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In this paper, we present the optical response of a tunable lithium niobate photonic crystal (PC) using the electro-optic effect of the material. The band gap tunability is 300 times higher than what one could expect for a bulk lithium niobate device of the same characteristics. Theoretical calculations based on the finite-difference time domain technique have allowed us to determine the physical origin of this enhanced electro-optic coefficient. Indeed, the effective second-order susceptibility in the LN nanostructure increases, giving rise to an ultra-compact low-voltage photonic crystal modulator when it operates at its band edge. In addition, the theoretical and far-field transmission results are confirmed by nearfield optical microscopy images of the structure at different excitation voltages.

Introduction

Photonic crystals (PCs), micrometric-sized structures that consist of periodic changes in the dielectric constant, are very attractive optical elements for integrated optics. Apart from the obvious interest that they present owing to their small size, the physical mechanisms that occur inside these nanostructures offer novel optical devices with enhanced properties [START_REF] Notomi | Extremely large group-velocity dispersion of line-defect waveguides in photonic crystal slabs[END_REF][START_REF] Schneider | Nonlinear optical spectroscopy in one-dimensional photonic crystals[END_REF][START_REF] Soljaci | Enhancement of nonlinear effects using photonic crystals[END_REF][START_REF] Vlasov | Active control of slow light on a chip with photonic crystal waveguides[END_REF]. Indeed, a very interesting feature of PC-based devices on non-linear substrates is the fact that light is strongly localized and, if the operating wavelength is near or at the band edge of the photonic band gap, the effective non-linear susceptibilities of the material can be enhanced because of the giant values of the local field factor inside the photonic structure at those wavelengths. Thus, local field factors of 5 are demonstrated for crossed Kerr effects (Razzari et al., 2005), which have direct Correspondence to: M.-P. Bernal. Tel: +41 21 6934 304; fax: +41 21 6934 666; e-mail: maria-pilar.bernal@univ-fcomte.fr applications in optical signal processing. [START_REF] Soljaci | Photonic-crystal slow enhancement of nonlinear phase sensitivity[END_REF] have also shown that slow group velocities can dramatically increase the induced phase shifts caused by small changes in the index of refraction, making an important step towards large-scale all-optical integration.

In this paper, we use a lithium niobate (LN) PC device [START_REF] Lacour | Nanostructuring lithium niobate substrates by focused ion beam milling[END_REF] to strongly enhance its electro-optic effect. The stop band of the PC moves 200 nm for an external voltage of 80 V, which means that we report on an electro-optic effect 300 times higher than what it would be measured for the equivalent bulk LN device. The device performance as well as its small active area of only 121 µm 2 makes it 1000 times smaller than state-of-the-art conventional electro-optical devices.

We have chosen LN as the active substrate dielectric material because of its multiple physical properties. It is at the same time non-linear acousto-and electro-optical, and is widely used already in the fabrication of light modulators in the domain of optical telecommunications.

Description of the structure

Two-dimensional (2D) finite-difference time domain (FDTD) simulations [START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF] have been performed in order to find the most suitable structure allowing a tunable PC at the telecommunication wavelengths. Thus, we have chosen a square lattice of holes with a period a = 766 nm and a radius r = 207 nm, resulting in an aspect ratio r/a = 0.27. The theoretical transmission band for this particular geometry is shown in Fig. 1a. We can observe a band gap between 1400 and 1550 nm that is separated into two bands by a thin ( λ = 5 nm) transmission band. Simulations, not presented in this paper, show that the width and position of the 'peak' depend on the number of rows and the period of the PC. Light is propagating in the ŴX direction and only TE polarization is taken into account owing to technological constraints [START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF]. We would like to point out the fact that the APE waveguides are TE polarized, which eases the light coupling into the waveguide since there is no need of a polarization control device.

The stop band comprises the wavelengths between 1400 and 1550 nm. After exploring many different PC fabrication techniques that could best apply to LN, and due to its well-known resistance to be etched, focused ion beam (FIB) technique is used to fabricate the PC lattice. A thin layer of chromium is deposited on the substrate in order to avoid charging effects. The PC is then milled using a multi-pass technique to minimize material re-deposition. The hole's depth is around 2 µm. After the holes' fabrication, the chromium layer is removed with chromium-etch solution. To avoid light leakage into the vertical direction, the PC is fabricated on an LN annealed proton exchange (APE) index gradient waveguide. At a wavelength λ = 1.55 μm, the effective index of refraction of a proton-exchanged LN waveguide is equal to 2.143, while for the standard material it is 2.138. The centre of the guided APE mode is located at 1.5 μm from the surface and has a depth of 3 μm. Details of the complete fabrication process can be found in previous works [START_REF] Lacour | Nanostructuring lithium niobate substrates by focused ion beam milling[END_REF][START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF]. The electro-optic effect in the device is achieved by depositing in both sides of the PC, and parallel to the light propagation direction, two titanium electrodes. To use the largest electro-optic coefficient, an X-cut LN wafer is employed.

