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Abstract

We review the basic principles, structural designs, and electrical characteristics of photonic crystal waveguide modulators based on
slow light Mach-Zehnder interferometers. A number of structural and electrical configurations of photonic crystal waveguide modulators
are discussed. In addition to the advantages associated with the slow group velocity, photonic crystal waveguide modulators are found to
exhibit other structural and optoelectronic merits for high speed modulation. We also briefly review past work on silicon modulators and
present certain speed scaling of silicon modulators. The scaling is governed by certain intrinsic optoelectronic properties of silicon and
fundamental nature of light, and plays a significant role in determining the minimum ac current density and power of silicon modulators
as demonstrated in some recent experiments.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon, the premium material for the semiconductor
industry, has long been excluded from the list of favorable
optoelectronic materials owing to some of its intrinsic opti-
cal properties. An indirect bandgap results in extremely low
radiative recombination efficiency of silicon, which remains
the main stumbling block for developing silicon lasers [1].
The intrinsic lattice symmetry prohibits silicon to have sec-
ond-order optical nonlinearity, which limited the use of sil-
icon in optoelectronic devices such as modulators and
switches [2,3]. Soref and Bennett studied the effect of free
0038-1101/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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carriers in silicon in 1987 [4]. They concluded that the
plasma dispersion effect is adequate to produce sufficient
change of refractive index with an acceptable optical loss
for telecommunication wavelengths. Lorenzo and Soref
subsequently demonstrated some switching effect with an
integrated silicon device [5]. This opened new avenues to
active photonic devices on silicon. However, for over a dec-
ade and a half, the speed of silicon modulator never
reached the gigahertz mark [6–12], although gigahertz
modulation was predicted in a certain resonant structure
on silicon [13,14]. The turning point came in 2004 when a
research group from Intel abandoned the dominant p–i–n
diode configuration for silicon modulators and broke the
gigahertz barrier with today’s favorite structure for digital
electronics: the metal–oxide–semiconductor (MOS) capaci-
tor [15]. In the next year, Lipson’s group at Cornell discov-
ered that a p–i–n diode, when integrated into a micro-ring
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resonator, did have the capability of producing gigahertz
modulation [16]. These two milestone works kindled a
worldwide pursuit for high speed optoelectronic devices
on silicon in the last few years [17–21]. Most recently, Intel
reported 30 Gbit s�1 transmission through a p–i–n diode
modulator [21].

While the speed issue was the major concern in most
part of the last two decades, the large size and power con-
sumption of silicon modulators stand out as silicon inte-
grated optoelectronic chips approaches reality. Intel’s
MOS modulators and p–i–n diode modulators generally
require an interaction length of a few millimeters or longer
[15,21]. The ring modulator is capable of delivering high
speed with a compact form factor [16]. However, the nar-
row optical bandwidth of a ring resonator limits its value
for high speed applications. In principle, a number of ring
modulators can be cascaded to achieve a larger aggregated
optical bandwidth, yet the array of rings would occupy a
larger area, weakening the size advantage of micro-ring
modulators. It also entails engineering issues such as accu-
rate patching in the wavelength domain and the coordina-
tion between the cascaded rings under high injection.
Nonetheless, ring modulators remain attractive for applica-
tions require compactness and less broad optical band-
width. Also, rich physics phenomena in ring resonators
add strongly to their research interests.

2. Slow light effect in a photonic crystal waveguide and its

application in modulators

The beginning of 21st century witnesses the pervasive
presence of nanostructures and nanofabrication in science
and technology. In photonics, nanostructures, particularly
photonic crystals [22–42], hold the promise of achieving the
same function in a significantly reduced device size with
reduced power consumption (e.g. thresholdless lasers based
on photonic crystal cavities [22]). Optical waveguides based
on photonic crystal line defects, the so-called photonic
crystal waveguides (PCWs), have demonstrated the capa-
bility of slowing down the speed of light by up to one thou-
sand times [28,31]. Such a slow light device has a profound
impact on the phase change over a segment of photonic
crystal waveguide. When incorporated in silicon Mach-
Zehnder modulators photonic crystal waveguides may, as
first proposed by Soljacic et al. [33], significantly enhance
the phase modulation efficiency and thus reduce the modu-
lator electrode length by several orders of magnitude. A
Fig. 1. A schematic of a photonic crystal waveguide modulator.
schematic of a photonic crystal waveguide modulator is
depicted in Fig. 1.

