1- Introduction

The genesis of acoustic wave devices comes at the end of the 19th century with the discovery of piezoelectricity [1] and the proof of elastic vibrations at the surface of solid materials [2]. The first application of piezoelectricity was to emit and to receive acoustic wave under water (SONAR). Later on, piezoelectric materials have been used as oscillators in radio transmission (quartz crystal). In the 60s, the major discovery of interdigital transducers [3] lead to the development of surface acoustic wave devices (SAW). Nowadays, SAW filters are widely used in radiofrequency applications with operating frequencies up to the gigahertz range.


Acoustic waves are highly sensitive to small perturbations; hence acoustic devices can be operated as sensors. The first acoustic sensor was the so-called quartz crystal microbalance (QCM). QCMs were analyzed and improved by a succession of workers starting in the 1950s. They consist of a quartz crystal, initially made to stabilize the frequencies of radio transmitters, coated with a sorptive film. The next important step in acoustic sensors was made in the late 1970s when Wohltjen and Dessy made a chemical vapor sensor using a surface-acoustic-wave delay line [4]. More recently, acoustic-plate-mode (APM) and the flexural-plate-wave (FPW) sensors were introduced. They employ similar principles but exploit different acoustic propagation modes. In the last decade, two new types of acoustic devices have been developed for sensing applications: film bulk acoustic resonators (FBARs) and microcantilevers (MCs). FBARs were first developed for signal treatment, while MCs were first developed for scanning probe microscopy (SPM).
Despite the fact that diamond is not piezoelectric, diamond has an important role to play in the development of composite acoustic devices because of its outstanding mechanical properties. The first successful acoustic application of diamond was surface acoustic wave (SAW) filters. With the development of bio-technologies, many researchers have been working on diamond for sensor applications [5-7] due to diamond’s chemical stability and bio-inertness. Thus, the combination of diamond properties and the high sensitivity of acoustic sensors is very appealing.

In this chapter, we will first consider the interest of diamond layer for acoustic applications. Then, we are going discuss the progress that has been made in R&D on diamond based SAW filters. We will also review and compare the different types of acoustic devices and sensors we will present the latest results on the development of composite acoustic sensors based on diamond. 
2- Diamond layers

	
	Stiffness (GPa)
	Fracture strength (GPa)

	CVD diamond [8]
	900-1000
	2.2

	Natural diamond [9]
	1345
	2.8

	SiC [10]
	140-450
	0.1-0.3

	Silicon[10]
	180
	0.3


Table 1: Stiffness and fracture strength of different materials compared to CVD diamond.


Diamond is highly attractive for many different types of composite acoustic devices because of its mechanical properties. Diamond’s extreme values of hardness, Young’s modulus (E), stiffness and fracture strength (f) make it suitable for flexural plate wave (FPW) sensors and micro-cantilever (MC) sensors. Those values surpass the ones of Si, Si3N4 and SiC [11] (see table 1) which are commonly used for MEMS and sensors applications. The large sound velocity and high thermal conductivity of diamond have opened up possibilities to produce SAW filters operating in the GHz range since the operating frequency of SAW filters is proportional to the acoustic wave velocity. The extreme chemical stability and bio-inertness [12] of diamond make it an ideal material for sensors operating in harsh or biologic environments. Most significantly, the surface of diamond is particularly stable when functionalized with bio-molecules [13]. This makes diamond of particular interest for biosensing applications.

Not withstanding diamond’s exciting properties, diamond layers suffer in general from a high surface roughness due to van der Drift growth regime of CVD diamond. Both grain size and roughness of CVD diamond layers increase with the film thickness [14]. Root mean square (RMS) roughness is in the range of 15 to 40 nm for a 1 m thick film [15,16] and several micrometers roughness is usual for thick (>100 m) polycrystalline CVD diamond films [14,15]. Surfaces for acoustic applications must be flat to prevent wave scattering and propagation losses. Surface roughness must also be compatible with the photolithographic pattern resolution and deposition of piezoelectric thin films.
Several approaches have been successfully used to obtain flat diamond surfaces. Despite its extreme difficulty, diamond polishing has been first used. It leads to smooth and large polycrystalline diamond wafers. Bi et al. [17] have used nano-crystalline diamond films with RMS roughness of 50 nm, while Mortet et al. [18] have used the flat nucleation side of thick freestanding diamond layer grown on silicon substrates. The roughness varies with the nucleation process, i.e. mechanical nucleation (~30 to 50 nm) or bias enhanced nucleation (~ 10 nm).