Figure 1b shows SEM images of the fabricated PC device as well as a zoomed SEM image of the PC holes.

Far-field characterization and theoretical explanation

To observe the entire spectral band range of the PC device and its electro-optic tunability, the device is illuminated with a white light fibre source [START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF] whose spectral range covers from 600 to 2000 nm. The transmitted light is coupled to a multi-modal optical fibre that is connected to an optical spectrum analyzer.

The measurement of the spectral transmission through the PC has been made at different voltages. Figure 2 presents three spectra corresponding to -80, 0 and 80 V. The gap in the transmission at 0 V is larger than the simulated one (Fig. 1a) because of fabrication imperfections coming from the FIB resolution (50 nm) and from the fact that holes have a conical shape [START_REF] Bernal | Lithium niobate photonic crystal waveguides: far field and near field characterisation[END_REF]. A shift of 200 nm for an applied voltage of 80 V is measured at the left band edge of the transmission band, corresponding to a spectrum modulation of 2.5 nm V -1 . This effect is purely electric since the stopgap translates in the opposite direction as the voltage sign is inverted. To rule out photorefractive effects, the same experiment has been repeated with the sample continuously illuminated during 3 h by a blue laser beam (output power = 50 mW, λ = 473 nm). At this wavelength, photorefractive effect is most significant for LN. However, no additional shift was observed. This value is 312 times bigger than the shift predicted by the Pockels effect on bulk LN of the same size (0.008 nm V -1 ). An estimated increasing of the refractive index of 0.3 has been measured for the wavelength 1286 nm.

To understand these unexpected results, accurate simulations of the light propagation inside the non-linear PC are required. In a bulk material, the well-known classical Pockels equation describing the index of refraction variation with an applied voltage is sufficient. However, these equations are not suitable to describe the influence of a nanostructuration on the non-linear susceptibility of materials like lithium niobate. To consider the nanostructuration, the local field factor f inside the PC must be inserted into the non-linear equations (Dealaye et al., 2005;Razzari et al., 2005). The effective refractive index difference due to the electrooptic effect can then be described as

n =- 1 2 × n 3 × r 33 × f 3 × E , (1) 
where E is the external electric field, r 33 is the highest electrooptic coefficient and n is the index of refraction. Note that Pockels equation for bulk material is Eq. ( 1) for f = 1. The local field factor can be obtained in two different ways [START_REF] Rigneault | La nanophotonique[END_REF]. A first way is by evaluating the group velocities in the bulk material,v BULK g , and in the PC, v PC g .

f = ν BULK g ν PC g . ( 2 
)
Another way is based on the determination of the field distribution inside the PC, E PC loc , and to compare it to its value in the bulk substrate,

E BULK loc f = 1 NS PC E PC loc E BULK loc dydz, ( 3 
)
where NS is the total PC area. We can note that when the group velocity in the PC decreases, the local field factor increases and then, according to Eq. ( 1), the effective refractive index variation increases too.

We have calculated the local field factor through Eq. ( 3) with FDTD simulations. Thus, the electric field in the structure for different wavelengths (in the stop band region) inside the 15 × 15 holes has been calculated. The calculated n as a function of the wavelength and for an external excitation voltage of 80 V is shown in Fig. 3, and the calculated optical transmission as a function of the wavelength in Fig. 1a. At the lower band edge of the stop band (λ = 1286 nm) and for an external voltage of 80 V, a variation of the index of refraction of 0.33 has been calculated that accurately matches the experimentally measured one ( n = 0.3). These results can be interpreted with the fact that at the band edges, the group velocity reaches almost a value of 0, and the f value is increased according to Eq. (2). Light spends more time in the nanostructure that gives an increase in the effective non-linear effect. This slow light effect in PC explains the observed gigantic shift of the gap.

