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THIN FILM CHARACTERIZATION BY PICOSECOND ULTRASONICS ON HIGH CURVATURE SURFACES

Compared to other techniques of thickness measurement such as ellipsometry or the Calo tester, picosecond ultrasonics presents the unique advantages to be contactless, nondestructive and able to evaluate the properties of complex shape samples.

In this paper, results will be presented showing how accurately and fastly the thickness of a coating can be evaluated even in highly curved surfaces.

Moreover, this paper will also deal with the versatility offered by the picosecond ultrasonics technique. As soon as photo-generation and photo-detection are effective on the sample, many parameters can be studied. First, besides thickness measurement, picosecond ultrasonics also allows the elastic properties measurement of thin films, multilayers and nanostructures, and the evaluation of adhesion properties. Second, this technique proved to be efficient on a large diversity of materials of which some examples will be given. Third, it will be shown how our system is sufficiently flexible to ensure relevant results, even for traditionally tricky conditions such as high curvature surfaces.

INTRODUCTION

Historically, acoustic waves were first generated with piezoelectric materials [START_REF] Bok | Paul Langevin (1872-1946[END_REF]. In order to increase the spatial resolution of these waves, it is necessary to increase their frequency. Nevertheless, even with recent progress, the frequency of the acoustic waves generated by piezoelectric transducers is still limited to a few hundreds of MHz [START_REF] Zhou | Piezoelectric films for high frequency ultrasonic transducers in biomedical applications[END_REF]. New means of generation -and detection-are therefore necessary to be able to characterize layers whose thickness is a few nanometers.

During spectroscopic experiments based on a femtosecond laser, H. Maris and his team noticed that the layer they were considering was propagating acoustic waves whose spectrum extended to several tens of GHz [START_REF] Thomsen | Coherent phonon generation and detection by picosecond light pulses[END_REF]. The photogeneration phenomenon that was previously formulated by R.M. White [START_REF] White | Generation of elastic waves by transient surface heating[END_REF] was thus demonstrated in thin layers. This study gave rise to the emergence of picosecond ultrasonics that offered new possibilities regarding the characterization of the elastic properties of layers whose structure is on the nanometer range.

The historical pump-probe experimental setup was based on a single laser to generate and to detect the acoustic waves. As this setup called homodyne is based on a mechanical delay line, its main drawback is a relatively long acquisition time. In order to overcome this drawback, two teams in Bordeaux proposed to generate and detect the acoustic waves with two lasers whose repetition rate is enslaved and slightly different [START_REF] Dilhaire | Optical heterodyne sampling device having probe and pump beams[END_REF]. As the delay between the pump laser and the probe laser is managed electronically and not mechanically, the acquisition time is potentially divided by several orders of magnitude. This paper will focus on results obtained on a thin gold layer deposited on a titanium sample that shows a flat and a curved surface. Some complementary information will also be given regarding the materials that can be analyzed, and regarding the versatility of the measurements.

EXPERIMENTAL SETUP

The results presented in this paper have been obtained with the system NETA JAX-M1. This system is based on the pump-probe heterodyne setup using two femtosecond lasers whose repetition rate is enslaved and slightly different.

The principle of measurement is illustrated on Figure 1. The pump and probe pulse trains coming from two different lasers are combined thanks to a combining optics (typically a dichroic plate) and then focused on the sample thanks to an objective lens. The sample reflects the trains that are sampled thanks to a sampling optics, typically a beam splitter. Finally, only the reflected probe beam is acquired as the pump beam is rejected thanks to a rejection optics such as an interference filter. The difference in repetition rate between the two lasers, f, induces a delay of the probe pulse compared to the pump pulse that increases with time. Precisely, after each pump pulse, the pump-probe delay increases by t: [START_REF] Bok | Paul Langevin (1872-1946[END_REF] This delay increases until the pump and probe pulses occur again at the same time (which is called the coincidence).

The acquisition signal consists in measuring the sample reflectivity as a function of time. Thus, the probe beam measures this reflectivity every Tprobe = 1/fprobe whereas the corresponding time regarding the measured phenomenon is t, like a stroboscopic effect. The ratio between the measurement time tmeas and the physical time tphy can be expressed:

(2) Thanks to this electronic delay management, considering the same signal to noise ratio, heterodyne experiments are faster than homodyne experiments by a factor between 10 and 100 [START_REF] Michel | Imagerie pompe-sonde femtoseconde: Application à l'étude thermique de nanomatériaux pour la microélectronique[END_REF].

RESULTS

Principle of Measurement

A typical measurement is presented in Figure 2.

Figure 2. A typical measurement

This signal can be decomposed into three main parts: the electronic part, the thermal part and the acoustic part.

At time t=0 (the coincidence), the pump pulse is absorbed by the electrons of the lattice of the coating. This drives to a very fast electrons energy increase and leads to optical properties variation, thus inducing an ultrafast decrease of the voltage measured by the photodetector. The absorbed energy is then transferred from the photons to the phonons of the lattice. This leads to a temperature increase which is expressed by a brief increase of the reflected signal.

The heated area then recovers its equilibrium temperature. This is highlighted by the exponential decrease of the reflected signal called the thermal decay.