Growth of uniform and pinhole-free thin diamond layers, necessary for FPW, MCs, and MEMS applications, is not easy due to the diamond nucleation mechanism on foreign substrates. Nucleation density is a key parameter to control the uniformity and the roughness of thin diamond films. Diamond nucleates and grows as individual grains until they coalesce to form a continuous film. Thus, the film’s coalescence thickness depends on the nucleation density. Thin coalesced films with small grains size are obtained together with a high nucleation density [19, 20]. These films are often called nano-crystalline diamond (NCD). Sub-micron thick diamond membranes of ~ 10 mm diameter have been produced by increasing the diamond nucleation density above 1010 cm-2 [21]. NCD films grow in the van der Drift regime, its grain size and hence roughness increase with film thickness. Above 1 μm thickness, NCD films become microcrystalline. Ultra-nano crystalline diamond (UNCD) is of particular interest for acoustic applications compared to nano-crystalline diamond. UNCD consists of a fine grain (3–5 nm) material grown with a high re-nucleation rate and a low surface roughness [22, 23] independent of film thickness.
High stiffness and tensile stress are needed in order to avoid any mechanical in-plane and out-of-plane distortion of acoustic devices. Aikawa et al. [8] have shown that smaller grain sizes and high phase purity, which depends on the substrate pre-treatment conditions and the deposition parameters, are required to obtain membranes with high fracture strength. Furthermore, diamond films often contain large residual stress, thus a tight temperature control of the whole substrate is needed during the deposition.
3- Acoustic sensors


Electrochemical, optical and acoustic wave sensing devices have emerged as the most promising bio-chemical sensor technologies. Together with the development of these technologies, many researchers have been working on diamond for sensor applications due to its chemical stability and bio-inertness.
Acoustic sensors operate by detecting changes in the resonant response. They are highly sensitive. They are sensitive to variations of mechanical stress, temperature, damping and mass loading. Acoustic sensors have already been used to study physical, chemical and biological properties of gases and liquids for decades.
Acoustic sensors exist in many different types (see fig. 1), which can be classified into two main categories: bulk acoustic wave (BAW) devices and surface acoustic waves (SAW) devices. Acoustic waves are propagating through the material in BAW devices and they are traveling along or near the material surface in SAW devices. In addition to BAW and SAW devices, micro-cantilever sensors are another and new type of acoustic sensor. Both BAW and SAW sensors use longitudinal waves or shear waves (SH). Longitudinal waves have particle displacements parallel to the direction of wave propagation while shear waves have particle displacements normal to the direction of wave propagation. The particle displacements in shear waves are either normal to the sensing surface (vertical shear wave) or parallel to the sensing surface (horizontal shear wave). Acoustic devices operating with horizontal shear waves are of particular interest since there are no acoustic losses when operated in liquids compared to vertical shear waves. The nature of acoustic waves generated in piezoelectric materials is determined by the piezoelectric material orientation as well as the metal electrodes configuration employed to generate the electric field that induces acoustic waves.
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Fig.1: Different types of acoustic devices that can be used for sensing application.

There are several important parameters for a sensor: the cost, the size, the robustness, the reliability, the dynamic response range, the response time, the quality factor (Q) [24], the detection limit and the sensitivity. The detection limit and the relative (Sr) mass sensitivity can be used to compare the different type of acoustic sensors (see table 2):
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where f is the resonant frequency, and  is the mass/area ratio.

