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Domain inversion under coplanar waveguide electrodes is proposed to improve the frequency-chirping behavior of z-cut LiNbO 3 Mach-Zehnder modulators. This is achieved by introducing phase reversal electrode section in tandem with inverted ferroelectric domain section. The resulting chirp is shown to be related to the length of the inverted domain. The method opens the way to single-drive modulators with predetermined chirp parameter. The fabrication of such modulators is described, and experimental results confirm that the -chirp parameter can be more than ten times smaller than that of a conventional Z-cut device.

I. INTRODUCTION

D ISPERSION of short optical pulses propagating in op- tical fibers is one of the main limiting factors for high bit rate transmission. When the pulses are produced by a chirped source like a directly modulated semiconductor laser, this effect may even be worse. This explains why external modulation is usually preferable than direct modulation in 1.55 m telecommunication systems. LiNbO Mach-Zehnder modulators (MZMs) have known an increasing interest, because their negligibly small wavelength dependence makes them suitable for both time division multiplexing [START_REF] Hagimoto | Limitations and challenges of single carrier full 40 Gbit/s repeater system based on system equalization and new circuit design[END_REF] and wavelength division multiplexing optical transmission systems [START_REF] Yonenaga | 320 Gbits/s WDM repeaterless transmission using fully encoded 40 Gbit/s optical duobinary channels with dispersion tolerance of 380 ps/nm[END_REF].

Z-cut LiNbO modulators seem to be more promising devices than X-cut LiNbO modulators, because they can provide a larger bandwidth and a lower driving voltage, particularly if the structure is ridged [START_REF] Howertob | Fully packaged, broadband LiNbO modulator with low drive voltage[END_REF]. In contrast to X-cut modulators [START_REF] Jiang | LiNbO Mach-Zehnder modulators with fixed negative chirp[END_REF], Z-cut devices exhibit yet a nonzero chirp parameter (typically ) that cannot be easily settled, unless they are designed with a dual drive topology [START_REF] Korotky | High-speed low power optical modulator with adjustable chirp parameter[END_REF]. This situation is due to the push-pull configuration of the coplanar waveguide (CPW) electrodes, which introduces an asymmetry between the two arms of the MZM, the waveguide aligned under the hot line of the CPW electrode being submitted to a higher electrooptic efficiency than that placed under one of the lateral ground plane electrodes.

In this letter, we report a new single-drive Z-cut modulator scheme, which provides the feasibility of setting the chirp parameter to zero or to another determined value. 

II. DESIGN

In a standard electrooptic Z-cut MZM, the chirp parameter is known to be expressed as a function that depends only on the overlap coefficients of each arm of the Mach-Zehnder at a small amplitude signal and quadrature bias. Due to the asymmetry previously mentioned, this standard chirp parameter can be expressed as [START_REF] Hagimoto | Limitations and challenges of single carrier full 40 Gbit/s repeater system based on system equalization and new circuit design[END_REF] where and are the overlap coefficients between the electric field and the optical field under the central electrode and the ground electrodes, respectively. In what follows, we propose to divide the standard structure into two sections with opposite ferroelectric domain signs. A waveguide of the MZM is, thus, covered by the signal electrode in one section and by the ground electrode in the other section. This scheme is shown to yield a chirp parameter that can be adjusted to zero or to any desired value.

The device is depicted in Fig. 1. It consists of a symmetrical Mach-Zehnder of length , with the same waveguide widths for both branches. The substrate is a Z-cut lithium niobate crystal. A section of length of the waveguide branches is processed to have a ferroelectric domain inversion whereas the orientation of the first section of the waveguide arms of length remains unchanged. The electrooptic coefficient is assumed to be positive in the noninverted section, and negative in the inverted section. A set of coplanar electrodes is patterned over the waveguide arms. In section #1, which is the noninverted ferroelectric domain section, the central line of the electrode is centered over waveguide #1, yielding an overlap coefficient , while the edge of one lateral ground electrode is aligned along the edge of waveguide #2, yielding an overlap coefficient . Conversely, in section #2, which is the inverted region, the central line is centered over waveguide #2, while the second ground electrode is aligned along the edge of waveguide #1. A voltage is applied to the electrodes. Due to the inversion of both the crystal ferroelectric orientation domain and the electrical field, the optical phase of a light beam of wavelength after passing through each of the arms of the MZM can be expressed as, respectively

(2) [START_REF] Howertob | Fully packaged, broadband LiNbO modulator with low drive voltage[END_REF] where and account for the lossy transmission of the electrical signal through the optical path in region 1 and 2, respectively [see ( 5) and ( 6) for more details]. is a constant related to the extraordinary refractive index of lithium niobate and to the electrode gap . For simplicity, (2) and (3) have been derived assuming the electrical index is matched to the optical refractive index, which is a condition required in high-speed modulators. It should be noted that the optical phase difference (

) at the output of the Mach-Zehnder interferometer is identical to the phase difference at the output of a standard MZM, i.e., a modulator with CPW electrodes of same length and with no inverted region. The interest of this new configuration lies in the chirp parameter [START_REF] Koyama | Frequency chirping in external modulators[END_REF], which takes the form of (4) The right factor in (4) is the chirp parameter of a standard Z-cut modulator, expressed in (1), while the left term is typical of the presented structure. Since is significantly different from , it is clear from (4) that the structure enables one to control the chirping behavior of the modulator by simply adjusting the ratio . Let us first consider the case of a modulator with lossless electrodes, i.e.,

. Then, we have no chirp when . If

, the -parameter depends on , which is determined by the lateral geometry of the electrodes. Fig. 2 displays the values of that can be obtained by varying for different values of . and are the two limits between which the -chirp parameter of the modulator can be adjusted. These limits would correspond to standard modulators designed with a single inverted or noninverted ferroelectric section, respectively.