Superimposed on the thermal decay is the acoustic part of the signal. Three main kinds of information can be deduced from the acoustic part of the reflectivity measurement:

-when the material is sufficiently thick and opaque (more than about 20 nm for metals), the measurement highlights echoes like the ones surrounded in red in Figure 2. If the acoustic velocity in the material is known, the measurement of the time arrival of the echoes directly gives an evaluation of the material thickness. -when the material is transparent or semitransparent and sufficiently thick (several hundreds of nanometers minimum), the acoustic waves generated on the substrate or on a thin top absorbing layer (called transducer) propagate in the transparent medium. The acoustic wave front can then induce local changes in the reflectivity of the material. The successively constructive and destructive interference between the part of the probe that is reflected on the substrate and the one reflected on the moving acoustic wave front induces Brillouin oscillations with frequency:

(3)

with n the optical index for the probe beam, Vac the acoustic velocity and the wavelength of the probe beam.

Measuring the Brillouin frequency gives an estimation of the acoustic velocity, hence identifying the material. -when the transparent layer is sufficiently thin to measure the Brillouin oscillations on the whole observation range or when several transparent materials succeed one after the other, the Brillouin oscillations can show phase shifts. By measuring the duration of a train of Brillouin oscillations, this gives an estimation of the transparent layer thickness.

Results for a Gold Layer Deposited on a Ti Sample

The shape of the titanium sample on which a gold layer has been deposited is presented in Figure 3. The shape of this sample allows two kinds of measurements. First, measurements on a flat surface will give an estimation of the reproducibility; second, measurements on a conical surface will show how the measurements are reliable, even for curved surfaces.

Results on a flat surface

Four measurements have been performed on the flat part of the sample. The results are synthetized on Table 1, considering a sound velocity in gold equal to 3 240 m.s - The above results give a mean thickness and a standard deviation equal to 19.90 nm +/-3.3 %.

These measurements show a very low standard deviation, hence proving a very good reproducibility.

Results on a conical surface

Seven measurements have been performed all along a line that begins at the junction between the flat part and the conical part of the sample (for point 1) to the tip of the conical part (for point 7). 

Meas

Table 2. Thickness measured on the conical surface

A tendency is easily observed for the first six measurements: the closer to the tip, the thinner the layer. For the seventh point, the measurement could not give an exploitable result because we expect the layer to be so thin that the two echoes overlap and cannot be distinguished.

Nevertheless, these results show that measurements are still possible for a gold layer on titanium whose thickness is as low as around 15 nm.

Versatility of the measurements

Examples of already tested materials

The results above prove the relevance of our system to characterize the thickness of a thin gold layer deposited on a titanium sample.

Moreover, until now, other valuable results were obtained on the following samples:

-TiCN coating on a Al2O3 substrate -TiN coating on a Ti substrate -Ag and Ag-ITO coatings on a glass substrate -The following coatings on Si wafers: Al, Si02, TiN/Si02, Si3N4, TiO2… …

Another possibility: SAW measurement

Our system is also able to detect the surface acoustic waves (SAW) that propagate at the surface of a sample thanks to motorized linear stages, see Figure 4.

Figure 4. Visualization of surface acoustic waves on a tungsten sample

In order to illustrate how it is easy and fast to get some results, this set of 100 measurements needed only 33 minutes with a signal averaging of 10 000 acquisitions for each measurement.

When highlighting surface acoustic waves like the ones presented in Figure 4, it is possible to determine the longitudinal Vl and the transverse Vt sound velocities in the material. Thanks to these two values, classical formulas allow to also determine all the mechanical properties of the material: the Young's modulus, the Poisson's ratio, the Lamé's constants… Moreover, as the SAW are measured following a defined angle, it is also possible to highlight the anisotropy of the studied sample.

Measurement on a highly curved surface: a carbon fiber

Some measurements have also been performed on a carbon fiber whose diameter is a few microns.

An echo was clearly visible, proving that measurements are possible on highly curved surfaces.

CONCLUSION

This paper showed how our system can offer numerous possibilities for the mechanical characterization of materials. In particular, measurements showed relevant results for layers as thin as 15 nm and for a highly curved surface: a carbon fiber a few microns in diameter.

First, by detecting the time arrival of acoustic echoes that make a round trip on an opaque thin layer, the layer thickness is easily deduced knowing the sound velocity in the material.

Second, transparent or semi-transparent materials can also be characterized thanks to Brillouin oscillations: both the sound velocity and the layer can be estimated.

Third, thanks to the measurement of surface acoustic waves propagating at the surface of a sample, our system also offers the possibility to measure the longitudinal and transverse sound velocities. It is then straightforward to deduce all the mechanical properties of the material.

These measurements are easy and fast. A typical averaging with 10 000 acquisitions only needs a few seconds. This paves the way to the characterization of materials in many application fields.
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 1 Figure 1. Heterodyne setup principle. CO: combining optics; SO: sampling optics; RO: rejection optics

Figure 3 .

 3 Figure 3. Drawing of the sample

Table 1 . Thickness measured on the flat surface
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	Measurement	1	2	3	4
	First echo (ps)	11.3	11.3	11.8	10.3
	Second echo (ps)	23.6	23.1	24.6	22.6
	Thickness (nm)	19.9	19.1	20.7	19.9
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