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formance [START_REF] Li | Optical intensity modulators for digital and analog applications[END_REF]. The most remarkable advantages are the low optical loss, the high optical power handling capability, the broad optical bandwidth, and the zero or tunable chirp. The largest drawback for LN MZ modulator concerns the bias-drift issue which causes slow drift of the optimum bias point for high slope efficiency in analog links, and makes difficult the offset bias voltage adjustment for achieving high extinction ratio in digital links. This issue has received large attention these last decades. Bias drift rates differing by several orders of magnitude have been observed in both short and long duration experiments. A large number of explanations and solutions have been proposed. Nevertheless, there is still a lot of work to identify and understand the fundamental details of the mechanisms influencing bias stability.

The drift in an LN device may occur for several reasons. Extrinsic sources of drift are due to changes of environmental conditions including, for example, temperature, humidity, or stress. Under some conditions, such as with optical sources of shorter wavelength and high power, photoinduced processes may also contribute to bias point drift. Several techniques for reducing the effect of these extrinsic sources of bias drift are known. Furthermore, the intrinsic origin of the drift, related to the flow and redistribution of electrical charge in the device structure under the application of the voltage was not widely investigated. To our knowledge, only two alternative approaches have been proposed to attempt to solve this issue. The first one consists in finding empirically the desirable fabrication techniques [START_REF] Nagata | Progress and problems in reliability of TI:LiNbO optical intensity modulators[END_REF] to obtain modulators with reduced drift. However, such improved devices still need further investigations from the viewpoint of the drift mechanism and production repeatability. On contrary, the second method is based on a careful analysis of the material layers constituting the device structure, via a general resistor-capacitor (RC) circuit model of the structure [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF]. This model provides a means of assessing the magnitude of the changes required to reduce drift rates to a desired level, to gauge the effects of fabrication variations, and can suggest which elements are most critical.

Neither of these approaches is up to now satisfactory. While so far most LN devices display adequate stability for thousands of hours of continuous operation under bias, these systems require the optimal bias to remain within the output range of an automatic biasing circuit for durations up to ten thousand hours. To maintain the optimum voltage, it is common to employ some voltage control circuitry. The conventional approach is to use a weak low-frequency pilot-tone combined with the modulation signal. A Y-branch coupler has to be inserted after the modulator to bring a small portion of the output to a photodetector for checking the pilot-tone signal, so that the optimum voltage can be maintained for both analog and digital applications [START_REF] Betts | 20 GHz optical analog link using an external modulator[END_REF],
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Mach-Zehnder Modulators [START_REF] Miyazaki | TI:LiNbO optical intensity modulator packaged with monitor photodiode[END_REF]. However, the use of this technique leads to the increase of both optical losses and complexity of the system.

In this paper, we will first discuss and analyze the different sources of the drift in commercially available LN MZ modulators (these devices are described in Appendix I-A). The different origins will be compared in terms of phase shift and the different corresponding orders of magnitude will be given, pointing out the predominant role of the intrinsic source of drift. Then, we will show the large influence of the electrical inhomogeneities at the surface of the LN substrate by highlighting the link between the time dependence of the dc drift in an LN MZ modulator and the electrical conductivity at the surface and in the volume of the LN substrate. Finally, we will describe briefly the solution that we propose, which consists in the engineering of the electrical conductivity of the LN substrate surface in order to suppress the long-term dc drift.

II. DIFFERENT SOURCES OF DRIFT IN LN MZ MODULATORS AND THEIR RELATIVE MAGNITUDES

The available results obtained by different groups suggest that the drift phenomenon is a complex problem. In [6], the time dependence of the drift, recorded during several thousands of hours in the case of z-cut titanium-diffused waveguide, exhibits large drift amplitude with different rates and nonmonotonic evolution. According to results obtained by Maack [START_REF] Maack | Reliability of lithium niobate Mach-Zehnder modulators for digital optical fiber telecommunications systems[END_REF], the drift is similarly observed for devices based on x-cut LN substrate, for both titanium-diffused or proton-exchanged waveguides and with or without bias applied voltage. Nagata and Honda [START_REF] Nagata | Initial bias dependency in dc drift of z-cut TI:LiNbO optical intensity modulators[END_REF] have shown a strong dependence of the drift with the initial bias applied to the LN MZ modulators. The higher is the initial bias voltage, the higher is the drift. It is to be noticed that the drift amplitude is larger for biased modulators and that the time evolution of the drift measured in a set of modulators differs from one device to the other. As shown by Minford [START_REF] Minford | The taming of TI:LiNbO[END_REF], the temperature plays an important role in the drift behavior in z-cut titanium-diffused waveguide devices, since the different drift rates decrease when the temperature of the modulator increases. These results are confirmed by the fact that the temperature dependence of the drift rate in x-cut or z-cut LN MZ modulators follows Arrhenius distribution [START_REF] Nagata | Temperature dependence of dc drift of TI:LiNbO optical modulators with sputter deposited SiO buffer layer[END_REF], [START_REF] Nagata | DC drift activation energy of TI:LiNbO optical modulators based on thousands of hours of active accelerated aging tests[END_REF]. The silica buffer layer has also a large influence on the drift. The decrease of contaminants concentration such as H ,Na , and K ions in the silica layer was shown to reduce drastically the drift amplitude [START_REF] Nagata | Temperature dependence of dc drift of TI:LiNbO optical modulators with sputter deposited SiO buffer layer[END_REF], [START_REF] Yamada | DC drift phenomena in TI:LiNbO optical waveguide devices[END_REF]- [START_REF] Nagata | Estimation of direct current bias and drift of TI:LiNbO optical modulators[END_REF].