3.1- Bulk acoustic wave sensors
3.1.1- Quartz crystal microbalance

In 1959, Sauerbrey was the first to relate resonant frequency change of a piezoelectric quartz crystal to mass attachment at its surface, establishing the quartz crystal microbalance (QCM). QCMs are a particular case of thickness shear mode (TSM) resonators using quartz. QCMs are typically a few hundred micrometers thick and ~ 10 mm in diameter with a fundamental resonant frequency in the 3-30 MHz range. Either shear or longitudinal waves are excited by an AC voltage applied to the electrodes placed on the two sides of the quartz crystal (see fig. 2). The fundamental resonant frequency (f0) is determined by the thickness of the piezoelectric material and its acoustic wave velocity (eq. 1). The relative sensitivity (Sr) is in inverse proportion with the sensor thickness (eq. 2):
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with v, the sound velocity (longitudinal or shear); h0, the quartz crystal thickness and p, the piezoelectric material density. 

Quartz crystals microbalance sensors are simple to use and robust but their resonant frequency is limited by the mechanical thinning process. They have a low relative sensitivity of a QCM is ~70cm2/g compared to others acoustic sensors with a mass resolution ~ 10 ng/cm2 at a fundamental resonant frequency. 
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Fig. 2: Schematic of a QCM.

3.1.2- Film bulk acoustic resonators

Basically identical to QCM, thin film bulk acoustic resonators (FBAR) consist of a thin (from 100 nm to few micrometers) piezoelectric thin film (ZnO, AlN) deposited by PVD and/or CVD techniques and sandwiched between two metallic electrodes (see fig. 3). Their dimensions can be scaled down to a few tens of micrometers. FBAR were first developed for high frequency filtering applications [25, 26]. The fundamental difference is in the operating frequency. FBARs have a fundamental resonant frequency around 1 GHz due to the thinner piezoelectric layer. This also means higher mass sensitivity (see eq. 3).
Like TSMs, FBARs need interfaces that efficiently confine waves into the piezoelectric material. Ideally and in most of the cases these interfaces are solid/air interfaces although it is possible to use acoustic mirrors at one interface which allows to have solidly mounted resonators. These devices are called solidly mounted resonator (SMR). FBARs and SMRs generally use longitudinal waves, which make them inappropriate to operate in liquids. This is due to the difficulty to control the crystalline orientation of thin piezoelectric films. More recently, new techniques have been developed to deposited c-axis inclined ZnO and AlN [27-30] that generate both longitudinal and shearing waves and thus can be operated in liquids. The use of FBARs for bio-chemical sensing applications is recent [31]. FBAR and SMR have a high relative sensitivity ~ 1000 cm2/g at operating frequency ~ 1GHz. 
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Fig. 3: Schematic of a FBAR (a) and a SMR (b).

3.2- Surface acoustic wave devices. 

Even though surface acoustic wave were discovered by Lord Rayleigh in 1885, the use of metallic Interdigital transducers (IDTs) to convert simply and efficiently surface acoustic wave signals into electrical signal and vice versa was only demonstrated in 1965 [3]. A surface acoustic wave device consists of two pairs of metallic Interdigital transducers deposited on a piezoelectric material, e.g. Quartz, LiNbO3 and separated by an integer number of the spatial period (see fig. 4)  Surface acoustic waves are generated by converse piezoelectric effect at the input IDT and they are converted back into an electric signal by direct piezoelectric effect. SAW devices were first used for military high frequency signal filtering applications but in the meanwhile they are commonly used in televisions, video recorders, mobile telephones,… There exist many different types of surface acoustic waves that are used for sensor applications.
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Fig. 4: Schematic of a Surface Acoustic Wave device.

· Named for their discoverer, Rayleigh waves have a longitudinal and a vertical shear component. Because of the shear component that couples with the medium in contact with the device’s surface, SAW devices operating with Rayleigh waves can not operate in liquids. They are generally used to make high frequency filters and gas sensors.

· Shear Horizontal surface acoustic waves (SH-SAW) have particle displacements perpendicular to the propagation direction and parallel to the surface. Thus they are adequate for sensing applications in liquids.

