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Lithium Niobate Tantalate thin films deposited by r.f. sputtering
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Ta-modified lithium niobate (LiNb 1-x Ta x O 3 ) thin films were deposited on ITO-covered Si(111) substrates by r.f. sputtering. Experimental results reveal that Ta content (0<x<0.75) influences strongly the grain size as well as the ferroelectric and piezoelectric properties of the deposited materials. Increasing Ta induces a significant decrease of the grain size, while the polarization capability and the piezoelectric activity decrease. The film crystallinity and preferential orientation can be enhanced by the use of a two-steps growth process.

Introduction

Owing to their attractive electro-optical, acousto-optical, piezoelectric and non-linear properties, LiNbO 3 (LN) and LiTaO 3 (LT) are among the most promising materials for integrated and guided-waves devices. Both components exhibit the same crystal structure (space group R3c) with only slight differences in the lattice and positional parameters and belong to the small group of ferroelectric materials. Furthermore, lithium niobatelithium tantalate LiNb 1-x Ta x O 3 (LNT) forms a continuous solid solution that is also ferroelectric.

Within the last decades LN and LT thin films have been the subject of many works. To take advantages of the useful properties of these materials, it is essential to fabricate polar-axis oriented thin films with good surface morphology. In contrast, only few studies report on LNT deposition, even though these materials can be potentially attractive, since their properties can be tuned by varying the composition to meet engineering specifications [1][2][3][4][5][6][7][8][9][10][11].

In the present paper, we report on LNT thin films deposited in ITO-covered Si(111) substrates by r.f. sputtering. As LN has been much more investigated than LT [12][13][14], it appeared reasonable to use LN as the starting point in the considerations of the current mixed systems.

Four compositions were more particularly studied (x=0, 0.25, 0.5 and 0.75). Two approaches were applied. In a first part, employing a one-step process (6 hours), the effect of composition on the structural and physical properties has been investigated. In a second part, focusing on the LiNb 0.5 Ta 0.5 O 3 (LN50T50) solid solution, a two-steps process was adopted. By creating a high-nucleation density during the initial stage (1 hour), films with higher crystalline properties and preferential orientation could be deposited during the second step (5 hours).

Experimental details

LNT layers were deposited by r.f. sputtering from home-made ceramics targets. All experiments were performed with a Ar/O 2 (60:40) mixture, at 40 mTorr and 80 W. To avoid overheat of the sputtering device, the deposition temperature was limited to 260°C in the chamber, well-below the optimum temperature (600-660°C) necessary to grow preferentiallyoriented films [15][16]. (Poly)crystallization was induced by post-annealing treatment at 750°C during 1 hour for both 1-step and 2-steps processes. Since the results could be affected by the film thickness, all the samples were grown to have a similar thickness of about 1 m.

The structure and crystallographic orientation were determinded by X-ray diffraction (XRD) using and X'PERT diffractometer in / configuration with Cu K 1 radiation ( = 0.154 nm).

The surface morphology and film cross-section images were obtained by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). Secondary Ion Mass Spectrometry (SIMS) depth profiling was used to assess both film composition and interdiffusion phenomena. Ferroelectric hysteresis loops were measured with a RT66A tester while nanometric scale characterizations were performed using the piezo-response mode of the AFM (Piezoelectric Force Microscopy: PFM).

Results and discussion

Figure 1 shows the variation of LNT film XRD patterns within the composition range. The use of a 1-step deposition process followed by an external annealing treatment leads to polycrystalline materials without preferential orientation growth. The Lotgering factor f(006) estimating the degree of orientation along the polar c-axis -never exceeds 15% for 1-step depositions. Besides, for Ta-rich composition (x=0.75), a weak peak of the Li-rich phase (Li 3 Nb 0.5 Ta 0.5 O 4 ) near =18.5° can be observed. It is often reported in the literature a degradation of the crystallinity when x<0.3 in LNT thin films, whatever the deposition methods or the underlying substrates [17][18][19][20].

The lattice parameters for LNT films with various Ta content ratios calculated from the XRD patterns are also indicated in figure 1. As expected, Ta-richer materials show a smaller c parameter and a higher a parameter. Indeed, according to the Joint Committee in Powder Diffraction Standard (JCPDS, PDF Nos. 20-631, 38-1252 and 29-836) data for bulk materials, these parameters evolve from a = 5.1494 Å (c = 13.862 Å) for LN to a = 5.1539 Å (c = 13.8152 Å) for LN50T50 to a = 5.154 Å (c = 13.755 Å) for LT. Somewhat smaller lattice parameters of LNT films compared with those of bulk materials are believed to be due to tensile stress. This stress results from a large lattice mismatch and a large difference between the thermal expansion coefficients of LNT and ITO underlying substrate.

The surface morphologies observed by AFM are presented in Figure 2. Introduction of Ta progressively leads to a grain size reduction which makes the film surfaces smoother by decreasing the depth of grain-boundary grooves. The mean roughness of 1m-thick films decreases from 20 nm to 13 nm, 10 nm and 6 nm for LN, LN75T25, LN50T50 and LN25T75, respectively. In the case of solid solutions with increasing Ta content, the film surfaces are relatively smooth with closely-packed grains of uniform size. Average grain sizes of 200 nm, 150 nm, 100 nm and 70 nm could be estimated for LN, LN75T25, LN50T50 and LN25T75, respectively.

SIMS studies show that such as-grown films possess a uniform composition within the whole thickness with limited interdiffusion phenomena. Well-defined interface lines can be observed on both SEM micrographs and SIMS curves. An example is given in figure 3 for LN50T50 films.

