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A silicon/organic hybrid modulator integrating photonic crystal �PC� waveguide, 75 nm slot, and
electro-optic �EO� polymer is experimentally demonstrated. Slow light in PC waveguide and strong
field confinement in slot waveguide enable ultraefficient EO modulation with a record-low V�

�L of 0.56 V mm and an in-device effective r33 of 132 pm/V. This result makes it the most efficient
EO polymer modulator demonstrated to date. The modulated signal shows strong wavelength
dependence and peak enhancement of 23 dB near the band edge of defect mode, which confirms the
signature of the slow light effect. © 2010 American Institute of Physics. �doi:10.1063/1.3486225�

Silicon has long been the optimal material for microelec-
tronics. Building photonic devices in silicon bears the advan-
tage of being compatible to complementary metal-oxide-
semiconductor fabrication technology, which can lead to
monolithic integration of microelectronic and photonic de-
vices on a single silicon chip. However, due to its centrosym-
metric crystal structure, silicon shows no Pockels effect.
Electrically driven optical modulation in silicon photonic de-
vices typically relies on free carrier injection1 or depletion2

where the achievable modulation bandwidth is limited by
time constants related to removing or injecting free carriers
to the modulation arm.

By contrast, EO polymers offer very high Pockels coef-
ficient �r33�300 pm /V�3 with extremely fast response
speed in the terahertz range.4 Ultrahigh bandwidth5 and sub-
volt half-wave driving voltage �V��6,7 have been demon-
strated in EO polymer modulators. However, the size of
these devices is limited by conventional waveguide struc-
tures with millimeter to center meter interaction length.
Compared to conventional waveguides, silicon PC wave-
guide offers slow light-enhanced light-matter interaction,
which can shrink the interaction length down to 80 �m8 and
a reduced index change of 4.2�10−3 to achieve switching in
a silicon-based structure.9 Photonic devices based on
silicon/EO polymer hybrid material system combine strong
optical confinement abilities of silicon with superior EO
modulation efficiency of polymers. Compared with conven-
tional EO polymer photonic devices, this hybrid approach
requires no cladding polymer layers. This should lead to
higher poling efficiency and lower driving voltage with fab-
rication simplicity. Slot waveguide infiltrated with EO poly-
mers in Mach–Zehnder modulators �MZM� have reported
half wave voltage of 0.25 V, and V��L of 5 V mm.10 A
more advanced design using silicon PC slot waveguide can
exploit slow light effect from the defect mode close to the

photonic band edge,11 thus even lower V��L can be ex-
pected. Compared with PC devices without slot,8,9 integrat-
ing EO polymer in slot PC waveguide offers better potential
for high speed operation.5 In this paper, we present the de-
sign and experimental demonstration of a MZM based on EO
polymer infiltrated silicon PC slot waveguide with slow light
enhanced EO modulation.

Figure 1�a� shows the schematic of the PC slot wave-
guide. Input and output waveguides are conventional silicon
strip waveguide, which connect to PC slot waveguide with
optical mode converter12 for better mode-matching. The PC
waveguide is a W1 waveguide formed by replacing a row of
air holes with a narrow slot of width w=75 nm, which pro-
vides good optical confinement and modulation efficiency
without compromising the feasibility of EO polymer infiltra-
tion. The modulation region, with slot nanostructures, is
formed in a hexagonal lattice PC slab with lattice constant
a=385 nm and hole diameter d=217 nm, which has a total
length of 308 �m. Silicon PC regions including air holes
and slot are fully covered by EO polymer with strong EO
coefficient �AJ-CKL1/APC�.13 Refractive index of infiltrated
polymer is 1.63 at 1.55 �m. Dispersion diagram of the
guided mode is shown in Fig. 2�a�, which is calculated by
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FIG. 1. �Color online� Schematic of the input strip waveguide, optical mode
converter, PC taper, and modulation region.
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three-dimensional plane wave expansion �PWE� method.
The group refractive index ng of the guided mode as a func-
tion of wavelength is shown in Fig. 2�b�, which shows that
ng can exceed 100 when the wavelength is tuned close to the
band edge of 1569 nm. The optical intensity profile ��E�2� of
the guided mode at ng=100 is shown in inset of Fig. 2�b�.
Figure 2�b� also shows in-slot optical power weight ��� in
the total guided mode power. It should be noted that integra-
tion of 75 nm slot waveguide into photonic crystal �PC�
waveguide causes light with low group velocity within the
defect mode spectrum remain concentrated in the slot, which
will otherwise penetrate to second or third row of holes with-
out the presence of a slot.14 With lightly doped silicon func-
tioning as electrode, huge electric field can be induced with
small driving voltage. This design enables ultraefficient
electro-optic �EO� interaction within EO polymer infiltrated
slot. To effectively couple light into slow light region, a PC
taper from W1.08 to W1.0 is designed to minimize the group
index mismatch between strip waveguide and slow light PC
waveguide,15 as shown in Fig. 1.