To illustrate this effect, consider a typical dispersion
relation of a photonic crystal waveguide mode shown in
Fig. 2a (from Ref. [36]). When the refractive index of core
material changes slightly, the dispersion curve shifts verti-
cally by an amount of Dx0 � x(Dn/n). Consider the effect
for a fixed frequency (or, equivalently, a fixed wavelength).
The change of propagation constant is related to the fre-
quency shift through a factor inversely proportional to
the group velocity,

DbPC ¼ Dx0=vg: ð1Þ
The phase shift across a segment of PCW of length L

can be expressed by D/ = DbPC Æ L. Therefore, the interac-
tion length required to obtain a p phase shift for a guided
mode is

L � n
2Dn

vg

c
kair; ð2Þ

where kair is the wavelength in air. Now it is evident that
when the group velocity approaches zero near the band
edge, the interaction length required to achieve a given
phase shift can be reduced significantly.

To further understand why the change of wavevector (or
propagation constant) is not simply Dk = k0Dn as in a
homogeneous medium, we examine the dispersion curva-
ture of a homogeneous medium shown in Fig. 2b. A change
of refractive index causes the linear dispersion relation to
change its slope, pivoting around the origin of the x–k dia-
gram. For a photonic crystal waveguide, the periodicity of
the dispersion relation x(bPC + 2p/a) = x(bPC) and usual
Fig. 2. (a) A typical dispersion diagram of a photonic crystal waveguide;
(b) a typical dispersion diagram of a homogeneous medium.
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inversion/mirror symmetry along the waveguide axis
ensure an extremum (maximum or minimum) of x(bPC)
at bPC = p/a, where vg = x(bPC) = 0. Upon a perturbation
of the refractive index, this extremum must stay at bPC =
p/a (we assume the lattice constant a does not change).
Under such a condition, the dispersion curve only has the
freedom of shifting vertically and/or changes its ‘‘effective
mass’’ (using the terminology of the semiconductor energy
bands). The change of the ‘‘effective mass’’ is usually negli-
gible for a small perturbation of the refractive index.
Therefore, the change of bPC is mainly due to the vertical
shift of the dispersion curve.

A more intuitive interpretation is that light travels
slower in a PCW and has more time to interact with elec-
trons. This results in enhanced light-matter interaction
and allows for the shrinkage of the interaction length.

3. Engineering a photonic crystal waveguide modulator

While the scientific principles of a photonic crystal
waveguide modulator have been known since 2002, the
design and fabrication of such a modulator proved to be
challenging. For a device of any use in communications,
high speed modulation well beyond kilohertz is desired.
Engineering such a structure requires a combination of
the knowledge of the physics and engineering in photonics,
electronics, and heat transfer in order to realize its advan-
tages over conventional modulators.

For an optical modulator, the most important perfor-
mance indexes are modulation depth, optical bandwidth,
insertion loss, half-wave voltage Vp (usually measured at
DC), electrical bandwidth, driving current or power con-
sumption. In addition, if optical modulators are to be inte-
grated into planar lightwave circuits that can be mass
manufactured with today’s VLSI technology, the modula-
tor design must be compatible with the prevailing process-
ing and packaging technology. In these regards, the
modulator design covers much broader issues beyond the
scope of this paper.

Although it is possible to fabricate a Mach-Zehnder
interferometer made of photonic crystal waveguides
entirely, such a structure is complicated for a number of
reasons. According to the foregoing discussions, the key
advantage of introducing photonic crystal waveguides into
a Mach-Zehnder modulator is the reduced interaction
length, i.e. the length of the waveguide segment that is sub-
ject to electrical tuning of the refractive index. As discussed
in a later section, it is the interaction length, not the overall
length of the MZI, that relates to other critical issues such
as voltage, current, and power consumption of a silicon
modulator. For initial demonstrations, it is reasonable to
use a photonic crystal waveguide only for this electrically
controlled segment so as to reduce the design complexity
of the device. This idea seems to gain popularity in many
early demonstrations [35–37].

