A Nowodzinski 
  
O Ndjoye-Kogou 
  
V Mourier 
  
G Nonglaton 
  
D Bouchu 
  
B Fain 
  
S Giroud 
  
Capacitive micromachined ultrasonic transducers leak detection by dye penetrant test

Dye penetrant test has been used to detect non hermetic capacitive micromachined ultrasonic transducers (CMUTs). The method has proven its ability to highlight faulty CMUTs membranes among more than hundreds of CMUTs membranes. The fluorescence microscopy image highlights the defective CMUTs with a strong contrast and respecting the shape of the CMUTs, which makes it possible to design robust faulty CMUT automatic identification algorithms. Scanning electron microscopy has been performed in order to check the reliability the detection of the non-hermetic CMUTs. Observations confirmed the reliability of the method.

Introduction

Capacitive micromachined ultrasonic transducers (CMUT) are used in many technical fields, such as health care, where their capabilities are no longer to be demonstrated. CMUTs can be used as an ultrasonic imaging transducer [START_REF] Park | Image-guided handheld HIFU treatment system based on real-time tracking of ultrasound imaging probe and HIFU probe[END_REF] and also provide focus ultrasound (FUS) therapy [START_REF] Cline | MR-guided focused ultrasound surgery[END_REF] Moreover, it is possible to gather in a single probe a transducer for real-time imaging and a transducer dedicated to FUS to heat the region of interest. It is a cheap but efficient alternative to magnetic resonance imaging when FUS therapy is used.

A CMUT element consist mainly of an array of suspended membranes. Each membrane is suspended over a cavity. The membranes may be collectively electrostatically actuated in order to generate an ultrasonic mechanical wave propagating in the medium to be probed. CMUTs are also used as sensors in order to sense the reflected wave and thus build an image by echolocation. Medical use of CMUT requires immersion in liquid to ensure good impedance matching between the body and the transducer. But, introduction of liquid into cavity of CMUTs radically modifies their mechanical behavior. The hermiticity of the CMUTs is then an important parameter to validate this type of component. This article describes the use of the dye penetrant test to highlight non-hermetic CMUTs membrane among an array of several hundred CMUTs.

Leak tests are well documented in the standards (MIL-STD-883E method 1014.9), or in the literature [START_REF] Greenhouse | Hermeticity of electronic packages[END_REF]. Penetrant dye test is known to be useful for determining the location of leaks. This test usually involves forcing the introduction of a dye by placing the package under pressure for several hours. Once the dye is introduced through the leaks, a UV lamp is used to reveal traces of dye where leaks exist. Most fluorescents emit visible light, what may require disassembly of the component to look inside.

To test the hermiticity of an array of waferbonded CMUTs made at CEA-Leti [START_REF] Gross | Fabrication and characterization of wafer-bonded cMUT arrays dedicated to ultrasound-imageguided FUS[END_REF], a procedure has been developed to introduce the dye in the nonhermetic CMUT without using pressure, what can induce excessive stress on CMUT membranes. We show in this paper that use of vacuum for dye penetrant test is efficient to localize non-hermetic CMUTs. It is an alternative for the introduction of the dye into the CMUT, and fluorescence of rhodamine 6G is sufficient to be detected by a fluorescence microscope without the necessity of disassembling the CMUT. It eases the localization of non-hermitic CMUTs membranes among several hundreds CMUTs.

CMUTs description

The CMUT used in this study are part of a mixed imaging/FUS probe that present different geometries. On one side, the so-called low frequency matrix, later referred to as 'BF', are designed to locally heat the body. On the other side, 'HF1'and imaging purpose.

