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In this paper, we study an ultra-compact slow-light MZI electro-optic modulator with low voltage and
high modulation bandwidth by simulation. The proposed device is totally based on monolithic integrated
lithium niobate (LiNbO3) photonic crystal (PC). A slow light line defect waveguide forms the interaction
region. The splitter—combiner with high transmission consists of a PC Y-junction and two 60° bends.
Meanwhile, with a step PC taper we significantly enhance the coupling to the slow light mode. And we
finally realize an integrated modulator embedded in a monolithic photonic crystal. The whole length of
the device is 91.59 um, the half-wave drive voltage is as small as 0.66 V and the high modulation
bandwidth can achieve up to 100 GHz in theory. Besides, the modulator covers over 22.3 nm optical
bandwidth at telecom wavelength range.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently, MZI electro-optic modulators with low driving vol-
tage and compact size have become a subject of intense interest
because they offer a principal component required in some optical
communication systems, such as the on-chip optical interconnect
system and the Radio-over-Fiber (RoF) transmission system [1,2].
In the past few years, numerous different architectures have been
developed, including silicon optical modulators, based on free
carrier plasma dispersion effect on pn or pin junctions [3,4],
silicon-organic hybrid (SOH) electro-optic modulators [5-7], mod-
ulators based on carrier depletion effect [8-10], and LiNbOs3
electro-optical modulator [11-13] based on electro-optical effect.
And today's state-of-the-art technology for electro-optic modulator is
based on rib waveguide [11-14]. Meanwhile, electro-optic modula-
tors based on photonic crystal (PC) are particularly interesting. For
example, Nguyen et al. developed a photonic crystal modulator
consisting of a 200 pm-long photonic crystal waveguide. The mod-
ulator is with an embedded p-n junction and incorporated into
an asymmetric Mach-Zehnder interferometer which is based on rib
waveguide [15]. Brosi et al. demonstrated a modulator with a drive
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voltage of 1V, length of 80 um and bandwidth of 78 GHz, which
was based on a polymer-infiltrated photonic crystal slot wave-
guide [16]. And Wang et al. proposed an electro-optic modulator
with a drive voltage of 1.25V, a bandwidth of 100 GHz and a size
of 42.6 ym, which was based on a LiNbOs slow light photonic
crystal waveguide [17].

However, these architectures could not combine ultra-compact
size, low driving voltage, and high modulation bandwidth on an
ultra-compact integrated chip. Although they designed devices
which can achieve low driving voltage and high-speed modulation
[17,18], they are just partly based on photonic crystal. And the
combiner and splitter of above mentioned devices consist of rib
waveguides, which limits the integrated system relied on photonic
crystal. However, many devices are totally based on monolithic
photonic crystal [17-20]. In addition, high transmission of 60°
bends and branches based on photonic crystal hs been proposed
[21-23]. As a result, it is possible to achieve an ultra-compact MZI
electro-optic modulator on a monolithic photonic crystal slab. And
this modulator is easier to be utilized in integrated circuits with
ultra-compact size and high performance. What is more, there
have been some experimental demonstrations on the proposed
LiNbO3 photonic crystal [24,25], which illustrate the feasibility of
building photonic crystal devices with LiNbOs.

In this paper, we theoretically study an ultra-compact integrated
photonic crystal Mach-Zehnder interferometer (MZI) electro-optic
modulator based on a monolithic lithium niobate (LiNbOs).
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The modulator can cover over 22.3 nm optical bandwidth at telecom
wavelength range ( ~ 1550 nm). And it has a modulation bandwidth
of 100 GHz, a drive voltage of 0.66V and a total size of only
91.59 um. For this design, the high linear electro-optic coefficient
of LiNbOs is utilized to combine with the slow light photonic crystal
waveguide. Meanwhile, Y-junctions and 60° bends are used for
splitter and combiner on the same slab. In order to enhance the
coupling efficiency to the slow light mode, a step taper is demon-
strated between the slow light waveguide and the splitter. And there
is also one taper between the slow light waveguide and the
combiner. The MZI modulator can be widely employed in on-chip
optical interconnect applications and integrated devices especially
those based on photonic crystal.