The drift phenomenon originates from both extrinsic and intrinsic sources. The extrinsic origins of the drift are linked to the change of the effective refractive index of the optical mode of the waveguide via the possible variations of the temperature of the device (thermo-optic and pyroelectric effects), of the optical power in the waveguide (photorefractive effect) and the strain relaxation at the silica buffer-substrate interface (strain-optic effect). A classification of the different sources of the drift in LN MZ modulators is summarized in Table I and the different extrinsic origins are summarized and analyzed in Appendix II from the studies reported in the literature.

To evaluate the relative importance of each physical effect playing a role in the drift, we calculate the corresponding induced phase shift and we derive the value of the drift-magnitude (see details in Appendix I-B) as [START_REF] Li | Optical intensity modulators for digital and analog applications[END_REF] for each drift source. For this, we first have to consider the symmetry of both the waveguides constituting the MZ interferometer and the excitation (temperature, optical power, mechanical strain, etc.) change itself. The unbalanced interferometer can be characterized by a length difference between the two arms.

Table II gives the expressions of the calculated phase shifts for the different cases.

We can note that the various extrinsic physical effects induce a drift of the operating point of the MZ modulator in all cases except if the device is symmetrical and if the excitation is the same in both arms of the MZ interferometer. Using (1), Table II and the values of the different physical constants of LN given in Appendix III, we have then calculated the drift magnitude for unbalanced arms ( m) and in the case of a symmetrical excitation ( K, mW at m, N/m ). The corresponding values of are shown in Table III. We can see that both photoinduced and strain-optic drift exhibit a low value of the drift magnitude . In contrary, a small temperature gradient between the two arms of the MZ modulator induces a large value of indicating that the thermal drift is predominant in extrinsic sources of the drift. Nevertheless, these extrinsic drift amplitudes, when compared to drift amplitude reported in the literature and which can reach a value of equal to more than 100%, are of weak importance especially if the MZ modulator is temperature controlled. Thus, for an optimal operating of the device, the issue of dc drift must be overcome. In that way, Section III and Section IV are devoted to a detailed analysis and description of the electrically induced drift as well as to a possible solution.

III. INTRINSIC OR ELECTRICALLY INDUCED DRIFT

The intrinsic source of the drift phenomenon originates from electrical charge relaxation due to both the inhomogeneous material structure (silica buffer layer, Ti:LN waveguide, LN substrate), the electrically anisotropic LN substrate and the inhomogeneous electrical properties (especially the electrical conductivity) at the surface of the substrate. The latter can appear during the waveguide fabrication process (titanium diffusion or proton exchange). These electrical inhomogeneities lead, when the bias voltage is applied, to a redistribution of the electrical charges yielding the appearance of a time-dependent depolarizing electric field.

A schematic view of a z-cut LN MZ modulator is represented in Fig. 1. When a voltage is applied between the and electrodes, the time evolution of the electric field in such a structure is described and can be derived by solving the following system of equations:

(2) where , and are, respectively, the dielectric permittivity and electrical conductivity tensors, and is the electrical charge density.

The system of (2) shows clearly that the fact that either of the dielectric permittivity and/or the electrical conductivity and/or the applied electric field are inhomogeneous leads to a time-dependent electrical charges distribution inside the structure of the device, and then to an electric field that evolves with time inducing a drift of the operating point of the LN MZ modulator. In addition to the electrical inhomogeneity of the structure, inhomogeneities of the different layers themselves have to be considered (silica buffer, anisotropic LN substrate, and top surface of the substrate in the waveguides region). To facilitate progress on the understanding and engineering of the bias stability of the component, several RC models have been proposed [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF], [START_REF] Yamada | DC drift phenomena in TI:LiNbO optical waveguide devices[END_REF], [START_REF] Becker | Circuit effect in TI:LiNbO channel-waveguide modulators[END_REF]. Circuits composed of resistances and capacitances were chosen to model how the charges distribution, and thus the electric field, evolves with time. Using very simple circuits, Yamada and Minakata [START_REF] Yamada | DC drift phenomena in TI:LiNbO optical waveguide devices[END_REF] discussed charge storage in oxide buffer layers, whereas Becker [START_REF] Becker | Circuit effect in TI:LiNbO channel-waveguide modulators[END_REF] is focused only on the role of the built-in electrical anisotropy of the LiNbO substrate. In [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF], using a quite complicated circuit, buffer layer, substrate, and waveguide region of the substrate were taken into account.