One common concern for all photonic crystal waveguide
devices is the optical loss. Early demonstrated photonic
crystal waveguides suffered high propagation loss in excess
of 10 dB/mm. By improving fabrication accuracy and
homogeneity, passive photonic crystal waveguides were
later demonstrated with low propagation loss, 1.5 dB/mm
for oxide-clad ones and 0.6 dB/mm for air-clad ones [38].
These values are acceptable for many miniaturized pho-
tonic crystal waveguide devices including modulators.
The short lengths (<1 mm) of photonic crystal waveguides
employed in these devices result in a low value of total
propagation loss around 1 dB. This is also one of the rea-
sons why photonic crystal waveguides were not used to
form the entire Mach-Zehnder interferometer in many
demonstrated modulators. Direct coupling from a standard
telecommunication single-mode fiber to a photonic crystal
waveguide may give rise to loss as high as 30 dB due to
obvious mismatch in mode profiles and effective indices.
A mode converter comprising an in-plane adiabatic inverse
taper and a core-elevated polymeric waveguide was realized
in experiments to lower the coupling loss to 3–4 dB per
coupling interface [38]. Detailed characterization of the
losses of passive Mach-Zehnder interferometers was also
reported [35]. These experiments indicate that with a good
mode converter and careful processing, PCW Mach-Zehn-
der modulators may have an overall insertion loss below
6 dB. Further optimization of the coupling structure may
help reduce the insertion loss to even lower level.

More critical issues of device physics arise from design-
ing the electrical structure of the modulator. There are
many schemes of injecting electrons and holes into such a
photonic crystal waveguide. As previously discussed, the
early work on silicon modulators highly favored the p–i–n
diode configuration whereas the Intel group advanced the
MOS capacitor structure. To embed an electrical structure
into a photonic crystal waveguide requires thoughtful anal-
ysis. Generally, the electrical structures can be divided
into two categories, vertical configurations or horizontal
configurations. Here we briefly comment on two structures:
a vertical MOS capacitor, and a horizontal pin diode, as
depicted in Fig. 3a and b, respectively.

3.1. Vertical MOS capacitor configuration

The MOS capacitor is a unipolar device. Under accumu-
lation conditions, the fast injection and withdraw of carriers
predominates over the slow and weak carrier recombination
or generation processes in silicon, thereby providing a fast
mechanism for modulating the refractive index of silicon.
For the vertical MOS capacitor, the key problem stems
from the top electrode. To reduce the optical loss, a thick
poly-Si layer must be inserted underneath the top electrode
to ensure the tail of the optical mode field is weak enough
when it reaches the electrode. Such a thick poly-Si layer
causes a W1 waveguide [28] to have multiple modes, which
is undesirable for MZI. Although it is possible in principle
to reduce the waveguide width and enforce the single mode
condition, this generally results in a poly-Si structure with
high aspect ratio. Such a structure may cause difficulties
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Fig. 3. Various electrical structures of a PCW Mach-Zehnder modulator: (a) & (b) vertical MOS capacitor; (c) & (d) horizontal p–i–n diode.
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in planarization or other processing steps. In addition, the
electric current generally flows in the electrode along the lon-
gitudinal direction, entering and exiting through the two
ends of the metal wire. In such a structure, the effective
crosssection for the current flow equals the waveguide width
times the metal thickness. As the waveguide width is usually
on the submicron scale, the crosssection is too small for a
high current to pass through. Note that metal wires can sus-
tain a current density no higher than certain limit due to the
electro-migration and other issues [43]. A smaller current
for such a configuration would generally result in low mod-
ulation depth. It is possible to design a complicated struc-
ture that supplies the carriers into the metal from the
sides rather than the two ends. Then the effective cross-sec-
tion for the electric current in the metal wire becomes equal
to the waveguide length times the metal thickness, usually a
two-order of magnitude increase. However, the dielectric
structure of such a photonic crystal waveguide would be sig-
nificantly revised from the standard type that has been well
documented in literature [28,35]. Further study is needed in
this area.
3.2. Horizontal p–i–n diode configurations

Horizontal configurations avoid most of the aforemen-
tioned problems associated with the vertical configurations
and allow us to take advantage of the vast existing knowl-
edge of standard photonic crystal waveguides. The MOS
capacitor configuration usually gives to a thin layer of
charge carriers that overlap with a very small portion of
the optical mode field. This is not conducive to enhancing
the interaction between light and electrons. Therefore, we
considered the p–i–n diode as the first choice. The p–i–n
diode based modulators were considered slower than the
MOS based modulators [15]. In most silicon modulators,
the carrier generation process has a negligible effect for
high speed modulation. The key carrier transport/transi-
tion processes that are responsible for producing high
speed optical modulation thus include carrier recombina-
tion, diffusion, and drift. For moderate to high forward
injection levels, the diffusion process provides the main
portion of the excess carriers and electric current. Upon a
sudden switch to the reverse bias in a modulation cycle,
the junction voltage and the internal field remain at rela-
tively small values before the excess carriers stored in the
i-region are removed. At this stage, diffusion and recombi-
nation are important to expedite the removal of excess car-
riers in the i-region. Recent simulations and experiments
already revealed that the removal of carriers under reverse
bias was rapid for compact p–i–n diode modulators whose
waveguide cross-sections are less than 0.5 · 0.5 lm whereas
the slow rising time under forward bias was the primary
concern [12,14,16]. Finally, we would like to emphasize
that a horizontal p–i–n diode is more planarized than a ver-
tical MOS capacitor as shown in Fig. 3. The planarization
advantage is of critical importance for fabrication and inte-
gration of such a modulator with microelectronic circuits,
for optical interconnects and other on-chip applications.
3.3. Advantage of photonic crystal waveguides for