Membrane dimensions have been designed to resonate at 6 MHz (LF), 20 MHz (HF1) and 25 MHz (HF2) in air. BF, HF1 and HF2 CMUTs are respectively made of 126x44, 112x4 and 127x4 membranes. The thickness of the membrane is 800nm and is made of highly doped boron silicon. Two cavity depths could be achieved: 350 nm for the BF membrane and 150 nm for the HF membrane. On one side, an important depth for BF cavities allow the production of powerful acoustic waves. On the other side, a reduced depth for HF1/HF2 devices that have very stiff membranes while they have to be polarized with voltage close to the collapse voltage allows for reasonable collapse voltages. Here, we focus on the membrane quality and the cavity depth of the tested wafer was set to 300 nm for all cavities, which results in a pull-in voltage around 60-80V for the BF and 300V for the HF1 and HF2.

This process limits the parasitic capacitance between the membrane and the bulk electrode because membranes are based on a thick dielectric layer.

During process or during test of reliability CMUT can be damaged. Membranes are sometimes clearly degraded, but holes in membranes or delaminations are not always easy to detect. Nonhermetic membranes are considered faulty. Because each electrical pad polarizes several hundred CMUTs, it is impossible to give a reliable estimate of the rate of intact membranes by electrical measurements or to localize isolated faulty membranes.

Fig. 3 shows a typical optical microscopy image of CMUTs. CMUT membranes are deformed, but no membranes appear to be pierced. Dye penetrant test is a useful complementary technique to standard MEMS characterization tools such as laser dopler vibrometry or digital holographic microscopy. These instruments are very effective instruments for measuring the resonance of the membranes [START_REF] Shin | Acoustic Doppler velocity measurement system using capacitive micromachined ultrasound transducer array technology[END_REF], [START_REF] Sénégond | Characterization of cMUT by Dynamic Holography Microscopy[END_REF] but hardly usable to detect non hermetic membrane because resonance of membranes depend very slightly on the gas pressure within the cavity.

An other way to highlight perforated membrane would be to introduce liquid in the non-hermetic cavity in order to make a significant change in the resonance frequency of the membrane. Yet, it is difficult to ensure a complete filling of cavities below the non-hermetic membranes and a good contact between the liquid and the membrane, especially when the liquid in the CMUT cavity may evaporate.

Methods

To perform the dye penetrant test, the piece of wafer is immersed in a beaker containing several millimeters of a solution of rhodamine 6G ([989-38-8], Sigma-Aldrich) in ethyl alcohol (5g/L). The maximum of absorption of the rhodamine 6G is at 530nm. The Fig. 4 describes a cycle of primary vacuuming and atmospheric pressure performed in the device containing the beaker with the piece of wafer immersed in rhodamine 6G in order to evacuate all air bubbles from the perforated CMUTs and replace them with the rhodamine 6G solution. A series of 5 cycles can be apply. The once no more bubbles escape, the wafer piece is removed and the excess of rhodamine 6G solution on the surface is simply blown off by a stream of compressed air. The piece of wafer is then ready for observation under a fluorescence microscope. Fluorescence microscopy can be done long after the introduction of dyes into the CMUTs, even if the solution evaporates the dyes remain. The main precaution is to preserve dyes from light (photobleaching [START_REF] Zondervan | Photobleaching of Rhodamine 6G in Poly(vinyl alcohol) at the Ensemble and Single-Molecule Levels[END_REF]) and excessive heat. Fluorescence microscopic observations were made several months apart without any evidence of loss of fluorescence efficiency.

Results

Fig. 5 depicts a fluorescence microscopy image of the same field of view as the optical microscopy image of Fig. 3. The leaky membrane is clearly visible because the rhodamine 6G introduced through the leak illuminates the entire membrane, which is much larger than the leak itself..

A few bright spots can be also noticed, but they are not squared and their size are not consistent with CMUT dimensions. These bright spots are due to dye residue or organic contamination.

