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The authors demonstrate how slow group velocities that are easily attainable at the band edge of

photonic crystals can drastically enhance the electro-optical effect on tunable photonic crystal

components. This property opens up the possibility of microsized nonlinear devices with low power

requirement. In this letter we show how these possibilities for enhancement of nonlinear effects have

been used to fabricate a 13�13 �m2 sized lithium niobate photonic crystal intensity modulator that

shows an enhanced electro-optic effect 312 times bigger than the one predicted by the classical

Pockels effect for an equivalent device in bulk material. © 2006 American Institute of Physics.

�DOI: 10.1063/1.2402946�

During the last years, there has been a great interest in

photonic crystals �PCs� due to their ability to manipulate

photons and to their potential applications in photonic infor-

mation technology.
1

By replacing standard optical devices by

the photonic crystal equivalent optical circuit, a considerable

size and optical loss reduction can be achieved, leading to

micrometric switches, modulators, or reconfigurable net-

works. In the perspective of integrating dense optical circuits

on small surfaces, tunable PCs present special interest. They

typically consist of a periodic array of air holes on a dielec-

tric substrate whose optical properties are modified by an

external physical signal �electric or magnetic field, tempera-

ture, strain, etc.�.2–15
One of the most suitable tuning

schemes may be based on the application of an electric field,

due to the technical compatibility of the PC components with

current microelectronic technology. Indeed, one of the most

promising tunable PC configurations is a polymer-based pho-

tonic device tuned by the Pockels effect showing sub-1-V

sensitivity.
9

However, up to now, electro-optically tunable PCs have

limited tunability because of the small attainable changes in

the refractive index although these small changes are suitable

to realize electro-optic photonic crystal superprism devices.
16

In this letter we demonstrate that the electro-optic tunability

of a PC can be drastically enhanced if the device operates at

low group velocities.

It is well known that nonlinear effects can be enhanced

in systems with slow group velocity as a result of the com-

pression of the local density of states.
1

For this purpose,

some theoretical and experimental studies have already been

published.
17–20

An interesting application has appeared re-

cently, exploiting the slow light phenomena in PC devices to

enhance Kerr and four-wave mixing in a one-dimensional

structure.
21

However, no experimental application has ap-

peared so far putting in evidence that slow light can also be

used to enhance the second order nonlinear susceptibility in a

two-dimensional �2D� photonic crystal. In this letter, slow

light phenomenon is directly exploited to enhance the

electro-optic tunability of a lithium niobate photonic crystal.

The choice of lithium niobate as substrate material is

motivated because of its large electro-optic, acousto-optic,

and nonlinear optical coefficients. In addition, it has exten-

sive applications in piezoelectric, acousto-optic, nonlinear,

and photorefractive devices.

We have fabricated lithium niobate �LN� photonic crys-

tals and shown an experimental realization of a LN photonic

band gap structure.
22,23

One additional step is attained in this

work towards the fabrication of multitunable, ultracompact

photonic crystals with the experimental demonstration of a

low-voltage, micrometric-sized electro-optic LN photonic

crystal intensity modulator. The modulator, exhibits wave-

length shift sensitivity 312 times larger than what is pre-

dicted by the classical Pockels effect applied to a nonstruc-

tured LN substrate. The measured shift corresponds to a

refractive index variation of 0.3 for an applied external volt-

age of 80 V. With an active length of only 11 �m, our de-

vice exhibits sensitivity 1000 times higher than state of the

art electro-optical tunable photonic crystals.
9

The device consists of a 15�15 squared array of air

holes etched by focused ion beam �FIB� on a gradient index

LN waveguide. The fabrication details of the structure are

described in detail in a previous work.
23

An alternative fab-

rication technique that consists of electric poling and subse-

quent etching has also been reported elsewhere.
24

The geo-

metrical parameters of the PC are fixed by theoretical

calculations so that an edge of the gap corresponds to the

operating wavelength of 1550 nm. The dispersion relation-

ship for the first Brillouin zone is shown in Fig. 1�a�. As we

can see, the �X direction presents a flat band edge that gives

rise to low group velocity propagating conditions. In what

follows we shall see that if we design our device in this band

edge operating zone, slow photons are going to enhance

lithium niobate nonlinear effects, in particular, the Pockels

effect.