In the case of high-speed modulation, losses of the microwave line cannot however be considered as negligibly small. Since the conductor losses are related to the square root of the frequency of the voltage through ( 5) and ( 6)

(5) (6) 
it can be expected that the resulting chirp is also frequencydependent. Taking a typical loss coefficient Np GHz cm (equivalent to 0.2 dB cm GHz ), we have plotted in Fig. 3 the frequency-dependence of over a 10-GHz band for a modulator of total length cm and for different values of . The values of were calculated from ( 4)- [START_REF] Koyama | Frequency chirping in external modulators[END_REF]. Those values can be compared with the chirp parameter (which is quasi frequency-independent) of a standard modulator with the same active length cm. Fig. 3 also shows that the dependence of the -chirp parameter upon electrical loss becomes increasingly important as the structure is symmetric. Nevertheless, in that case the difference between the parameter for an electrical line with and without losses does not exceed 0.15 at 40 GHz, a value which is much lower than that of the corresponding standard structure. Therefore, the structure represents a significative improvement of the frequency chirping behavior for high speed Z-cut LiNbO modulators.

Following these preliminary theoretical results, we have fabricated a technological process to realize a modulator with two sections of opposite ferroelectric signs in order to verify the modulation behavior and the chirp parameter of the structure.

III. EXPERIMENTAL RESULTS

At first, the domain inversion was produced through a rectangular window obtained in a photoresist by photolithography on the +z face of a 0.5-mm-thick single-z-cut LiNbO wafer. Domain inversion was performed using this window by applying a high voltage pulse of 22 kV/mm through liquid electrodes at room temperature. The total electric charge as a result of inversion was C, which is in good agreement with the theoretical value of C calculated from the spontaneous polarization C cm of LiNbO and the area cm cm of the photoresist window. In a second step, a single-mode optical Mach-Zehnder waveguide was fabricated by annealed proton exchange. This step was realized through a SiO mask in benzoïc acid at 177 C for 3.5 h. The process was followed with annealing of the optical waveguide at 330 C for 10 h. A silica buffer layer was then evaporated onto the sample surface with a thickness of about 1 m. Finally 5m-thick Au-coplanar electrodes were electrodeposited over the Mach-Zehnder waveguide.

The modulator exhibited two sections lengths cm A standard modulator with cm electrodes length and no inverted ferroelectric domain section (

) was fabricated on the same wafer in view of comparing the electrooptical efficiencies and the chirping behaviors. The gap between electrodes was m in both cases. The extinction ratio and the half-wave voltage were measured at low-frequency (1 kHz) to be, respectively, dB, and V, which is in good agreement with the dB extinction ratio and V half wave voltage evaluated from the standard modulator. A measure of the electrical characteristics lead to the electrical loss coefficient dB cm GHz . For this nonoptimized structure, the 3 dB electrooptical bandwidth was assessed to be 4 GHz.

The chirp parameter was then evaluated at modulation frequencies of 1.0, 2.5, 4, and 6 GHz by optical spectral analysis of the signal with a high-resolution scanning Fabry-Pérot filter [START_REF] Kawanishi | Direct measurement of chirp parameters of high speed Mach-Zehnder type optical modulators[END_REF].

was measured to be 0.06 at 6 GHz, a value 13 time smaller than the 0.77 chirp parameter of the standard Z-cut device designed with the same electrode length. The experimental data are marked with a cross in Figs. 2 and3 and can be compared with the experimental data relative to the standard modulator, which are marked with circles. This confirm the theoretical predictions in the frequency range of concern.

It should be noted that practical applications typically require radio-frequency drive voltage around 5-6 V, which trans-lates to about 4-5 V at dc. As such, a length of about 3 cm would be needed. This length would lead to a 40-GHz chirp parameter according to ( 5) and ( 6), and taking cm, and a typical electrical loss coefficient dB cm GHz , a value which is still far beyond the chirp parameter of standard structure. So, the presented structure applies with telecommunication requirements, even in case of longer electrodes.

IV. CONCLUSION

Ferroelectric domain inversion associated with electrode inversion has been proposed to control and adjust the chirp parameter of a Z-cut LiNbO modulator. The chirp parameter can be set to a given value by adjusting the ratio between the length of the noninverted ( ) and inverted ( ) ferroelectric sections. In the example discussed above, the chirp can be adjusted in a range between 0.8 and 0.8. A zero-chirp Z-cut MZM was realized and tested up to 6 GHz, yielding a 6.6 half-wave voltage, a 14 dB extinction ratio, and a 0.06 parameter. Work is in progress to fabricate modulators operating beyond 10 GHz.
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Fig. 1 .

 1 Fig. 1. Structure of a z-cut MZM with inverted domain.

Fig. 2 .

 2 Fig. 2. chirp parameter of the structure versus L =L for a modulator with lossless electrodes are the chirp parameters of standard modulators with the same transmission lines. The cross (+) stand for experimental measurement of the chirp at the 2.5-GHz driving frequency and for L = L .

Fig. 3 .

 3 Fig. 3. Frequency chirping performance of a modulator with (dashed lines) and without (solid lines) electrical losses. The curves were plotted for a modulator with the following parameters. Total active length: L + L = 1:7 cm; of the corresponding standard modulator: 00.77; Electrical absorption: 0,4 dB=cm p GHz. Crosses (+) and circles (o) stand for experimental measurement of the chirp at a driving frequency of 1, 2.5, 4, and 6 GHz for a modulator with identical sections lengths and a modulator with no inverted ferroelectric domain section, respectively.
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