modulators

We would like to point out another important advan-
tage of using photonic crystal waveguides. For a modulator
in the horizontal carrier injection scheme, it is desired to
have a waveguide cladding that is optically insulating while
being electrical conducting. In other words, light can not
leak through the cladding, but electrons/holes can be
injected through the cladding. A photonic crystal wave-
guide exactly fulfills this requirement, as shown in
Fig. 4a. In contrast, in a conventional modulator, we need
to etch down the side of a rib waveguide to achieve opti-
cal confinement (or making it optically insulating), as
shown in Fig. 4b. This simultaneously reduces the electrical



Fig. 4. Comparison of (a) a photonic crystal waveguide and (b) a conventional waveguide for optical confinement and carrier injection.
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conductivity significantly, it also requires that electrons/
holes to diffuse vertically to overlap with the peak of the
optical field. This could significantly compromise the mod-
ulation efficiency and/or speed.

We shall mention that some early experimental work of
MZIs based on photonic crystal waveguides. In 2004, a
passive Mach-Zehnder interferometer (MZI) made of pho-
tonic crystal waveguides entirely was reported using
compound semiconductors [32]. Subsequent work demon-
strated thermo-optic tuning of the transmission by heating
such a MZI [34], although it did not employ the slow light
effect to reduce the switching power. Although it is possible
to build a Mach-Zehnder interferometer made of photonic
crystal waveguides entirely, such a structure is complicated
for a number of reasons including routing the driving
circuitry to the electrode between the two arms of the
MZI [44].
4. Electrical characteristics of photonic crystal waveguide

modulator

Although two early key demonstrations showed con-
vincing evidence that the slow light effect did help to signif-
icantly reduce the peak switching power or current [35,36]
for a photonic crystal waveguide MZI modulator, the
speed of these two modulators were only suitable for cer-
tain switching/routing applications. A key issue for high
speed silicon modulators is the driving voltage. Gigahertz
silicon modulators typically have a peak driving voltage
well above 5 V [15,16,21]. Such a high driving voltage
and the accompanied high power consumption are undesir-
able for most on-chip applications. It turns out that the
high voltage and power issues can be attributed certain
intrinsic property of silicon and the fundamental limit of
the size of a guided optical mode.

Intensity modulators made of silicon generally need to
dynamically produce a critical carrier concentration pertur-
bation on the order of (DNe)c = (DNh)c = 3 · 1017 cm�3

[4,7,8,13]. With this general requirement, we examine the
speed scaling of silicon p–i–n diode modulators. Consider
an arbitrary optical waveguide whose core width is gener-
ally on the order of wcore = 1 lm for wavelengths around
1.55 lm. For moderate to high forward injection, we
assume that everywhere in the diode the excess carriers
concentrations are non-decreasing during the forward-bias
stage. Also, the carrier generation is negligible for moder-
ate to high injection levels. Therefore, the excess carriers
are ultimately supplied externally by the injected current.
Regardless of the detailed carrier transport mechanism,
the time required to fill the waveguide core to an optically
critical level of (DNh)c in such a scenario can not be shorter
than

Dt ¼ qwcoreðDN hÞc=J ; ð3Þ

where J is the current density, and q is the electron charge.
Note that a similar form was used to analyze a case where
the recombination process prevailed [7]. Also, this limit re-
duces to the well-known transit time limit if the drift cur-
rent dominates J � q(DN)vd, where vd is the drift velocity.

The importance of Eq. (3) lies in the fact that the quan-
tities q, wcore and (DNh)c are either fixed or have certain
limits set by the fundamental physical laws. For example,
the lower limit of the waveguide core width (or more accu-
rately, the mode field width) is generally on the order of the
wavelength due to the fundamental nature of light. The
optically critical carrier concentration is an intrinsic prop-
erty of silicon. For these reasons, this relation can be con-
sidered a fundamental limit for a wide range of silicon
based intensity modulators, including the MZI, directional
coupler, or other types [45].