Fig. 5 demonstrates that the procedure of introduction of the rhodamine 6G is efficient. It also shows that the fluorescence is sufficient to be detected by the microscope despite the thickness of the membrane which hinders the UV light hence the luminescence excitation of the rhodamine 6G. To check that squared illuminations is well correlated to perforated membranes, a comparison between scanning electron microscopy (SEM) and optical or fluorescent microscopy has been performed. Each time the square illuminations correspond to pierced membranes. Similarly, all nonsquare illuminations correspond either to rhodamine or organic residues. This leak detection method has also been used to try to highlight faulty HF1/FH2 membranes. Fig. 7 illustrates an observation in visible microscopy and fluorescent microscopy. Bright spots do not match the shape of CMUTs and were attributed to residue of rhodamine 6G or organic traces, hence we conclude that no faulty CMUT membranes were detected. The shape of such artifacts being very different than the shape of non-hermetic CMUTs, it would be easy to design an algorithm for automatic recognition and counting of CMUTs membrane that are not hermetic. 

Conclusion

Dye penetrant test has been used to detect nonhermetic capacitive micromachined ultrasonic transducers (CMUTs) membranes. The method has proven its ability to highlight faulty membranes among more than one hundreds membranes. The rhodamine 6G has proven its efficiency to highlight the defective membrane without disassembly of the die. The fluorescence microscopy image reveals the defective membranes with a strong contrast that respects the shape of the CMUTs membrane, avoiding any confusion with artefacts. The method has been proven to be efficient several months after the dye introduction. As a result robust faulty CMUT automatic identification algorithms may be built.

Scanning electron microscopy has been performed in order to check the reliability the detection of the non-hermetic CMUTs. Observations confirmed the reliability of the method to detect nonhermetic CMUTs cavity.
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 11 Fig. 1: In plane CMUTs dimension. Electrical pads address 128x44 BF CMUTs, 112x4 HF1 CMUTs and 127x4 HF2 CMUTs.Fig.2shows the process flow of the CMUTs manufacturing. The silicon of the membrane and the base wafer are highly doped in order to have a good electrical conductivity and to avoid the use of a metallic top electrode.
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 2 Fig. 2: CMUT process flow: a) trenches etching, b) silicon oxide deposition and planarization, c) CMUT cavity formation by reactive ion etching, d) SIO2 and SiN thin film deposition, e) wafer bonding, f) Si grinding and buried oxide (BOX) etching, g) membrane parterning, h) SiN thin film deposition, contact opening, AlSi deposition.
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 3 Fig. 3: X10 optical microscopy, the field of view depicts 18x27 BF membranes. Circles can be noticed on most of membranes. These circles are due to deformation of the membranes, probably caused by residual stress in the membrane.
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 4 Fig. 4: Cycle used to introduce Rhodamine 6G in a perforated CMUT. a) wafer of CMUT is introduced in vacuum chamber containing a solution of rhodamine 6G. Gas in the perforated CMUT does not evacuate in solution b) Vacuum is made in the chamber, bubbles appear everywhere in the solution and especially above the leaky CMUT, the solution is then introduced in the perforated CMUT. The fluorescence microscopy is performed with a Zeiss Axio Imager 2 A2m reflection optical microscope (Carl Zeiss MicroImaging GmbH, Oberkochen Germany). A XBO 75 xenon arc lamp is used for fluorescence and a HAL 100 halogen lamp for bright light.Fluorescence microscopy can be done long after the introduction of dyes into the CMUTs, even if the
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 5 Fig. 5: Fluorescent microscopy at x10 magnification of the same field of view than Fig. 3. The perforated BF membrane is illuminated over its entire surface. The field of view covers 486 CMUTs and the faulty CMUT is easily identify.
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 66 Fig. 6: Comparison between optical, fluorescent and scanning electron microscopy of non-perforated CMUT membranes and perforated CMUT membranes due to a non-standard process.

Fig. 7 :

 7 Fig. 7: Images of non-damaged CMUTs HF1 membranes. a) Optical microscopy, b) fluorescent microscopy, c) zoom on image of fluorescent microscopy, the bright spots are probably due to residue of rhodamine.
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