By using two-dimensional finite difference time domain

�2D-FDTD� homemade calculations, we have determined

that a squared arrangement of holes with a period a

=766 nm and r /a=0.27 ratio �r being the radius of the hole�
induces a gap with an edge at 1550 nm in the �X direction of

propagation and TE polarization �see Figs. 1�b� and 1�c��. Ana�
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interesting feature in the transmission spectrum �Fig. 1�c�� is

the presence of a peak that could also be modulated at

1460 nm. An index variation is induced by the Pockels effect

using coplanar electrodes deposited on the structure. In order

to benefit from the largest electro-optical coefficient of the

LN substrate, which is r33=30.8 pm/V at 1550 nm, the elec-

trodes are disposed at both sides and parallel to the optical

waveguide. The wafer is cut normally to the x axis, and the

propagation of the light follows the y axis �see Fig. 1�b��. By

injecting a TE-polarized light into the photonic structure, a

maximum index variation can be obtained. By applying the

classical Pockels formula to lithium niobate, a 0.01 index

variation should typically correspond to a 67.10 V/�m elec-

tric field and an 863 V applied voltage. In what follows, we

show that the photonic structure at the band edge of the

dispersion curve lowers considerably the expected driving

voltage.

Figures 2�a� and 2�b� show the scanning electron micro-

scope �SEM� image of the photonic crystal and a photograph

of the fabricated tunable device, respectively. The electrodes

have been fabricated by depositing 150 nm of Ti by sputter-

ing �Alcatel SCM 450�. The distance between both elec-

trodes is 13 �m and their length is 8 mm. The LN sample

containing the electrodes and the photonic crystal is placed

in a butterfly shaped electronic circuit to facilitate the elec-

trical connection. On the circuit, two copper lines have been

traced and the Ti electrodes are connected to them through

wire bonding.

In order to characterize the transmission spectrum, a

white light source was employed. The white light is gener-

ated by a subnanosecond microchip laser emitting light at

1064 nm with 8 �J/pulse. The laser light is coupled into

20 m of photonic crystal fiber, which enhances the nonlinear

effects required for the generation of a large band supercon-

tinuum �600,1800� nm. In the first experiment, the elec-

trodes are connected to a continuum voltage generator. The

schematic of the experiment is the same as in Ref. 23.

The transmission spectrum for different excitation volt-

ages is shown in Fig. 3�a�. At 0 V two consecutive stop

bands are observed. Their location corresponds to the theo-

retical prediction �first band �1125,1200� nm, second band

�1400,1550� nm� although the measured stop bands are

wider due to fabrication imperfections. However, no peak

has been measured in this particular sample although we

have experimentally observed it in other samples presenting

the same geometry �see inset on Fig. 3�a��. The absence of a

peak can be attributed to imperfections in the geometry that

has been confirmed by numerical simulations. Indeed, we

have calculated the transmission spectrum when the holes

are slightly misaligned, obtaining a stop gap without any

peak. Given the resolution of a FIB �around 50 nm�, it is

possible that the absence of the measured peak in this par-

ticular sample is due to a slight misalignment of the FIB

during the etching process.

When a continuous voltage is applied, the band gap

shifts �Fig. 3�a��. The measured wavelength shift is

2.5 nm/V. This value is 312 times bigger than the shift pre-

dicted by the Pockels equation in bulk �0.008 nm/V�. The

band shift changes direction as we invert the applied voltage

sign, confirming an electric effect �Fig. 3�b��. To rule out

photorefractive additional effects we have repeated the same

experiment with the sample continuously illuminated by a

blue laser beam �50 mW, �=473 nm�, where photorefractive

effect is most significant for lithium niobate,
25

over 3 h. No

additional effect was appreciated. It is necessary to point out

that index variations due to photorefractive effect are gener-

FIG. 1. �Color online� �a� Band diagram for the first Brillouin zone in a

squared lattice lithium niobate photonic crystal. �b� Schematic of the simu-

lated structure that consists of 15�15 holes arranged in a squared lattice. �c�
Numerical simulation of the transmitted intensity through the photonic crys-

tal structure performed by 2D-FDTD method.