The scaling of Eq. (3) may also be expressed in terms of
the modulation frequency f. Assume the filling time takes a
half period Dt = 1/(2f), then

J ¼ 2qwcoreðDNhÞcf ; ð4Þ

A simple calculation shows that the scaling according to
Eq. (4) requires a current density on the order of 104 A/cm2

for f = 1 GHz. For a conventional waveguide modulator,
the cross-section for the electric current to pass is given
by A = hL. Assuming a waveguide height h above 1 lm
and a waveguide length L around 1 mm, this requires a cur-
rent above 0.1 A. Note a vertical diode setting will reverse h

and wcore but the conclusion remains the same. Even if a
conventional silicon modulator can achieve a low imped-
ance value of 50 X, the required power and voltage may
yet not be acceptable for most on-chip optical interconnect
applications [48–50]. Scaling down the device dimensions
can be the answer to this difficulty. Photonic crystal based
structures are capable of shrinking the device interaction
length to tens of microns and the device height to hundreds
of nanometers, which significantly reduces the overall cur-
rent for the same current density. In some other configura-
tions such as the vertical MOS capacitor mentioned above,
the cross-section of the electric current could be A � wcoreh.
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Generally, because wcore� L, this significantly limits the
overall current for a given maximum current density and
is not desired for high speed modulators.

We shall mention that Eqs. (3) and (4) may be applicable
to a MOS capacitor based silicon modulator as well. A
MOS capacitor requires no electric current for dc opera-
tion. For dynamic modulation, if we assume that through-
out the carrier flow path from the P+ and N+ contact
regions to the accumulation regions near the oxide, the car-
rier concentrations are non-decreasing everywhere under
the accumulation conditions, then again the excess carriers
must be supplied by external sources. Therefore, the rela-
tion between the excess carrier concentrations and the ac
current density as given in Eqs. (3) and (4) remains valid.

The electrical characteristics of the modulator were sim-
ulated using a commercial simulator Medici. Fig. 5a and b
shows that for a low voltage Von = 0.89 V, it takes a long
time Dt = 6.78 ns to reach 3 · 1017 cm�3, whereas for
Von = 2 V, it takes only 0.58 ns as plotted in Fig. 5c [41].
The carrier concentrations are almost independent of the
depth as shown in Fig. 5a and b. Key physical processes,
Fig. 5. Time dependent injected hole concentrations for two driving voltages.
crosssection for Von = 0.89 V. It takes a long time Dt = 0.87 s to reach the cri
horizontal line at the half-depth of the top silicon layer [41].
such as Read–Shockley–Hall recombination, Auger recom-
bination, and impurity-concentration-dependent and field-
dependent carrier mobilities, were included in our model.

The injection level J � 104 A/cm2 required for gigahertz
modulation falls in the high injection regime of a diode.
Assume the i-region of the p–i–n diode is lightly n-doped.
Under the common low injection condition where the per-
turbation of electron concentration DNe� Ne, we have

n2
i expðqV j=kBT Þ ¼ ðN e þ DN eÞðNh þ DNhÞ � N eDNh; ð5Þ

where ni is the intrinsic carrier concentration of silicon, Vj

the voltage across the junction, kB the Boltzmann’s con-
stant, and T the temperature. In the high injection regime
where DNe� Ne, we have [46,47]

n2
i expðqV j=kBT Þ ¼ ðN e þ DN eÞðNh þ DNhÞ � DN eDN h:

ð6Þ

This causes a ‘‘slower’’ carrier concentration increase
with Vj in the form of

DN e ¼ DNh ¼ ni expðqV j=2 kBT Þ: ð7Þ
(a) and (b) 3D plot of the injected hole concentrations over the waveguide
tical level of 3 · 1017 cm�3. (c) 2D plot of the hole concentrations along a



Fig. 6. Performance of a high speed PCW modulator fabricated by us [41].
(a) Optical intensity at the modulator output as a function of the static
applied current. (b) The normalized output optical intensities of the
modulator at 1 Gbit s�1. Note the time axis has a factor of 10�9.
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As Vj approaches the contact potential V0 = (kBT/q) ·
ln(NaNdi/n2

i ), this gives

DN e ¼ DN h ¼ ðN aN diÞ1=2 � 2:3� 1017 cm�3; ð8Þ
much lower than DNh = Na for an ideal diode. Here Na is
the acceptor concentration of the p-region, and Ndi the do-
nor concentration of the i-region.