2. PC integrated MZI modulator structure

The schematic of the proposed MZI modulator based on lithium
niobate (LiNbOs3) is shown in Fig. 1. As is shown in Fig. 1, the
modulator based on a monolithic photonic crystal consists of three
parts: splitter, slow light waveguides and combiner. All of them are
fabricated on the same LiNbOs slab with air holes etched. The total
length of the modulator is L, +2L,. Both splitter and combiner are
based on the integration of a Y-junction and waveguide bend. Both
arms of the MZI are composed of slow light line detect waveguides
of length L,. There are three metallic electrodes (shadowed region)
at the edge of the slow light waveguides. These three metallic
electrodes are parallel to the slow light waveguides and the high
electro-optical effect of LiNbO3 is employed. Both outer electrodes
are grounded and a modulating voltage U applied to the center
electrode generates a voltage wave. The incident light is TE
polarized. In each arm, the electric modulator field E,;=U/d is
dominantly oriented along the Z-direction. The strategy of opti-
mization of the modulator will be analyzed in the following
sections.

3. Modulating theory

Due to the Pockels effect, an external voltage can lead to
refractive index change. Namely, the variation relates to the
second-order susceptibility ® which can be calculated as [17]

nLNYBBU

1
“od (M
where nyy is an extraordinary refractive index, y3; represents the
nonlinear electro-optical coefficient, U refers to the applied
modulating voltage, and d means the distance between electrodes.
Furthermore, there is a great enhancement of the nonlinear effects
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Fig. 1. The schematic of MZI modulator based on LiNbO3 photonic crystal.

in system with slow light because of the compression of local
density of states. Taking the effect of the second-order suscept-
ibility caused by nano-structuring into consideration, the effective
susceptibility in slow light structured materials can be expressed
as [26,27]

2 2
)(}JC) =f1f2f3)(;3&u( (2)

where ;((2) is the second-order susceptibility of the slow light
structured materials, f; (i=1,3) is the local factor for the three
waves in the second order process, i), means the second-order
susceptibility of bulk materials. Thus, the electro-optic coefficient
becomes f; f,f3733 and Eq. (1) becomes

anf1fzf3}’33U
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Indeed, taking the local field factor into consideration, expres-
sion (3) becomes [28,29]

2
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where f,, and f,; are the local optical field and the local electrical
field factor. According to [28,29], the local electrical field factor is
quite similar to the local optical field. In other words, we can
assume f o, ~ f. And expression (4) becomes
n{'Nf 3;"733 u
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And the theory has been demonstrated experimentally in some
papers [30-32]. The local optical field factor in the photonic
crystals can be calculated as [30-32]

VBUIK
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where the group velocity vEV¥ is in the bulk substrate and v;©
means the group velocity in the photonic crystals structure. The
total phase shift of the optical wave due to the index change in
slow light waveguide of length L; can be calculated as [17]

Ap = —-Ank0L1 (7)

where ko = 2xf/c is the vacuum wavenumber, L; is the length of
the slow light waveguide section. In this paper f, is settled at
193.55 THz. In order to achieve the change of Agp = within the
length Ly, a z-Voltage defined U, is required. U, is key parameter
for a MZI modulator's sensitivity According to Egs. (3)-(5), U, can
be computed as [16,17]
U= Lg )
n3uforssLifope

Considering the walk-off between electrical and optical waves
which limits the bandwidth of MZI, it is more favorable to
configure the structure ignoring terminating resistance to make
the MZI modulator simple. Therefore, the f; 43 can be expressed as
[16,17]
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where vgqpr and v, mean the group velocities of the electrical
waves and optical waves respectively. As vy=c/ng, Eq. (9)
becomes

0.556¢
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Depending on the above analysis, a triangular lattice PC slab
consisting of circular air holes with lattice constant a in a dielectric
LiNbO3; background is assumed as the basic structure. And the
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analysis provides us an important way to optimize the MZI
modulator of high performance.