· Also named for their discoverer [32], Love waves are a particular form of SH surface waves and can be used for sensors operating in liquids. They are formed by the constructive interference of multiple reflections at the thin coating interfaces layer that has an acoustic velocity lower than the substrate. Love waves are dispersive, i.e. the wave velocity is not solely determined by the material constants but also by the ratio between the thickness of the piezoelectric layer and the wave length defined by the IDTs special periode.
· Bulk acoustic wave generated by IDTs can be confined between the upper and lower surfaces of a plate that acts as an acoustic waveguide. As a result, both sides of the plate are vibrating. Thus IDTs can be placed on one side of the plate and the other side can be used for sensing purpose. Shear-Horizontal Acoustic Plate Mode Sensors (SH-APM) can also be operated in liquids.

· If the substrate thickness is smaller than the wavelength (membrane), longitudinal and flexural waves, called Lamb waves, are generated. Devices based on such waves, also called flexural plate wave sensors (FPW) are of special interest since they are more sensitive than other SAW sensors and they can be operated in liquids. Their sensitivity is inversely proportional to density () and the thickness (t) of the membrane: Sr = - 2/.t.
3.3- Microcantilevers

Micro-cantilevers are mainly used in Atomic force microscopy (AFM). They are use to transduce tiny forces (from 1 nN up to 10 N) that interact with a sharp tip at the cantilevers’ free end. The interest in micro-fabricated cantilevers has grown with the development of the atomic force microscope. MCs are simple mechanical devices. Micro-machined cantilevers are extremely sensitive, miniature, mass produced and cheap. Most micro-cantilevers are made of silicon. They are tiny plates of leaf spring, typically 0.2-1 m thick, 10-100 m wide and 100-500 m long, which are connected on one end to an appropriate support for convenient handling. Their first use as sensor was reported in 1994 [33]. They operate either in static bending mode or in dynamic mode where the resonant frequencies of the cantilever are monitored. While there exist many different types of excitation (electrostatic, dielectric, piezoelectric, resistive or optical heating, magnetic) and detection methods (capacitive, piezoresistive, magnetic) when operated in dynamic mode, the deflection of the cantilever is generally monitored using an optical lever. In this technique, visible light from a low power laser reflected on the free apex of the cantilever is displaced as the cantilever bends. This displacement is converted into an electronic signal by projecting the reflected laser beam onto a position-sensitive photodetector. They are sensitive to external forces, temperature, damping and mass loading. The relative sensitivity (Sr) of a micro-cantilever is:
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where  is the density of the cantilever material and t is the cantilever thickness. Micro-cantilevers have a relative sensitivity ~ 1000 cm2/g at an operating frequency of few a tens to hundred kilohertz. 
	Sensors
	Sensitivities (cm2.g-1)
	Minimum detectable mass density (ng.cm-2)

	Flexural plate wave
	100 - 1000
	~ 0.5

	SH-SAW
	65
	1

	FBAR
	1000 - 10000
	0.1 - 0.01

	Quartz microbalance
	10
	10

	SAW
	151
	1.2

	Micro-cantilever
	1,000 - 10000
	0.02 – 0.04


Table 2: Comparison of the relative sensitivity and minimum detectable mass density of the different acoustic sensors
Excepted for micro-cantilever sensors which have been recently developed, all described acoustic devices have proven to be excellent gravimetric sensors for several decades. The use of diamond for these devices is new and appealing because of the excellent mechanical properties of diamond. The recent progress in diamond growth allows researchers to integrate diamond in the acoustic sensors field. FPW sensors, FBARs, and MCs seem particularly promising sensors due to their high sensitivity. FPW devices are particularly promising since they operate in liquids. FBARs and MCs are miniature and compatible with the IC technology. Composite FBAR operating in liquids have already demonstrated [34].
4- Diamond acoustic devices