A. Theoretical Approach

Our present approach is similar to [START_REF] Yamada | DC drift phenomena in TI:LiNbO optical waveguide devices[END_REF] and [START_REF] Becker | Circuit effect in TI:LiNbO channel-waveguide modulators[END_REF]. In contrast to [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF], where as many RC circuits as necessary to describe correctly the time dependence of the experimentally recorded drift magnitude are introduced, our model is based on only three RC circuits corresponding to both buffer layer and the anisotropy of the LN substrate, respectively. Within this model, it is proposed to point out the relative contributions of each layer to the dc drift. Fig. 2(a) shows a typical cross section of a Ti:LN modulator to underline the various material layers that motivate the RC model. Each material from which the modulator is constructed is characterized by its own permittivity and conductivity and thus by a proper RC circuit. As the asymmetry, of the interferometer or the excitation, does not play any role in the intrinsic drift (asymmetry of the applied voltage only changes the value of the initial applied electric field but does not affect its time dependence and unbalanced interferometer does not induce any change of the amplitude or time dependence of the electric field), a more simple equivalent circuit, as depicted in Fig. 2(b), can be derived, allowing easier calculation. At some instant denoted by , a constant external voltage V is applied to the input terminal of the circuit. To know the behavior of the voltage drops through the waveguide region, we study the time dependence

(1) thanks to the analysis of the circuit drawn in Fig. 2(b), which leads to [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF] where A, B, C, , and are constants depending on the values of the different resistances and capacitances as defined in Fig. 2(b) (see Appendix IV for details). The time dependence of the drift magnitude , calculated according to (3) and using values of physical constant of LN given in Appendix III, is plotted in Fig. 3 for different values of the ratio related to the anisotropy of the LN substrate and for , and are the characteristic times of the RC circuits associated with the silica buffer and to the LN substrate along the x-and z-axes, respectively (see Appendix IV for details).

We can see that varies monotonously with time when , whereas the time dependence is nonmonotonous for . The shape of the temporal behavior of is thus strongly correlated with the electrical anisotropy of the LN substrate. Within the steady state, the value of does not depend on the ratio and is only determined by the resistivity anisotropy ratio of the LN substrate (see Appendix IV).

In the transient regime, the amplitude of the variations of depends largely on the electrical anisotropy of the LN substrate, and the time dependence of exhibits a large variation characterized by two response times which differ from more than two orders of magnitude. Fig. 3 shows also that the shortest response time weakly depends on the ratio and is thus mainly related to the electrical characteristics of the silica buffer layer. This correlates the observations of Nagata et al. [START_REF] Nagata | Process control for a SiO buffer layer of TI:LiNbO modulators to obtain reduced DC drift performance[END_REF] who have shown that the short-term dc drift is affected by the characteristics of the SiO buffer layer, which depends on the SiO deposition method [START_REF] Nagata | Progress and problems in reliability of TI:LiNbO optical intensity modulators[END_REF], [START_REF] Nagata | Impurity evaluation of SiO films on TI:LiNbO substrates[END_REF]. The largest response time is strongly dependent on the ratio (see Fig. 3) and, as shown in Fig. 4 which shows the relative dependence of the short and long response times of the drift magnitude as calculated according to (IV.33) and (IV.34), weakly affected by the electrical characteristics of the silica buffer layer.

In the short time range, the amplitude of is determined by the relative anisotropy of the dielectric permittivity ratio (see Appendix IV). This is in partial contradiction with the observations of Nagata et al. [START_REF] Nagata | Process control for a SiO buffer layer of TI:LiNbO modulators to obtain reduced DC drift performance[END_REF] who have highlighted a correlation between the magnitude of the short dc drift and the quality of the SiO buffer layer altered by unwanted contaminants such as Na and K ions [START_REF] Kim | DC drift suppression of TI:LiNbO waveguide chip by minimizing the contamination in oxide buffer layer[END_REF], [START_REF] Nagata | Interface reactions in TI:LiNbO based optoelectronic devices[END_REF] easily incorporated from the photoresist developers used during the patterning process, Li ions from LiNbO substrates, which may diffuse throughout the SiO layer during the heating process, and OH ions adsorbed from room atmosphere [START_REF] Nagata | DC drift reduction in TI:LiNbO optical modulators by decreasing the water content of vacuum evaporation deposited SiO buffer layers[END_REF] in the silica buffer. Nevertheless, as shown below (see Section III-B), this correlation is more probably due to the modification of the LN substrate during the process (out-diffusion of Li ions) than the alteration of the silica buffer.

Therefore, among several different solutions, Kim et al. [START_REF] Kim | DC drift suppression of TI:LiNbO waveguide chip by minimizing the contamination in oxide buffer layer[END_REF] have proposed a technique to remove, using a chemical-cleaning process, all the alkali contaminants (especially Na and K ions) from the buffer layer, and to diminish drastically the OH ions contents with an adapted annealing process. To reduce the mobility of the Li ions, Jin et al. [20] have used F ions implanted SiO layer. These solutions allow to reduce the shortterm drift only.

In contrary, and to our knowledge, very few studies showing the role of the LN substrate anisotropy in the long-term dc drift have been published. One can cite Johnston et al. [21] who have proposed to reduce the dielectric relaxation time of the LN substrate by adjusting the bulk electrical resistivity as it was discussed in Appendix II-A.