To investigate the ferroelectricity at micro-scale, the P-E hysteresis loops were recorded in figure 4. The experiments confirm the existence of a capacitor behavior despite the lake of a marked preferential orientation of the films. Positive remanent polarizations are obtained, even though the values are well below those measured in highly-textured thin films. The polarization capability is mainly influenced by the crystallinity but also strongly depends on the morphology. As expected, introduction of Ta progressively induces a decrease of the remanent polarization. This result is in good accordance with both the literature (LT is less efficient than LN in terms of polarization ability) and the microstructural investigations (smaller grains sizes increase the possibility of leakage phenomena at the grain boundaries and could make more difficult the polarization reversal under the application of an external electric field).

The ferroelectricity at nanoscale was investigated by PFM. Figure 5 shows the vertical deflection signal (V f ) of the cantilever versus the amplitude of the testing voltage (U f ) where a linear response is apparent. The slope is directly proportional to the piezoelectric coefficient of the layers and represents the film vibration with varying electric field in the surface normal direction. Because of the lack of texturation of these 1-step deposited films, we could not get a quantitative measurement of these coefficients and only a qualitative analysis could be done.

In good accordance with micro-scale experiments, the piezoelectric activity decreases with Ta-content.

Based on these previous studies, a general growth strategy was developed for the LN50T50 composition which involves (1) enhancing the crystallinity to get preferentially-oriented structures and (2) minimizing the surface roughness by maintaining a small grain-size and a homogeneous morphology during the film growth. The XRD pattern in figure 6 clearly shows that highly c-axis oriented films can be grown by using an appropriate 2-steps (1h + 5h) deposition process in which nucleation and growth stages can be optimally separated and controlled. The first step (1h) consists of creating a high nucleation density during the initial stage of film growth, while the second step (5h) consists in enhancing the crystallinity of the film. A Lotgering factor f(006) as high as 90% could calculated. The first LNT homo-buffer layer acts as a real seed-layer, promoting the oriented-growth of the bulk of the film during the second step. The polar c-axis is well known to be one of the fastest growth direction in LNT materials [21,22]. (006) Rocking curve full-width at half-maximum values of ~0.4° could be achieved which is comparable with those of LN, LT and LNT films of similar thicknesses and grown by other conventional deposition techniques [23].

The P-E hysteresis loop recorded in figure 7 confirms the ferroelectric activity at micro-scale.

Concomitant with the enhancement of the crystallinity and predominant c-orientation of the films, the use of a 2-steps process seriously increases the ferroelectric properties of the deposited material. A remanent polarization up to 6.9 C/cm 2 could be obtained.

The ferro-and piezo-electricity at nano-scale were investigated by PFM. Figure 8b shows simultaneously acquired images of the surface morphology and the ferroelectric domain structure of an upoled LN50T50 sample. The comparison of the topography and domain structure images shows that the domains appear to be essentially confined by grain boundaries. Note that the use of a 2-steps process influences the crystallinity (predominantly c-oriented growth) but does not affect the overall size of the crystallites. In the piezoresponse image, black and white regions correspond to opposite directions of the out-of-plane spontaneous polarization (polarization vectors oriented upward and toward the bottom electrode, respectively) [24]. Grains with gray tone correspond to polarization vectors deviating from the direction of the normal of the films [25]. The existence of well-evidenced bright and dark areas in these un-poled samples is a manifestation of the so-called self-polarization effect that is frequently observed in thin films [26]. The self-polarization is concomitant to the self-organization of the films. However, a c-preferential growth is not enough to get a full 1-direction of the polarization and a dispersion of the polarization still subsists within the layer. Mismatches between film and substrate, annealing treatments, boundary effects, stress-induced depolarization are as many factors that contribute to the nonuniformity at the nanoscale of the ferroelectric behavior.

Figure 8a shows the vertical deflection signal (V f ) of the cantilever versus the amplitude of the testing voltage (U f ). As illustrated by the equation in figure 8a, the slope is directly proportional to the piezoelectric coefficient (d 33 in case of highly c-oriented materials). As expected, increasing the degree of orientation along the c-axis of the ferroelectric structure by using a 2-steps deposition process induces an increase of the slope of the V s versus U f linear plot which highlights higher piezoelectric properties. In order to ensure the reliability and accuracy of the measurements, experiments were performed in the same conditions on LT (d 33 = 15.1 pm/V) and LN (d 33 = 25.2 pm/V) monocrystals. The linear relationship between the lock-in-amplifier voltage and applied voltage is shown in every case, the slope being proportional to the out-of-plane piezoelectric coefficient. Knowing the d 33 coefficients of these crystals [27,28], we could get the calibration constant of the photodetector sensitivity () and calculate an effective piezoelectric coefficient d 33 of 13.3 pm/V for a c-oriented 2-steps grown LN50T50 layer. The inherent reduction in the piezoelectric coefficient for this composition (middle region of the solid solution) compared with those of bulk materials in both edges might be due to boundary and size effects as well as to internal defects (stressinduced depolarization) in the films.

Conclusions

This work clearly demonstrates the effectiveness of a 2-steps growth process in producing good quality thin films directly on ITO-covered Si(111) substrates by r.f. sputtering.

Nucleation and growth stages could optimally separated and controlled, thus leading to strongly c-oriented LNT layers. These results suggest that it may be possible to deposit LNT thin films with tunable properties by only varying the composition of either the whole film or only the first and second layers. 
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 123456278 Figure 1. XRD patterns of LNT films deposited on ITO/Si(111) versus Ta content (*, parasitic Li-rich phase) (inset, variation of the lattice parameters versus Ta content)
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