4. The analysis of MZI modulator

With the configuration of the MZI modulator based on lithium
niobate (LiNbO3) having been shown schematically in Fig. 1, here we
will analyze the MZI modulator in detail. The MZI modulator is
fabricated on a monolithic photonic crystal. The radius r=0.32a
where a =654 nm is the lattice constant and the slab thickness is
h =362 nm. We take advantage of the slow light waveguide of high
nonlinear effect to achieve a low z-Voltage, a broad modulation
bandwidth f3 g5. And a 1 x 2 splitter and 2 x 1 combiner based on
photonic crystal are fabricated to match the slow light section of the
MZI modulator. Thus it is easy for the MZI to apply in on-chip
integration especially for all those based on photonic crystal because
of its compact size and high performance. However, there exists a
trade-off between the frequency and bandwidth and the group index
because of signal distortion, which is caused by the large group
velocity dispersion and high order dispersion in the slow light regime
of PC waveguide. Meanwhile, the feedback effect would reduce the
transmittance of the splitter and combiner without any optimization.
And in the slow light region, coupling into the slow light waveguide is
inefficient due to a large impedance mismatch at boundaries of the
waveguide which is caused by the large difference of group index. It is
all of these factors that limit the performance of the MZI modulator.

So far there are various solutions to realize wide flat-band and
high group index of slow light, i.e., using coupled waveguide [33]
and modifying the position or radii of the air holes [34,35]. And
varieties of structures have been demonstrated using photonic
crystals, for instance, Y-junctions [36,37] and multi-mode inter-
ference splitter [38]. At the same time, various tapers have been
studied to increase the coupling efficiency [39-41]. In our design,
we firstly design the slow light waveguides via the method of
modifying the position of the air holes. And then we design the
splitter-combiner to match the slow light waveguide with the
purpose of improving the performance of the monolithic MZI
modulator. Thirdly we design a step taper to enhance coupling of
the slow light mode in order to optimize the transmission of the
modulator. The design strategy will be discussed in details in the
following sections.

4.1. Design of the slow light waveguide

As is shown in Fig. 2, the waveguide is formed by omitting one
line of the holes in the perfect PC. The bulk hole's radius of PCW is
r=0.32a and the slab thickness is h =362 nm. There have been
kinds of means to design the slow light waveguide [33-35], but we
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Fig. 2. Schematic configuration of slow light waveguide.
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chose the way where the first row holes are displaced symme-
trically about the waveguide axis, which is easy for fabrication. The
displacements relative to the unmodified lattice (red lines) are
given by S1, where shifts towards the waveguide center are
defined to be positive. The numerical simulations are supported
by the plane wave expansion method using the commercial
software Rsoft.

Fig. 3(a) shows the complete TE propagation information for
the perfect PC waveguide. It is clear that there exists a bandgap
between 0.39 and 0.46 below the light line. Fig. 3(b) presents the
photonic bands of the main propagation mode (blue line) of the
signal line defect PC waveguide when the polarization is assumed
to be TE-like using the plane wave expansion method with S1=0.
As is shown in Fig. 3, the PCW supports a lossless even mode. And
we focus on the even mode for our numerical calculation. How-
ever, without dispersion optimization, the slow light in the LiNbO3
waveguide will suffer large group velocity dispersion that causes
signal distortion, which seriously affects the performance of the
photonic crystals in optical interconnect applications. It is of great
significance to appropriately adjust the first row of holes adjacent
to the defect in order to generate a flat low group velocity
dispersion region.

Fig. 4 shows how the group velocity dispersion region changes
while adjusting the position of the first row of the air holes. As a
result of the design process, we obtain a set of slow light
waveguides which supports a low group velocity over a flat group
velocity dispersion region. We found out that an increase of S1
decreases the group velocity, while a flat dispersion is guaranteed.
For the values S1=0.05qa, S1=0.1a, S1=0.03a, S1 = —0.03a, and
S1= —0.05q, the group indices ng ( 4+ 10%) are 17, 27.5, 37, 44,
and 45, respectively, while the slow light bandwidth W are
29.6 nm, 22.3nm, 15.1 nm, 11.6 nm, and 8.0 nm respectively.
The simulation results are shown in Table 1 in summary. With
the purpose of avoiding having different MZI modulators to
operate at each optical wavelength, it is necessary to maintain
slow light waveguide coverage over a large optical bandwidth. So
we choose the ng =27.5 along with the bandwidth of 22.3 nm
which is clearly shown by the red line in Fig. 4. That is to say, we
need to design a splitter—combiner that covers 1539.4—1561.7 nm
so that the whole MZI structure can work well.