B. Experimental Approach

In order to get further understanding on the role of the LN substrate anisotropy, we have characterized the dc drift in an LN:Ti MZ modulator. The silica buffered z-cut LN MZ modulator used in this experiment was prepared using common photolithographic and thin-film formation techniques. The waveguide is formed on a z-cut LN wafer along the x-direction by Ti in-diffusion. The drift is measured by the phase-tracking method (see Appendix I-B), as follows. Light delivered by a current and temperature-controlled pigtailed DFB laser diode emitting at 1.55 m wavelength with low optical power (a few hundreds W) is fed into the waveguides via a monomode polarization maintaining optical fiber. The modulator is driven by an ac 1 kHz voltage of peak-to-peak value V under constant dc bias during the operation. The optical output is detected using a GaAs p-i-n photodiode followed by a current-to-voltage amplifier, and is recorded using an oscilloscope. The whole setup is placed in a temperature-controlled ( C) chamber. The thermal and time drifts of the laser diode, photodetector, dc and ac voltage supply, and different measurement apparatus are taken into account during the analysis of the results. The thermal variation of the whole setup (including the MZ modulator), expressed in terms of relative output intensity variation, is equal to 3.4%/K, leading to less than 1% (for several hundreds of hours of operation) of thermal contribution during the dc drift-magnitude measurements under temperature-controlled environment. The experimental arrangement that we used is shown in Fig. 5. Under these conditions, thermal, photoinduced, and strain-induced drift should not occur. To activate dc drift, a dc bias step voltage of 3.3 V is chosen, allowing to operate the device at the quadrature working point. The drift of the modulator is observed as the time-dependence change of the optical output intensity of the modulator, and expressed by the parameter as described in Appendix I-B. A typical record of the dc drift is shown in Fig. 6(i). Before reaching its steady-state value, the time dependence of exhibits a transient characterized by three response times with values equal to a few seconds, a few tens of minutes and a few tens of hours, respectively. Thus, the model based on the circuit in Fig. 2 and the use of (3) to simulate and reproduce the time evolution of is no longer valid [see Fig. 6(ii)]. The electrical circuit (see Fig. 2) has to be modified by taking into account of additional RC elements. We propose to take into account the modification of the top surface of the LN substrate in the waveguide region which can be affected by the fabrication process of the waveguides (Ti in-diffusion in our case). More especially, modifications of the local electrical conductivity can occur during the high-temperature process required for the Ti in-diffusion. Since chemical reduction gives additional electrons trapped at niobium sites, the chemical reduction reaction at the top surface can thus lead to local electrical conductivity gradients. For this, and as shown in , and equal to 4 s, 40 mn, and 60 h, respectively. As described earlier, the shortest and longest response times can be attributed to charge relaxations in the silica buffer layer and the LN substrate, respectively. The third response time is linked to charge relaxation at the top surface of the LN substrate in the waveguide region (described by the new RC circuits).

The calculation of the different response times via model, described in Fig. 7, leads to rather complicated and heavy expressions. Moreover, the evaluation of the values of and is quite difficult since they correspond to modifications of the LN properties, due to the Ti in-diffusion process for the realization of the waveguides, which are not known. Nevertheless, it is possible to establish the relation between the two response times and . The analysis of electrical circuits, such as this presented in Fig. 2, leads to a ratio of the large and short response times of proportional to the ratio of the two larger characteristic times associated with the different RC circuits. Then, according to Fig. 7, we can write [START_REF] Miyazaki | TI:LiNbO optical intensity modulator packaged with monitor photodiode[END_REF] If we assume that the dielectric permittivities of the LN substrate are not modified by the technological process ( and ), and that the modification of the electrical conductivity can be described by (6) then we have [START_REF] Maack | Reliability of lithium niobate Mach-Zehnder modulators for digital optical fiber telecommunications systems[END_REF] in the case of large variations, induced during the technological process, of the electrical conductivity in the waveguide region of the LN substrate. According to (6), it is easy to show that [START_REF] Nagata | Initial bias dependency in dc drift of z-cut TI:LiNbO optical intensity modulators[END_REF] where and are the conductivities at the border of the waveguide along X-and Z-axes (see Figs. 8 and9), respectively. and are the conductivities variations over the waveguide. Thus, (8) becomes [START_REF] Minford | The taming of TI:LiNbO[END_REF] If we assume that [START_REF] Nagata | Temperature dependence of dc drift of TI:LiNbO optical modulators with sputter deposited SiO buffer layer[END_REF] where and are the dimensions of the waveguide along Xand Z-axes, respectively, then (9) becomes [START_REF] Nagata | DC drift activation energy of TI:LiNbO optical modulators based on thousands of hours of active accelerated aging tests[END_REF] where and are the relative conductivity gradients along X-and Z-axes, respectively. They have been evidenced by our group, by means of a polaron microphotoluminescence technique [START_REF] Zhang | Characterization of TI:LiNbO waveguides by micro-Raman and luminescence spectroscopy[END_REF]. We have shown that the polaron luminescence is a sensitive probe to measure the chemical reduction in LN. The photoluminescence signal recorded point by point in the cross section of the waveguide allows to obtain the profiles of the relative chemical reduction at the top surface. The latter leads to the corresponding profiles of , since chemical reduction reaction gives additional Fig. 8. Relative photoluminescence profile along X-direction in a z-cut LiNbO MZ modulator [START_REF] Zhang | Characterization of TI:LiNbO waveguides by micro-Raman and luminescence spectroscopy[END_REF].

