular sieve, and finally the EO material
was obtained. The 5% weight loss temperature of SU-8
in N, atmosphere is about 320 °C, and that of exposed
DR1/SU-8 in N, atmosphere is about 297 °C. During pol-
ing, the poling temperature is set to be 215 °C.

A 3 pm-thick SU-8 was firstly spin-coated as lower
cladding on Si substrate, which was cured following
three steps, including soft bake at 90 ‘C for 1 min, expo-
sure under ultraviolet (UV) light (350-400 nm) at 15
mW/cm? for 7 s, and hard bake at 150 °C for 10 min. In
the next, another 3 pum-thick SU-8 was spin-coated and
exposed to UV light through a contact chromium mask.
The sample was developed for 1 min to form channels,
and then hard baked. Thirdly, the EO polymer material
was spin-coated, the two channels were filled, and soft
bake, exposure and hard bake were used to cure the film
sequentially. The slab on the top of the waveguide chan-
nels was removed by inductively coupled plasma (ICP)
with 40 cm*/min O, and 4 cm*/min SF,. The finally fab-
ricated square waveguide is shown by the SEM photo in
Fig.4, where the photo is taken in the MZI EO region.
We see that the waveguide possesses good appearance.
Finally, another SU-8 film as upper buffer was spin-coated
and cured to cover the EO core.

Next, a 100 nm-thick aluminum layer was deposited
through thermal evaporation. Then, the photoresist (BP212)
was spin-coated and baked at 90 °C for 1 min. It was pat-
terned by exposure with an electrode mask. To remove
the photoresist and under aluminum, development was
carried out in developer and NaOH solution successively.
By using another exposure and development, all photo-
resist was removed, and the two driving electrodes were
left. The fabricated device sample was contact-poled at
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215 °C in N, atmosphere for 30 min.

10 um SKOEL 11
x 800 150kVSEI WD 7.3 mm

Fig.4 SEM photo of the fabricated square waveguides

The input power (1 mW/0 dBm, at 1.55 pm) generated
by a tunable semiconductor laser (Santec, TSL-210) is
coupled into the input waveguide of the modulator
through a single mode fiber (SMF). The output power
from the modulator is measured by an optical power me-
ter. By tuning the applied voltage, the maximum output
power under ON state is measured to be —12 dBm, which
indicates that the insertion loss, including the propaga-
tion loss, bending loss and splitting loss, is about 12 dB.
Whereas the minimum output power under OFF state is
measured to be —22 dBm, which indicates that the ex-
tinction ratio between ON and OFF states is 10 dB.

The dynamic response is obtained by measuring the
output electric signal generated by a high-speed photo-
diode detector, into which the output optical power is
coupled through an output SMF. A square-wave alterna-
tive current (AC) signal with a frequency of 2 MHz is
applied on the electrode through microwave probes, and
the output signal from the detector is measured with a
digital oscilloscope (Tektronix 2012B). The observed AC
modulation signal and response signal are shown in Fig.5.
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Fig.5 Detailed illustration of the measured modulation
signal and response signal

The modulated response signal is then normalized for
a clear observation, and the normalized output power
values both in non-dB form and dB form from the
modulator are shown in Fig.6. It can be observed that the
extinction ratio between ON state and OFF state is larger
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than 10 dB. The 10%-90% rise time and fall time are
characterized in detail in Fig.6. It can be determined that
the rise time and fall time are about 15 ns and 16 ns, re-
spectively.
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Fig.6 10%—90% response time characterization of the
modulator

Comparisons are performed between the performance
of this fabricated polymer EO modulator based on
DR1/SU-8 and other reported EO modulators based on
poled polymer materials. The results are depicted in
Tab.1. We can see that this EO modulator exhibits some
excellent features.

Tab.1 Comparisons between the performance of this
fabricated polymer EO modulator and other reported
EO modulators (IL: insertion loss; ER: extinction ratio;
RT: response time)

Reference Structure EO polymer L ER — RT
(dB) (dB) (ns)
[2] Directional coupler /C\;(;)sglinkable 15.0 - -
[2]  Directional coupler i?zssti}(l)(;t 104 6.7 -
[16] Micro-ring resonator '(I‘}gif];];c:/tSU-S 20 - -
[11] Symmetric MZI g;s/t;;z;; A 207 -
pl;};i:r Symmetric MZI g;is/t;[‘;’?; 12 =10 ~16

In conclusion, based on guest-host EO polymer DR1/
SU-8, an MZI EO modulator with rectangular waveguide
and MSL electrode is optimally designed using EO modu-
lation theory and extended point-matching method, for
realizing fundamental mode propagation, low optical loss,
good impedance match, small refractive index mismatch
and high EO modulation efficiency. The device is seri-
ously fabricated using wet-etching technique and ICP
etching technique. The insertion loss under ON state is
about 12 dB, and the extinction ratio between ON state
and OFF state is about 10 dB. Due to the imped-
ance-matched electrode, small index mismatch and seri-
ous control on fabrication process, higher response speed
(~16 ns) is observed.
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