FIG. 2. �Color online� �a� Scanning electron microscope �SEM� image of

the fabricated squared lattice lithium niobate photonic crystal. �b� Picture of

the electro-optic tunable photonic crystal device.

FIG. 3. �Color online� �a� Measured transmission of the photonic crystal for

different applied external voltages �0, 40, and 80 V�. Inset: Measured trans-

mission of a different LN substrate with the same geometry, where the

central peak has been observed. �b� Wavelength shift measured for a �

=1300 nm at 0 V as a function of external positive and negative voltages.

�c� Modulation performance of the photonic crystal. The input is a sinu-

soidal signal at 13.5 V and 10 kHz. The output transmitted signal presents

an extinction ratio of 5.2 dB. The measurement has been performed at a

wavelength of 1550 nm for which the waveguide presents monomodal

behavior.
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ally three orders of magnitude smaller than the index varia-

tion reported here ��n=0.3�.
To quantify this extraordinary Pockels effect, we have

calculated the local field inside the photonic crystal device

following the same calculations as in Ref. 21 but for a 2D

photonic crystal. The local field factor is directly calculated

with the group velocity inside the bulk LN substrate, �g
bulk,

and the group velocity in the photonic crystal �g
PC,

f =��g
bulk

�g
PC

. �1�

The local field at the lower band edge of the dispersion

relation attains a value of 7 for �=1400 nm. For this particu-

lar wavelength the group velocity inside the photonic crystal

is 2.86�106 m/s, that is, 49 times smaller than in bulk

lithium niobate. Taking into account that the effective second

order susceptibility �for the photonic crystal� is obtained:

�PC
�2� = f1f2f3��2�, �2�

where ��2� is the intrinsic second order susceptibility of

lithium niobate �the PC substrate� and f i�i=1,3� are the local

field factors for the three waves involved in the second order

process.

Given that the electro-optical coefficient r33 is, in first

approximation, proportional to ��2�, we can define an effec-

tive electro-optical effect as

r33
PC = f1f2f3r33. �3�

For �=1400 nm, and taking into account that r33

=32 pm/V, the electro-optic coefficient in the photonic crys-

tal is then equal to r33
PC=10 564 pm/V. The refractive index

difference is then obtained with the Pockels formula as fol-

lows:

�n = −
1

2
r33

PCne
3Ez, �4�

where ne denotes the extraordinary refractive index and Ez is

the mean z component of the electric field applied on the

photonic crystal structure.

If Eq. �4� is applied for the lower band edge of the band

gap ��=1400 nm� and an external voltage of 80 V, we ob-

tain a �n=0.32, in excellent agreement with the experimen-

tal measurements.

Note that the right band edge does not shift as much as

the lower band edge. As we see in the band diagram �Fig.

1�a��, the right band edge is not flat, giving rise to nonzero

values for the group velocity.

An ultracompact LN electro-optic modulator has been

experimentally exploited based on the LN photonic crystal

structure previously described. The modulation performance

of this fabricated modulator has been studied and the result

of the modulated signal is displayed in Fig. 3�c�. A sinusoidal

input signal is applied to the electrodes with a driving volt-

age of 13.5 V at 10 kHz. A laser light at 1550 nm �for which

the LN waveguide is monomode� has been injected to the

structure. The transmitted output signal has a sinusoidal

shape that follows the input signal. An extinction ratio of

5.2 dB has been measured. The length of the modulator is

only 13 �m as opposed to the several millimeters exhibited

by standard LN modulators �Ref. 26�.
In conclusion, the stop band of a square lattice LN pho-

tonic crystal has been shifted with an external voltage. Un-

expectedly, the experimentally measured shift is 312 times

bigger than the one predicted by the Pockels effect, which is

due to slow light effects that enhance the second order sus-

ceptibility of the lithium niobate photonic crystal. This pho-

tonic crystal has been used as an ultracompact, low-voltage

LN intensity modulator.
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