electrons trapped at niobium sites that modify the local conductivity. Thus, ( 11) becomes [START_REF] Yamada | DC drift phenomena in TI:LiNbO optical waveguide devices[END_REF] where and are the derivatives of the polaron luminescence signal along Xand Z-axes, respectively. Equation ( 7) can be finally written as [START_REF] Becker | Circuit effect in TI:LiNbO channel-waveguide modulators[END_REF] The photoluminescence signals were measured on Ti in-diffused waveguides that were fabricated using the same technological process as commercial LN MZ modulators, along X-and Y-axes. Along the X-axis, the chemical reduction, and thus the photoluminescence signal increases across the waveguide region, reaches a maximum at the middle of the waveguide and then decreases, leading to the curve plotted on Fig. 8 for its derivative. Along Z-axis, the chemical reduction, and thus the photoluminescence signal decreases monotonically, leading to the curve plotted on Fig. 9 for its derivative. Using [START_REF] Becker | Circuit effect in TI:LiNbO channel-waveguide modulators[END_REF] and data of Figs. 8 and 9 leads to a value of equal to about 100 (the dimension and of the waveguide are nearly equal). The value of as deduced from the data in Fig. 6(iii) is found to be equal to 90, corroborating our interpretation. IV. PROPOSED SOLUTION Our approach consists of the control of the inhomogeneities in the electrical conductivity, which appear in the waveguide region of the MZ modulator and due the fabrication process of the latter. An appropriate engineering of these inhomogeneities should allow to obtain a charge relaxation at the top surface of the LN substrate which could exactly compensate the charge relaxation in the bulk LN substrate. Doing this, the long-time dc drift would be eliminated and only the short-time dc drift, induced by charge relaxation in the silica buffer, would remain. This is not really a problem since the startup time of the system is larger than this short-time dc drift which is equal to a few seconds.

According to (2), the electrical stability can be obtained if [START_REF] Nagata | Estimation of direct current bias and drift of TI:LiNbO optical modulators[END_REF] We assume that the chemical reduction does not affect the dielectric permittivities and that the modifications of the electrical conductivities are isotropic. Thus, we can consider that the ratio of electrical conductivities and dielectric permittivities and are constant for all (x,z) points in the LN substrate. Equation ( 14) becomes [START_REF] Nagata | Process control for a SiO buffer layer of TI:LiNbO modulators to obtain reduced DC drift performance[END_REF] Solving this equation leads to the determination of the electrical conductivity profiles, along x-and z-axes, or the ideal electrical conductivity map, which allow to obtain a stable (no time evolution) electric field in the waveguides region. The calculation of this ideal conductivity map requires the knowledge of the:

• electric field profile in the waveguides region;

• initial electrical conductivity map at the top surface of the LN substrate; • and values for the chosen LN substrate. The electric profile can be determined by numerical calculation and can be achieved from several existing numerical tools using finite element method. As we have seen earlier, the determination of the initial electrical conductivity map can be obtained using the microphotoluminescence technique. Finally, the two characteristic times and can be derived from the record of the time evolution of the phase shift induced by a dc voltage in x-cut and z-cut LN substrates on which coplanar electrodes have been deposited (see Fig. 10). This can be realized using a simple optical technique, as it was shown by Twu et al. [START_REF] Twu | An optical homodyne technique to measure photorefractive-induced phase drifts in lithium niobate phase modulators[END_REF].

V. C ONCLUSION

In this paper, we have discussed and analyzed the different sources of the drift in commercially available LN MZ modulators. The different origins have been compared in terms of phase shift and the different corresponding orders of magnitude have been given, pointing out the predominant role of the dc drift. We have then shown the large role played by the electrical inhomogeneities at the surface of the LN substrate by highlighting the link between the time dependence of the dc drift in an LN MZ modulator and the electrical conductivity measured at the surface and in the volume of the LN substrate. Finally, we have proposed a solution to the issue of the intrinsic (or dc) drift, consisting in the electrical engineering of the electrical conductivity of the LN substrate surface in order to suppress the long-term dc drift. The study, with the goal to calculate and realize the ideal conductivity map on simple waveguide devices in a first step, is still in progress and will be presented in a next paper.

APPENDIX A MZI MODULATORS:CHARACTERISTICS AND MEASUREMENTS TECHNIQUES OF THE DRIFT

A. Characteristics of the MZ Modulators

The MZ interferometer is based on the electro-optic (EO) effect. Fig. 11(a) shows a schematic drawing of such an interferometer. At its optical input port, there is an optical splitter that divides the input optical beam into two equal beams. The divided beams propagate in two separate arms. At least one of these arms is designed [START_REF] Wooten | A review of lithium niobate modulators for fiber-optic communications systems[END_REF] as an EO waveguide, along which the optical phase can be modulated by an applied voltage. If the optical waves are in phase after propagating through the two arms, they combine as a single mode in the output optical combiner, which results in a maximum intensity output; whereas if the optical waves are out of phase after propagating through the two arms, they combine as a higher order spatial mode near the optical combiner, therefore most of the optical power becomes an unguided wave beyond the combiner and the output intensity is a minimum. The optical field amplitude at the output of the MZ modulator can be generally represented by (I. [START_REF] Nagata | Impurity evaluation of SiO films on TI:LiNbO substrates[END_REF] where and correspond to the optical amplitudes in the two arms, and and represent the optical phase delays. The optical intensity transmission (or transfer function), which corresponds to the ratio of the optical output power to the optical input power can be written in the form of (I.17)

where is an optical imbalance factor between the two arms, and for ideally balanced design. Optical losses at the device facets and during propagation are ignored in the previous derivation. The phase difference consists of two parts: one is the phase difference at zero applied voltage; the other is the phase difference due to the applied voltage. When only one arm is modulated, the phase difference becomes (I. [START_REF] Nagata | Interface reactions in TI:LiNbO based optoelectronic devices[END_REF] where is the optical confinement factor, defined as the portion of optical mode that is confined in the active layer; is the optical wavelength; L is the modulation length; n is the optical index change in the waveguide active layer (I. [START_REF] Nagata | DC drift reduction in TI:LiNbO optical modulators by decreasing the water content of vacuum evaporation deposited SiO buffer layers[END_REF]) where is the effective optical index of the active layer at zero applied voltage;