4.1- 
Surface acoustic wave devices
Surface acoustic wave (SAW) filters are used in a wide range of applications such as keyless entry devices, RF modems and telemetry systems, alarm systems, ect… The increasing volume of information and communication media has induced a growing demand for high-performance surface acoustic wave (SAW) devices, operating in the GHz frequency range. In filtering applications, electric signals to be filtered is converted to an acoustic signal at the first IDT by the inverse piezoelectric effect and is reconverted to an electric signal at the second IDT by the direct piezoelectric effect. Filtering is performed during these conversions and it is directly related to the geometry of the IDTs and the mechanical and piezoelectric properties of the piezoelectric material. The operating frequency (f) of SAW devices is proportional to the acoustic wave velocity and reversely proportional to wavelength (), which is equal to the period of interdigitated transducers (IDTs). 
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The operating frequencies of SAW filters on standard piezoelectric materials remain under 1 GHz due the limitation of optical photolithography resolution. There are several approaches to achieve higher operation frequencies on SAW filters: 1- to reduce the wavelength, i.e. the period of IDTs, 2- to use substrates with higher propagation velocity or 3- to use different propagation modes with high propagation velocities, e.g. leaky waves [35]. The most attractive approach is to use substrates with high propagation velocities such as silicon, sapphire, SiC or diamond. Diamond is the most suitable material for acoustic parts because of its highest acoustic wave velocities (see table 3). But these materials are not piezoelectric and they must be combined with piezoelectric films.
	Materials
	VL (km/s)
	VT (km/s)

	Diamond
	17.52
	12.82

	Cubic Boron Nitride
	15.4
	11.8

	4H-SiC and 6H-SiC
	12.5
	7.1

	3C-SiC
	9.5
	4.1

	Silicon
	8.43
	5.84

	AT cut Quartz
	5.96
	3.31

	PZT
	4.5
	2.2

	AlN
	11.37
	6.09

	ZnO
	6.33
	2.88


Table 3: Longitudinal acoustic wave velocity: VL = (C11/ρ )1/2 and transversal acoustic wave velocity: VT =(C44/ρ )1/2 sound velocities along the [100] direction in different materials.


The use of diamond in surface acoustic wave filters have been studied after the discovery and the development of CVD methods to grow diamond. Several piezoelectric materials (KNbO3 [36], ZnO [17, 37-39], PZT, LiTaO3 [39], LiNbO3 [39], AlN [40, 41]) in combination with diamond substrates and structures, including SiO2 and shorting metal layers have been investigated theoretically and experimentally. Theoretical calculation of the different Rayleigh wave propagation modes is difficult due to the multilayer structure. The problem is overcome by numerical methods. Diamond based SAW devices are dispersive, i.e. the wave velocity is not solely determined by the material constants but also by the ratio between the thickness of the piezoelectric layer and the wave length defined by the IDTs. For the ZnO/diamond structure, wave velocities from 6400 to 10800 m.s-1 and electromechanical coupling coefficient K2 from 3 to 7% were calculated. Wave velocity of 11,090 m.s-1 and K2 of 1.4% were calculated for the AlN/diamond structure. The LiNbO3/diamond structure is very attractive since it is theoretically possible to obtain waves velocities of 12000 m.s-1 and a K2 of 9% but it also suffers from its high temperature coefficient of frequency (TCF) of LiNb03, i.e. the drift of the central frequency with temperature variation. The SAW velocities of these structures are twice as large as those of conventional SAW materials (see table 3) and their K2 values are large enough for practical applications [42].
The most intensively and experimentally studied structure is the ZnO/diamond structure. This is probably due to the relative ease to deposit these materials with good piezoelectric properties, usually by sputtering techniques. The use of an SiO2 layer was introduced to reduce/cancel the temperature coefficient of frequency (TCF) of the ZnO/diamond SAW filters. Since the 90th, Sumitomo Electronic Ltd has developed and commercialized ZnO/diamond SAW filters with an operating frequency from 1.8 GHz to 3.8 GHz, on polished CVD diamond films. These filters operate on the 2nd Sezawa
 mode with =4 m, has a high electromechanical coupling coefficient K2=1.1, a high phase velocity v=9500 m/s, low insertion loss (7-9dB) with 50 dB rejection, zero temperature deviation and a quality factor Q ~630-750. The power durability of ZnO/diamond SAW filters and LiTaO3 SAW filters has been compared. Diamond SAW filters have superior high power durability at even 3.5 times higher frequency [43].
AlN/diamond SAW filters has been also been experimentally studied by different authors [18,44]. Compared to ZnO/diamond structrure, AlN/diamond structure has higher phase velocities, from 6000 m/s to 12000 m/s. Mortet et al. have used the flat nucleation side of a thick freestanding polycrystalline CVD diamond to study AlN/diamond SAW filters (see fig. 5). This method presents the advantage that it does not need a difficult diamond polishing step at the expenses of longer deposition time to obtain a mechanically stable substrate. Fig 6 shows the frequency response of such SAW filter with an operating frequency at 326 MHz for a wavelength of 32 m. This filter operates on the 1st Sezawa mode with a phase velocity of 10400 m/s, it has low insertion loss (< 20 dB) and a high band rejection (~ 25 dB). High electromechanical coupling coefficient and lower TCF value than ZnO/diamond structure have been measured on this structure [45].
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Fig. 6. Frequency response of AlN/diamond SAW filter at the 1st Sezawa propagation mode with IDT periode of 32 mm and a normalized AlN film thickness 
2.hAlN/= 1.92, hAlN: the AlN film thickness.
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Fig. 5: Picture of AlN/diamond SAW filter made on a freestanding CVD diamond layer.