4.2. Design of the splitter-combiner

As we know about the slow light waveguides section, it is
necessary to achieve a splitter-combiner which can cover
1539.4—1561.7 nm at least with high transmission. In order to
make the two sections to integrate well, we finally theoretically
investigate the structure by air hole-array based on LiNbO3
photonic crystal slab with r=0.32a. The configuration of the
splitter-combiner is shown schematically in Fig. 5. The splitter—
combiner is comprised of a Y-junction and two 60° waveguide
bends with regular holes placed in a triangular lattice in detail.
When the light is input from port 1, the structure works asa 1 x 2
power splitter. And the designed structure acts as a 2 x 1 power
combiner with the light input from ports 2 and 3.

There have been different approaches to improve the perfor-
mance of the bends and branches, including the coupled-mode
theory [42], introducing a defect in the waveguide channel and
using a heterostructure [43]. Here the radius and position are
chosen as the available strategy that has proved sufficient for our
purpose. There are many possible choices for which holes radii
and position are allowed to be varied. And in this paper, we pick
the numbered holes representing the holes whose radius or
position are varied, as shown in Fig. 5. Owing to symmetry, only
half of the structure needs to be optimized.
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Table 1
Characteristic data for a PC slow light waveguide.

a (nm) S1 (a) ng W (nm) Wavelength range (nm)
646 0.05 17 29.6 1534.4-1564.1
654 0.1 275 223 1539.4-1561.7
634 0.03 37 151 1542.6-1557.8
627 —0.03 44 11.6 1548.1-1559.7
623 —0.05 45 8.0 1545.9-1553.9

We investigate the transmission of the splitter-combiner with
different parameters of the numbered holes using the finite-
different time-domain (FDTD). The simulation result is shown in
Fig. 6. Fig. 6(a) shows the transmission spectrum of the structure
functioning as splitter via placing the source and monitor at ports
1 and 2 respectively. And as is shown in Fig. 6(b), the transmission
spectrum of the structure operating as combiner is achieved by
placing the source and monitor at ports 2 and 1. As Fig. 6 shows, the
parameters of the numbered holes have a serious impact on the
performance of the splitter-combiner. With a careful design, we
can conclude that the structure has a high transmission over the
desired wavelength range when the parameters of the numbered
holes are fixed at r1=0.7a, r2=0.2a, r5=0.4a, sx=0.16a,

dyl1=0.1a, and dy2=0.2a.
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Fig. 5. Schematic of the optimized PC splitter-combiner.

The transmission spectrum of the optimized photonic crystal
splitter-combiner is shown clearly by the red line in Fig. 6.
As shown in Fig. 6(a), we can find the structure is of high
transmission over 40% (each output) and covers a desired trans-
mission region which is signed yellow, when the structure is for
splitting. Meanwhile, in Fig. 6(b), we find out if the structure acts
as a combiner, the high transmission is achieved over 70% in the
same desired transmission region as mentioned above. In conclu-
sion, we finally obtain the splitter-combiner whose high transmis-
sion region ranges from 1539.4nm to 1561.7 nm, which
corresponds to the expected wavelength region in which we are
interested in the slow light waveguide section. Fig. 7(a) and (b)
shows the simulation results of the TE-polarized light propagation
through the structure as splitter and combiner with really low loss,
respectively. The FDTD simulation results support our analysis of
the high transmission mechanism.

4.3. Design of the whole structure

Based on the analysis above, we have successfully achieved three
parts of the MZI modulator. However, integrating the three parts
together remains a challenge, because of the poor transmission
properties resulting from the mismatch between the two modes.
Recently, kinds of structures have been studied to solve this problem
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[36-38]. Here we present the simulation of a coupling device made
from a PC step taper, which significantly increases the transmission
properties of the integrated MZI modulator.