is the effective EO coefficient, determined by the material, optical polarization, and electrode design [START_REF] Wooten | A review of lithium niobate modulators for fiber-optic communications systems[END_REF]. V is the applied voltage; d is the spatial gap between the electrodes across which the voltage V is applied. Combining (I.18) and (I. [START_REF] Nagata | DC drift reduction in TI:LiNbO optical modulators by decreasing the water content of vacuum evaporation deposited SiO buffer layers[END_REF]), (I.17 Packaged LN MZ modulators are mainly composed of a titanium-diffused or proton-exchanged waveguide, a rf-port section (for the modulating voltage ) with a silica buffer layer, a separate dc bias port with or without a buffer layer, and electroplated gold electrodes. Typical device fabrication procedures have been reported elsewhere [START_REF] Wooten | A review of lithium niobate modulators for fiber-optic communications systems[END_REF]- [26].

B. Measurement Techniques of the Drift

Two methods [START_REF] Korotky | An RC network analysis of long term TI:LiNbO bias stability[END_REF] are commonly used to assess the bias stability of LN EO devices. These are illustrated schematically in Fig. 12. In one method, Fig. 12(a), the bias voltage, which is initially at zero potential, is rapidly changed to a value chosen to set the device in a unique optical state, which is characterized by a value of the optical phase. Following this, the applied voltage is continuously adjusted to maintain this state. The selected bias voltage may correspond to the optical state of maximum extinction (i.e., a null), maximum transmission, or maximum linearity.

In the second method [see Fig. 12(b)], the modulator bias is rapidly increased from zero to a predetermined level. The applied voltage is then held constant at this value and the output of the modulator is continuously monitored to determine the electro-optically induced optical phase shift as a function of time.

The changing optical phase shift may be expressed in terms of a drift magnitude parameter corresponding to an effective voltage shift at time t, since for the linear EO effect the internal phase shift is proportional to a measurable external voltage, normalized to the initial applied voltage transient where is defined by (I.18).

II. DIFFERENT EXTRINSIC SOURCES OF DRIFT

In the following, we propose to classify and describe more in detail the different possible sources of the drift in LN MZ modulators, and the technical solutions used to suppress or at least reduce the drift issue. The extrinsic origins of the drift are linked to the change of the effective refractive index of the optical mode of the waveguide via the possible variations of the temperature of the device (thermo-optic and pyroelectric effects), of the optical power in the waveguide (photorefractive effect) and the strain relaxation at the silica buffer-substrate interface (strain-optic effect). Here, we summarize and analyze the different origins from the studies reported in the literature.

A. Thermal Drift

The thermal drift originates from both thermo-optic and pyroelectric properties of the titanium-diffused or proton-exchanged LN waveguides. The thermo-optic effect gives rise to a change of the effective refractive index of the material. Since LN crystal is ferroelectric and pyroelectric, the temperature change experienced by the LN substrate results in a variation of the spontaneous polarization leading to the creation of a transient depolarizing electric field and then to an additional refractive index change. The corresponding unwanted phase shifts, which superimpose to those induced by the bias voltage yields a drift of the bias point in the case of a temperature change of the device. The thermal drift, as recorded by Nagata and Ichikawa [START_REF] Nagata | Progress and problems in reliability of TI:LiNbO optical intensity modulators[END_REF], is quite complex. This is expected since, in contrary to the thermo-optic effect, the pyroelectric effect induces transient contribution to the drift. Moreover, the measurement technique, for which the bias voltage is not constant, contributes to this complexity since this method certainly induces intrinsic drift.

Several solutions have been proposed and used to suppress, or strongly reduce [START_REF] Nagata | DC voltage-induced thermal shift of bias point in TI:LiNbO optical modulators[END_REF] these thermal drift sources. The thermal drift can occur only in the case of asymmetric MZ modulator (refractive index inhomogeneities) or if the temperature variation experienced by each of the arms is different (see Table II). If the optical lengths of the two arms of the interferometer are equal, the phase shifts induced by an homogeneous temperature change in both arms are equal and the bias point is stable. For symmetric MZ modulators, thermal drift can exist only if the temperature variation in each arm is different. These two technological point seem to be well controlled [START_REF] Nagata | DC voltage-induced thermal shift of bias point in TI:LiNbO optical modulators[END_REF]. For instance, a charge-bleed layer is applied to suppress the pyroelectric-dominated thermal shift [START_REF] Seino | A low DC drift TI:LiNbO modulators assured over 15 years[END_REF], [START_REF] Skeath | Novel electrostatic mechanism in the thermal instability of z-cut TI:LiNbO interferometers[END_REF]. Shafer et al. [30] have proposed to apply conductive paint or conductive epoxy to the sides of the LN substrate. In the same way, the authors also showed that a metallisation on the z and z surfaces (the sides) of the substrate and the use of conductive feet to electrically connect the z and z surfaces can be a solution to suppress the thermal shift due to pyroelectric effect. Johnston et al. [21] have proposed to use a device where the bulk resistivity of at least a portion of the substrate is no greater than cm. The reduction in bulk resistivity reduces the dielectric relaxation time of the substrate crystal and, therefore, does not allow substantial charge to be accumulated at the surfaces due to the pyroelectric effect.