The operating frequencies of Rayleigh SAW devices on diamond substrates remain under 2-3 GHz due the limitation of optical photolithography resolution. The combination of the high velocity of diamond with the fine resolution of the electron beam lithography allows the realization of SAW devices with higher operating frequency (4.6 GHz) as it has been shown by Kirsch  et al. on an AlN/diamond structure with spatial IDT periodicity of =2 m [46]. This device, which operates at the 1st Sezawa mode, has 34 dB insertion loss and more than 20 dB band rejection.

On an other hand, Benetti et al. have studied the propagation of pseudo-surface-acoustic–wave on AlN/diamond. They reported a high value of the phase velocity (16000 m/s) operating at ~ 2 GHz and using an IDT with a line width resolution of 2 m. However this device suffers from high insertion loss [47].

Insertion losses are the sum propagation loss and the IDT bidirectional loss. The bidirectional loss can be reduced using unidirectional IDTs. At high frequency, propagation loss is highly dominated by IDT. The contribution of the diamond substrate to propagation loss has been studied as a function of the diamond grain size by Fujii et al. Smaller grain size, narrower grain distribution, and preferential grain orientation also reduce the propagation loss of SAW on polycrystalline diamond films without influencing the TCF, K2 and phase velocity of the devices [48, 49]. These results are consistent with the results of Elmasria et al. who observed that the propagation losses on the nucleation side of freestanding CVD diamond are three times lower in the case of bias enhanced nucleation compared to mechanically seed layers [50], since bias enhanced nucleation leads to high nucleation density, smaller grain size and lower surface roughness without the need of a polishing step.

Despite the interest to use diamond, there is to our knowledge little research on SAW sensors using diamond substrates. Benetti et al. have reported that AlN/diamond SAW filters can operate as CO and ethanol sensors in the gas phase using Co-tetra-phenyl-porphyrin as sorptive film [51]. This fact might be due to the fact that SAW devices based on Rayleigh or Sezawa waves liquid are significantly attenuated and can not be operated in liquids. It can also be related to the problem to deposit piezoelectric layer with appropriate crystalline orientation to generate shear waves SAW devices and the competition with well established piezoelectric materials used for SAW sensors.