A simplistic estimation of voltage and power consump-
tion is worth mentioning. Based on Eq. (4), one would
obtain I = 2 mA for a photonic crystal waveguide having
parameters L = 80 lm and h = 0.25 lm. Assume a value
of the contact resistance Rcontact = 50 X. The voltage drop
on the contact resistance is smaller or comparable to the
junction voltage. Assume an AC voltage amplitude of
1.5 V. One may estimate that the minimum power con-
sumption would be 3 mW. For 10 GHz modulation, the
current increases 10 times to 20 mA according to Eq. (4),
and the voltage drop on the contact becomes substantial.
Ideally, it appears possible to obtain 10GHz modulation
with less than 50 mW power. However, these simplistic
estimations may overlook some potential issues of actually
reaching extremely high current densities [47]. We shall be
wary of additional expenses we may need to pay on carrier
transport for 10 GHz modulation.

5. Fabrication and measurement

Vlasov et al. fabricated a photonic crystal MZI and
characterized the interference spectrum of with great care
[35]. Using an unbalanced MZI that had two slightly differ-
ent photonic crystal waveguides in two arms, they mea-
sured the group velocity with high accuracy and obtained
an inspiring scaling of the transmission loss versus the
group velocity. They also reported sub-microsecond
switching time through the thermo-optic effect in such a
photonic crystal MZI.

We also reported a photonic crystal waveguide modula-
tor with an 80 micron interaction length in November 2005
[36]. Most recently, we fabricated the first high speed silicon
photonic crystal waveguide modulator [41] on a silicon-on-
insulator (SOI) wafer. The optical waveguide layer (both
the conventional silicon waveguides and the photonic crys-
tal waveguides) was patterned by electron-beam lithogra-
phy and drying etching. A thin thermal oxide layer was
grown to passivate the silicon surface. P+ and N+ regions
were defined using photolithography and implanted to a
concentration about Na = Nd = 5 · 1019 cm�3. The intrin-
sic region was n-doped to Ndi � 1015 cm�3. The aluminum
electrodes were patterned by photolithography. To sustain
high current density, care was taken to design the geometry
of the highly doped regions and electrodes.

The optical characterization of a high speed p–i–n diode
based MZI modulator recently made by us was conducted
for the transverse electric (TE) polarization at a wavelength
of 1541 nm [41]. Polarization maintaining (PM) fibers with
lensed taper-ends were used to couple light into the wave-
guides. As shown in Fig. 6a, a maximum modulation depth
of 93% was obtained at a static injection current of 7.1 mA,
indicative of low optical absorption under an injection level
around 4 · 104 A/cm2. Square wave input electrical signals
having a peak-to-peak amplitude of 3 V (Von = 2 V,
Voff = �1 V) and a duty cycle of 50% were produced by
an Agilent 8133 A pulse generator. The output optical
intensities of the modulator at the bit rates of 2 Mbit s�1

and 1 Gbit s�1 were measured. Thermo-optic modulation
at these high frequencies is estimated to be insignificant
compared to electro-optic modulation. A high modulation
depth of 85% at 2 Mbit s�1 was obtained. The modulation
depth was reduced by 3 dB as the modulation frequency
increases to 1 Gbit s�1, which marks the 3-dB bandwidth
of our device.

Thermo-optic effects in a photonic crystal waveguide
MZI have been discussed in the literature [34,35,37,42].
For a silicon modulator, it is often important to obtain a
rough estimate of the thermo-optic effect against the mod-
ulation due to the plasma dispersion effect. Past work in sil-
icon modulators investigated the static heat transfer
process to give such an estimate [9,11]. Further study is
necessary in this area.

Wei
Highlight
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Finally, a modulator entirely made of photonic crystal
waveguides may be desired for further miniaturization.
Many design, fabrication, and reliability issues not present
thus far could emerge. For example, one shall pay attention
of potential mismatch of the transmission band of the pho-
tonic crystal waveguide bends and that of a straight pho-
tonic crystal waveguide [51]. Yet no fundamental hurdle
is in sight to making such a compact, low-power photonic
crystal waveguide modulator that can outperform the con-
ventional modulators in size and power with acceptable
optical loss and bandwidth. With silicon CMOS technol-
ogy, silicon photonic crystal guided-wave modulators
may eventually reach a level of maturity ready for real
world applications.

This work is supported by Air Force Office of Scientific
Research.
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