B. Photoinduced Drift

Under high-intensity optical radiation, LN is known to change its refractive index. The photorefractive process results from the combination of electro-optic, photovoltaïc, and photoconductive properties of the material. In the MZ interferometer, light is balanced equally in two arms, so that the index differences due to the photovoltaïc effect will be of equal sign and magnitude in the two arms of the device. Since the output of the device depends on the phase difference between the arms, no change will occur from photovoltaïc phenomena unless index inhomogeneities or intensity differences between waveguides. The MZ modulator is also affected by the photoconductive process. The higher region of photoconductivity partially screens out the field in the region of the waveguide. This screening changes the bias point of the device due to the buildup of an internal space charge field. Photorefractive effect is known to be large at short (less than 830 nm) wavelengths in LiNbO [START_REF] Schmidt | Optically induced crosstalk in TI:LiNbO waveguide switches[END_REF]. Betts et al. [START_REF] Betts | Effect of annealing on photorefractive damage in titanium-indiffused LiNbO modulators[END_REF] have reported large photoinduced bias drift in x-cut titanium-diffused waveguide devices, at 1064 nm and at 90 mW of optical power, but also at 1320 nm at 130 mW.

As a solution, the authors of [START_REF] Betts | Effect of annealing on photorefractive damage in titanium-indiffused LiNbO modulators[END_REF] have shown that the sensitivity of the drift to photorefractive effect is largely reduced by an anneal in wet oxygen. The explanation is that the anneal process decreases the ratio from one part, and from the other part, that positively charged ions can move to compensate the electric field produced by the photorefractive effect. The thermal fixing method for reducing photorefractive sensitivity [START_REF] Becker | Thermal fixing of Ti-indifused LiNbO channel waveguides for reduced photorefractive susceptibility[END_REF] takes advantage of this.

C. Strain-Induced Drift

In high-speed applications of LN MZ modulators, the thicknesses of the silica buffer layer and the gold electrodes are required to be as large as micrometers for impedance and velocity matching. Such thick overlayers cause a deformation of the LN substrate, resulting in possible fluctuations of the refractive index of the waveguide via the piezo-optical effect [START_REF] Nagata | Refractive index fluctuations in deformed TI:LiNbO waveguides due to SiO overlayer deposition[END_REF]. The internal stress in the film is reported to depend on the deposition method and its parameters. In general, buffer layers with greater density for the purpose of improved stability tend to exhibit higher internal stresses which deform the substrate. In such mechanically strained modulators, optical phase shifts can be induced by deformation recovery, strain relaxation due to biasing, and temperature variations (large difference of thermal expansion coefficients between LiNbO and SiO ). As for the other sources of extrinsic drift, the strain-induced drift can occur only if the interferometer is unbalanced or if the strain relaxation is different from one arm to the other.

To overcome this problem, Nagata et al. [START_REF] Nagata | Impurity evaluation of SiO films on TI:LiNbO substrates[END_REF] have proposed the deposition, on the opposite (bottom) surface of the LN substrate, of a supplementary silica layer. The role of this latter layer is to counterbalance the deformation induced by the silica buffer layer deposited on the top surface of the substrate. In that way, the authors have shown that a 1. where are given by the equations at the bottom of the page.

The resistances corresponding to the LN substrate are much larger than the one associated with the silica buffer (the resistivity of LN crystal is much larger than the one of silica). On contrary, due to its small thickness, the capacitance corresponding to the silica buffer, is much larger than those associated with the LN substrate. Thus, as shown by (IV. within the steady state, the amplitude of the drift magnitude is only determined (since one can assume that, due to the very low value of the conductivity of the silica layer compared to LN substrate,

) by the relative ratio of the resistances associated with the LN substrate, and thus, according to the relation , where and are the thickness and the surface section of the considered layer, respectively, in a first approximation (assuming that the thickness and surface section are nearly the same in each layer), to the relative resistivity anisotropy ratio of the LN substrate. Within the short-time range, the drift magnitude is only determined (since one can assume that, due to the very thin thickness of the layer,

) by the relative ratio of the capacitances associated with the LN substrate, and thus, according to the relation , in a first approximation (assuming that the thickness and surface section are nearly the same in each layer), to the relative dielectric permittivity anisotropy ratio of the LN substrate.
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 1 Fig. 1. Schematic cross-sectional view of a z-cut LiNbO MZ modulator.

Fig. 2 .

 2 Fig. 2. (a) Equivalent circuit that models the charge storage effects that are due to the buffer layer and the substrate anisotropy in a z-cut LiNbO MZ modulator. (b) Simplified circuit.

Fig. 3 .

 3 Fig. 3. Role of the substrate anisotropy on the drift magnitude S(t), as deduced from electrical RC modelization, in a z-cut LiNbO MZ modulator.

Fig. 4 .

 4 Fig. 4. Relative dependences (1 )=( ) and (1 )=( ) of the short and long response times of the drift magnitude S(t), respectively, with the electrical characteristic time of the silica buffer layer, as deduced from electrical RC modelization, in a z-cut LiNbO MZ modulator.

Fig. 5 .

 5 Fig. 5. Schematic of dc drift recording arrangements.

Fig. 6 .