From these results, we can also conclude that this modified Pockels formula is accurate enough to describe the observed phenomenon and that no additional higher-order non-linear terms are needed.

Near-field study

Scanning near-field optical microscopy (SNOM) is used to support our For this particular case, a near-field characterization of the entire structure at larger scale but keeping the high spatial resolution along the propagation direction is interesting to visualize the optical power distribution and the optical losses and to analyze fabrication problems in the technical process. Although this technique is not systematically studied in PC research, it is of great importance since it allows observing the PC behaviour at scales that are shorter than a wavelength. SNOM technique has already validated slow light phenomena [START_REF] Gersen | Real-space observation of ultraslow light in photonic crystal waveguides[END_REF] as well as other PC configurations [START_REF] Gérard | Near-field probing of active photonic-crystal structures[END_REF][START_REF] Fl Ück | Amplitude and phase evolution of optical fields inside periodic photonic structures[END_REF]Koenderik et al., 2005).

Thus, we have utilized a SNOM apparatus to image the light propagation in the lithium niobate tunable PC structure. As in a previous work [START_REF] Bernal | Lithium niobate photonic crystal waveguides: far field and near field characterisation[END_REF], we have used a commercial scanning near-field optical microscope (NT-MDT SMENA) in collection mode. The probe is a dielectricpulled single-mode (at 1550 nm) optical fibre. Figure 4 shows the experimental set-up. Laser light at 1286 nm, which corresponds to the left band edge of the stop band at 0 V is coupled to the optical waveguide. The evanescent field of the PC surface as well as the PC topography are simultaneously recorded.

Figure 5 shows three 15 × 15-μm-size optical images of the region where the photonic structure is located. In the three cases, the injected light has the same wavelength, 1286 nm, and the same input power. An intense blotch of light can be observed at the interface between the channel waveguide and the PC. We can attribute this to the impedance mismatch between the waveguide classical mode and the PC operating at the slow light regime. Figure 5a corresponds to an applied external voltage of -80 V, Fig. 5b to 0 V and Fig. 5c to +80 V. We can observe from the images that the SNOM results agree with the spectral transmission measurements shown in Fig. 2. At 0 V, λ = 1286 nm falls outside the band gap. At -80 V, the stop band moves towards the infrared regions and λ = 1286 nm also falls outside the gap. As the voltage increases, the electro-optic effect translates the stop band towards the blue spectra and we can see that λ = 1286 nm falls now inside the stop band.

From the transmission measurements, we should expect to have more transmitted light at -80 V than at 0 V. However, the SNOM images show more evanescent light at -80 V than 0 V. This is due to the fact that the APE guided mode that propagates through the classical waveguide moves towards the waveguide surface as the external voltage decreases. In the transmission measurements, the high numerical aperture fibre always collects the entire output mode independently of its vertical position owing to the electro-optical effect.

Conclusion

A novel and highly performing PC light modulator fabricated on lithium niobate is reported. We use the light propagation inside the PC combined to a non-linear substrate material to achieve an enhancement of the electro-optical effect. It consists of a square lattice of air holes in LN milled by FIB on an APE lithium niobate waveguide surrounded by two parallel electrodes. Transmission measurements show tunability 300 times bigger than for a classical device. Finite difference time domain simulations have allowed us to calculate the local field factor and subsequently the effective refractive index difference showing an excellent agreement between theory and experiment. The measured enhanced electro-optical effect has been confirmed by optical near-field images performed with an SNOM in collection mode at 1286 nm and three external excitation voltages -80, 0 and 80 V.

Work is in progress to fabricate a high-speed modulator of the same characteristics.
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 1 Fig. 1. (a) Simulated transmission spectrum calculated of the square lattice for 15 rows of holes in the propagation direction. (b) SEM images of the photonic crystal. The dashed line, left image, represents the contour of the APE waveguide. The period of the lattice is a = 766 nm and the radius of the holes is r = 207 nm.
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 2 Fig. 2. Experimentally measured transmission spectra at three different voltages (0 V in black, 80 V in blue and -80 in red).
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 3 Fig. 3. Calculated value of the index of refraction variation as a function of wavelength.
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 4 Fig. 4. 3D representation of the scanning near-field optical set-up.
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 5 Fig. 5. SNOM images of the photonic crystal at three different voltages: (a) -80 V, (b) 0 V and (c) 80 V. The blue line represents the contour of the photonic crystal and of the waveguide.
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