The hybrid nanophotonic modulator is fabricated on a
silicon-on-insulator �SOI� wafer with 230 nm lightly doped
top silicon and 3 �m buried oxide. Details of fabrication are
described in Ref. 15. Figure 3�a� shows the fabricated MZI
structure with gold electrodes. Figure 3�b� shows scanning
electronic microscopy �SEM� image of the silicon PC slot
waveguide. The EO polymer was processed using standard

methods16 and poled with high electric field of 200 V /�m.
Figure 3�c� shows cross sectional view of the 75 nm slot
infiltrated with EO polymer. Compared to other devices with
slot width over 120 nm,10,17 our narrower slot will provide
higher modulation efficiency at same driving voltage.

To characterize the modulator performance, transverse
electric light from a broadband source was butt coupled
into the modulator with a polarization maintaining tapered
lensed fiber. Transmitted light was collected by a single
mode lensed fiber and analyzed with an optical spectrum
analyzer. We observe a 5 nm deviation in the photonic band
edge at 1569 nm compared to simulation results, which
is attributed to fabrication errors. A laser source was tuned
to 1564.5 nm, corresponding to the slow light region,
where maximum modulation response is achieved. The
modulator was biased at 3 dB point and driven by a 50 KHz
triangular wave. Modulated optical signal was converted to
electrical signal through a gain-switchable photodetector.
Figure 4 shows that the EO polymer nanophotonic modulator
has a V� of 1.8 V. The effective EO coefficient is defined
as �33=�w /n3V��L=1565�75 nm2 /1.633�1.8 V�0.37
�308 �m=132 pm /V, where � is the fraction of the total
power in the slot. The value of �=0.37 is given by simula-
tion results in Fig. 2�b�. The device also achieves very
high modulation efficiency V��L=1.8 V�308 �m
=0.56 V mm. This result is nearly one order of magnitude
lower than that reported in Ref. 9.

FIG. 2. �Color online� �a� Enlarged
portion of the dispersion diagram for
the guided mode. �b� Group index �ng�
and normalized in-slot optical power
of the guided mode as a function of
the optical wavelength. Optical mode
profile at ng=100 is shown in inset.

FIG. 3. �Color online� �a� Optical microscope picture of the fabricated
MZM structure. �b� SEMs picture showing the enlarged view of the dotted
square area in �a�. �c� Cross-sectional SEM picture take across the dotted
line in �b� after covering the entire structure in �a� with AJ-CKL1/APC.
Complete infiltration of EO polymer into the 217 nm air holes and 75 nm
slot is confirmed.

FIG. 4. �Color online� Low frequency modulation transfer-function mea-
surement at 1564.5 nm wavelength: upper, applied voltage; lower, optical
output signal. The half-wave voltage V� is determined by finding the dif-
ference between the applied voltage at which the optical output is at a
maximum and the voltage at which the optical output is at the next
minimum.
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To confirm the dramatic EO modulation enhancement
out of slow light effect, all testing conditions were fixed and
wavelength tuned from 1535 to 1575 nm. The wavelength
dependence of normalized modulated signal under 1 V of
driving voltage is plotted in Fig. 5, together with normalized
optical transmission spectrum of the EO polymer nanopho-
tonic modulator. The defect-guided mode of PC slot wave-
guide occurs from 1538 to 1567 nm. Although optical trans-
mission reaches maximum at �1550 nm, the normalized
modulated signal is only about 	45 dB. As we tune to longer
wavelength �transitional region in Fig. 5�, intensity of the
modulated signal increases dramatically due to slow light
enhancement. The peak modulated signal around 1565 nm is
23 dB higher than in transitional region, where the photode-
tector starts to measure sensible modulation response. Above
1566 nm, modulated signal decreases sharply due to trans-
mission cut-off by photonic band gap.

In summary, we achieved 23 dB modulation enhance-
ment of EO polymer nanophotonic modulator from slow

light effect. The low V��L of 0.56 V mm represents the
best figure of merit achieved for EO polymer modulator.
Such compact and highly efficient nanophotonic modulator
is an ideal candidate for on-chip optical interconnects. It
should be noted that efficiency from poled EO polymer ma-
terials in silicon nanoslot is still lower compared to the best
results obtained from poling of thin films. Solving issues
related to high electric field poling of EO polymer in silicon
could lead to ultracompact devices with extremely low
power operation for applications in dense wavelength-
division multiplexing, phased array antennas, and photonic
analog-to-digital converters.

This work was supported by AFOSR STTR program
�Grant No. FA9550-09-C-0086�, monitored by Dr. Charles
Y.-C. Lee.
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FIG. 5. �Color online� Wavelength dependence of normalized modulated
signal �blue� and normalized optical transmission �black�. Four distinct re-
gions are shown in this figure: normal group velocity region with high
optical transmission and low modulated signal �blue�; transitional region
with gradually decreased optical transmission and rapidly increased modu-
lated signal �light orange�; slow light region with relatively low optical
transmission but extremely high E-O modulation �orange�; photonic band
gap and beyond with minimized modulation �gray�.
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