 6 Fig. 6. Typical record of the dc drift in a z-cut LiNbO MZ modulator: (i) measurements, (ii) simulation according to the electrical circuit of Fig. 2 and (3), (iii) simulation according to the electrical circuit of Fig. 7 and (4).

Fig. 7 .

 7 Fig. 7. (a) Equivalent circuit that models the charge storage effects that are due to the buffer layer, the substrate anisotropy, and inhomogeneity in a z-cut LiNbO MZ modulator. (b) Simplified circuit.

Fig. 7 ,

 7 Fig. 7, two more RC circuits, should be added in the model, leading to a new expression of the drift magnitude as

Fig. 9 .

 9 Fig.9. Relative photoluminescence profile along Z-direction in a z-cut LiNbO MZ modulator[START_REF] Zhang | Characterization of TI:LiNbO waveguides by micro-Raman and luminescence spectroscopy[END_REF].

Fig. 10 .

 10 Fig. 10. Samples and technique for the derivation of the values of the characteristic times and . The circle indicates the light-beam.

Fig. 11 .

 11 Fig. 11. Schematic drawing of an MZ transfer function. The drift phenomenon and the associated signal distortion which may occur is illustrated.

Fig. 12 .

 12 Fig. 12. Schematics of stability testing arrangements: (a) constant internal voltage (null-tracking measurement) and (b) constant external voltage (phase-tracking measurement).

  ) can be written as (I.20) is the half-wave voltage value corresponding to an induced phase difference equal to and defined by (I.21) A typical transfer function , described by (I.20), as well as the output modulation signal for an MZ modulator is shown in Fig. 11(b). The drift phenomenon and the associated signal distortion which may occur are also illustrated.

(I. 22 )

 22 The relative voltage shift at time t is given by (I.23)For a value of equal to the quadrature bias voltage , and using (I.18), (I.[START_REF] Nagata | DC drift reduction in TI:LiNbO optical modulators by decreasing the water content of vacuum evaporation deposited SiO buffer layers[END_REF], and (I.21), (I.22) becomes (I.[START_REF] Wooten | A review of lithium niobate modulators for fiber-optic communications systems[END_REF] 

  3 m thick silica film deposited at the bottom surface of the LN surface reduces the LN substrate deformation (deflection) induced by a 1.3 m silica buffer layer deposited at the top surface, from 32 md o w nt o 8 m. III. USED VALUES OF PHYSICAL PARAMETERS OF LINBO AND SIO The different values of the physical parameters of LiNbO and SiO used in this paper are given in Table IV. IV. EXPRESSION OF THE PARAMETERS A, B, , AND INVOLVED IN THE DRIFT MAGNITUDE The voltage (see Fig. 2) can be easily expressed in terms of electrical impedances as shown in the equation (IV.25) of the page, where and is the applied voltage. Using the inverse Laplace transform, (IV.25) becomes (IV.26) (IV.25) TABLE IV USED VALUES OF PHYSICAL PARAMETERS OF LINBO AND SIO . IS THE ELECTRICAL CONDUCTIVITY, IS THE LOW-FREQUENCY DIELECTRIC PERMITTIVITY, N IS THE REFRACTIVE INDEX, ;(dn)=(dT ); (dP )=(dT );r, AND p ARE, RESPECTIVELY, THE PHOTOVOLTAIC,PYROELECTRIC,THERMO-OPTIC,ELECTRO-OPTIC, AND ELASTO-OPTIC COEFFICIENTS with , and equal to (IV.27) where , and are the characteristic times related to the LiNbO substrate and silica buffer layer, respectively. They are defined by (IV.28) Thus, the drift magnitude can be written as (IV.29)

TABLE II CALCULATED

 II INDUCED PHASE SHIFTS IN Z-CUT LN MZ MODULATOR WAVEGUIDES LEADING TO A DRIFT OF THE OPERATING POINT OF THE DEVICE. L IS THE LENGTH OF THE ARMS OF THE INTERFEROMETER AND IS THE LENGTH DIFFERENCE BETWEEN THE TWO ARMS IN THE CASE OF AN UNBALANCED DEVICE. r ;p ; (n)=(T ), AND ARE,R ESPECTIVELY, THE ELECTRO-OPTIC,ELASTO-OPTIC,THERMO-OPTIC, AND PHOTO-VOLTAIC COEFFICIENTS OF LN. P ;n ; , AND ARE,R ESPECTIVELY, THE SPONTANEOUS POLARIZATION,REFRACTIVE INDEX,ELECTRICAL DARK, AND PHOTOCONDUCTIVITIES. THE EXCITATION SOURCES ARE THE TEMPERATURE VARIATION 1T FOR THE THERMAL DRIFT, THE LIGHT INTENSITY I /jEj FOR THE PHOTOINDUCED DRIFT AND THE MECHANICAL DEFORMATION s FOR THE STRAIN-INDUCED DRIFT.AAND BC ORRESPOND TO THE DIFFERENT ARMS OF THE MZ INTERFEROMETER.IN THE CASE OF BOTH SYMMETRICAL EXCITATION AND ARMS, THE INDUCED PHASE SHIFTS ARE NULL

TABLE III ESTIMATION

 III OF THE RELATIVE MAGNITUDE OF THE DRIFT MAGNITUDE S ORIGINATING FROM THE EXTRINSIC SOURCES IN AN LN MZ OPTICAL MODULATORS WITH ASYMMETRIC ARMS AND IN THE CASE OF A SYMMETRIC EXCITATION
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