In order to numerically investigate the efficiencies of different
couplers with different lengths and position shifts, we simulate
transmission through a structure consisting of simple PC line defect
waveguide with r=0.32a and 13 periods slow light waveguide
designed before. The length of the slow light section is chosen to
be 13 periods for the reason that the transmission spectrum becomes
independent of the number of periods in that way. The schematic
configuration of the step taper is shown in Fig. 2. As Fig. 8 shows, we
calculate how the length of the step taper and S1 have an influence
on the coupling efficiency. We can figure out that when the length of
the step taper is no more than 8 periods, the coupling efficiency
increases along with the increase of the length. And when the length
of the taper is fixed, the coupling efficiency increases along with the
increase of S1. After a careful design we choose the parameters to be
n=238a, and S1=0.25a and the coupling efficiency is shown by the
red line in Fig. 8. And the coupling efficiency is over 50% in the
desired low dispersion region. It is clear that the coupling efficiency
is chiefly improved from 1539.4 nm to 1561.7 nm, which is the
slowdown region we are concerned about.
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Fig. 9. Schematic of the optimized MZI modulator.

Table 2
Characteristic data for a PC MZI modulator when the modulation bandwidth is
fixed at f3 4p=100 GHz.

Table 3
Characteristic data for a PC MZI modulator when the modulation bandwidth is
fixed at f3 4p=60 GHz.

a(nm)  L(pm)  d(um) g fras (GHz) W (nm) U, (v) a(nm)  L(um)  d(um) g fzas (GHz) W (nm) U, (v)
646 13824 451 17 99.6 296 3.53 646 187.04 451 17 59.78 296 212
645 91.59 450 275 1008 223 2.64 645 12964 450 275 60.09 223 1.63
634 71.64 442 37 100.3 15.1 2.29 634 10524 442 37 59.69 151 1.36
627 6834 437 44 100.1 11.6 2.07 627 9342 373 44 59.71 11.6 123
623 61.05 425 45 99.8 8.0 2.05 623 91.58 425 45 60.03 8.0 1.19

5. Analysis of the MZI modulator's performance

The configuration of the MZI modulator optimized is shown
schematically in Fig. 9. And the final designed modulator consists
of four parts: the splitter, combiner, slow light waveguide and step
taper. According to the analysis above, the MZI modulator can
work over the wavelength 1539.4—1561.7 nm. The transmission
spectrum of the optimized photonic crystal MZI modulator with
the operating frequency of wy = 0.416(2zc/a) is shown clearly in
Fig. 10. It is obvious that the light is efficiently coupled in and out
of the slow light waveguide and the transmission of the modulator
is improved. In other words, we have successfully achieved a
monolithic photonic crystal MZI modulator.

We also discuss the performance of the optimized MZI mod-
ulator, such as the half-wave voltage, modulation bandwidth,
device size, and available bandwidth. The linear electro-optic
coefficient 733 of LiNbOs is supposed to be 30.9 x 10~ > m/V and
the extraordinary refractive index of LiNbO;3 is 2.143(n;y) [16].
Based on Egs. (6), (8) and (10), we display our design based on the
other two sets of simulated results about the slow light waveguide
in Tables 2 and 3. The lattice constant a, local field factor f,.,
group refractive index ng, modulated bandwidth f3 43, and slow
light bandwidth W are calculated in the communication wave-
length 1550 nm.

As shown in Tables 2 and 3, when the group index ng increases,
the length L modulation voltage U,, and the available bandwidth
decrease. We find that the available bandwidth decreases more
obviously than modulation voltage U, and the two parameters
have much more influence on the application of the modulator.
Furthermore, with the purpose of avoiding having different MZI
modulators operating at each optical wavelength, it is necessary to
maintain modulator coverage over a large optical bandwidth. Thus
we prefer to the one with higher bandwidth. From Tables 2 and 3,
it is clear that for fixing the modulation bandwidth of
f3 48 =100 GHz, we achieve a structure of only L=91.59 ym and

a small half driving voltageU=U,/4=0.66 V. While fixing the
modulation bandwidth of f; 43 = 60 GHz, it is possible to attain a
structure of L=129.64 yum and a small half driving voltage of
U=U,/4=0.41V. And the device can be applied to the 60 GHz
system such as the ROF system. Meanwhile, we can figure out that
slow light modulator can cover over 22.3 nmoptical bandwidth, so
that the slow light modulator can be employed more widely.
In our design, we achieve a MZI electro-optic modulator on one
monolithic photonic crystal integrated structure. And the structure
which covers over a large bandwidth combines the ultra-compact
size, low driving voltage and high modulation bandwidth.

In order to investigate the designed modulator further, we
study the characteristics of the pulses in the 100 GHz MZI
modulator by time-domain simulation when different voltages
are applied. At the input of our MZI modulator, we launch a pulse
with a Gaussian frequency profile, a carrier frequency of
wo = 0.416(2zc/a), and a FWHM of Aw/wy =1/500. During the
simulations, we monitor the electric field E(t) at end of the two
arms of the modulator. According to expression (5), when the
applied voltage is 0V, 0.66V, and 1.32V, the refractive index
change |An| is 0, 0.00331, 0.00662 respectively, and the phase
differences of the two arms of the modulator are 0, /2, and =
respectively based on expression (7).

When the applied voltage is 0V, there is no refractive index
change, and the simulation result is shown in Fig. 11. As shown in
Fig. 11(b), it is clear that there is no phase difference between the
pulse in the upper arm and the pulse in the lower arm. Next we
change the refractive index to n;y —|An| in the upper arm in the
slow light region of the modulator, and refractive index to
niy+|An| in the lower arm in the slow light region of the
modulator. When |An| is 0.00331, the corresponding applied
voltage is 0.66 V, and the simulation result is shown in Fig. 12.
It is obvious that the phase difference between the pulse in the
upper arm and the pulse in the lower arm is /2 in Fig. 12(b). If |An|
is 0.00662 and the corresponding voltage is 1.32 V, the simulation
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Fig. 10. Steady state electric field profile for the TE-polarized propagating through MZI modulator.
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Fig. 11. (a) The electiec field is plotted as a function of time.The red and the blue signals represent the output pulses in the upper and lower arms of the modulator
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Fig. 12. (a) The electiec field is plotted as a function of time.The red and the blue signals represent the output pulses in the upper and lower arms of the modulator
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modulator respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

result is shown in Fig. 13. We can note that the phase difference is characteristics of the designed modulator. The transmission data is
# in Fig. 13(b). Meanwhile, we also monitor the electric field normalized to the output spectrum of the modulator. Our result
squared IEP? at output end of the modulator, and the simulation indicates that the optical loss over the low dispersion bandwidth
result is shown in Fig. 14. We can note that when U=U,/4 is (1539.4—1561.7 nm) is 5.1 + 0.8 dB, which includes optical loss
applied, the output light intensity is nearly half of the output light from the slow light crystal, propagation loss from the material

intensity without applied voltage, which agrees with the trans- and the mental electrodes and the loss in the splitter-combiner.
mission curve of MZI electro-optic modulator when the phase The simulation results in Section 4 indicate that the optical loss in
difference between the two arms is z/2. the splitter-combiner is 2.1 dB and the optical loss in the slow

Next we study the optical losses of the designed modulator light waveguides (including couplers) is 2.6 dB. From the data
according to the way used in [40]. Fig. 14 shows the transmission mentioned above, one can see that the losses are mainly from the
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Fig. 14. The electiec field squared is plotted as a function of time,observrd at the
output end of the modulator when different voltage U is appled to the modulator.

optical losses which are from the slow light crystal, propagation
losses from the material and the losses in the splitter—combiner

(Fig. 15).

6. Conclusion

In this paper, we study a slow light MZI electro-optic modulator
in theory. The modulator is firstly studied on a monolithic
photonic crystal integrated chip by simulation. The modulator
consists of four parts: the splitter, combiner, slow light waveguides
and step tapers. With optimization, these parts are integrated on
the same photonic crystal chip with high performance to realize
the function of modulating. The group index is achieved to be
ng =27.5. The transmission of the splitter is above 40% (each
output) and the transmission of the combiner is above 70%. With
the step taper, the coupling efficiency is highly enhanced and the
transmission of the modulator is highly improved. Finally, we have
successfully combined the ultra-compact size, low driving voltage
and high modulation bandwidth for the structure which is of a
drive voltage of 0.66V, a bandwidth of 100 GHz and a size of
L=91.59 um. Meanwhile, the structure can also be designed with
a drive voltage of 0.41V, and a size of L=129.64 ym which can
work on the modulation bandwidth of 60 GHz. And the modulator
covers over 22.3 nm optical bandwidth at telecom wavelength
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Fig. 15. Transmission spectrum of the MZI modulator (blue curve) and the
calculated group index (red curve). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

range. The proposed structure is promising and potent for device
integration especially for those based on photonic crystal in
theory.
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