4.2- Flexural plate wave sensors 

Flexural plate wave sensors (FPWs) are promising devices to be applied to chemical and biological sensing. The basic FPW consists of a rectangular diaphragm (few micrometer thick) coated with a piezoelectric layer. The piezoelectric material’s thickness is generally 0.2–1 um with a pair of ITD electrodes as any other type of SAW device. Conducting interleaved fingers are placed on the piezoelectric. In the FPW, as opposed to the surface acoustic wave (SAW), the diaphragm is assumed thin compared to the vibrating modes’ wavelengths so that the two surfaces are strongly coupled and a single wave propagates along the diaphragm [52]. Several materials combinations have been already studied for FPW sensors [53-55] but none using a diamond layer. Diamond, because of its high Young’s modulus and it high fracture strength, allows the fabrication of less fragile and thinner membrane, and thus FPW sensors with higher sensitivity than standard materials. L. A. Francis et al. have characterized of nanocrystalline membranes for FPW sensors applications and they demonstrate the better detection limit of diamond membranes [56].
4.3- Bulk acoustic wave devices
The quartz crystal microbalance (QCM) has evolved over the last 20 years from simple vacuum based deposition monitoring to sophisticated biosensing in liquid and gaseous environments. As these experiments increase in complexity there is a real need for the standardization of the surface. For example, the stability of gold – thiol functionalisation strategies is questionable for long term monitoring of pathogens or other critical areas where a false negative could be a real risk. The stability of the diamond surface is unrivalled [13], and diamond also offers the widest electrochemical window and lowest background noise for electrochemistry [57].

The idea of coating the top electrode of a QCM with diamond is not new, but unfortunately the curie point of quartz is below the temperature of conventional diamond growth processes [58]. Even low temperature deposition techniques have failed to produce a working device, presumably because the quartz crystal starts to lose its piezoelectric properties considerably below the Curie point. Some success has been already obtained by bonding a free standing diamond layer to a QCM, but these results in a greatly reduced Q due to the thickness of the diamond layer and not commercially viable [59].

One way to circumvent the problems of the low curie point of quartz is to use an other piezoelectric crystal. Several novel high temperature piezoelectric materials have been discovered and commercialized in the last 10 year, such as langasite and gallium phosphate [60]. A prototype device is shown in figure 7, where an SiO2 layer was deposited on the electrode of a commercial langasite thickness shear mode resonator (TSM). This layer was then mechanically seeded with diamond powder and nanocrystalline diamond was grown on top. Figure 2 shows the phase / frequency plot of this device [61]. There is a clear resonance at 5MHz with small spurious anharmonic resonances that were already present before diamond growth. Despite TSMs have a lower sensitivity than other acoustics sensors, these devices are simple, robust, easy to use and they can operate in liquid as shown in fig. 8 where the resonant frequency is slightly lowered by the liquid’s load.
Such miniature TSM sensors, i.e. composite FBAR, with operation frequency in the GHz range and higher mass sensitivity (eq.3) are very appealing. Composite FBAR using an SiO2 layer that operates in liquids have already been demonstrated for temperature compensation purposes. FBAR are compatible with IC technology, they are mass-produced and they can be easily integrated into arrays. Most certainly, diamond has an important role to play in this technology for biological and chemical sensors.
[image: image12.wmf]     
Figure 7: Schematic of a diamond coated TSM resonator.


[image: image13]
Figure 8: Frequency response diamond coated TSM resonator in air and in D.I. water.
4.4- Microcantilevers

Because of its extreme hardness and its low wear coefficient, diamond has been already used as tips [62] or as a protection layer for silicon tips [63] of microcantilever for scanning probe microscopy. Monolithic diamond cantilever with integrated tip for SPM applications have also been made [64, 65]. Malave et al. have reported the fabrication of highly boron doped diamond tips with a resistivity of ~ 10−3 cm and a tip radius of curvature ~ 20 nm on diamond cantilevers for applications in scanning spreading resistance microscopy, scanning capacitance microscopy and nanopotentiometry measurements [66].
While diamond processes high fracture toughness, the high Young’s modulus of diamond gives to diamond cantilevers a higher spring force constant (k), ~ 10 times higher than silicon cantilevers. Diamond cantilevers have also slightly higher resonant frequencies (fi) than silicon cantilevers for the same geometry of the cantilever. Shibata et al. have developed diamond AFM probes integrated with piezoelectric thin films (ZnO, PZT) [67,68]. Both side clamped diamond cantilevers, i.e. diamond bridges have been used as actuator for microwave micro relays [69]. The use of diamond for this application provides large switching forces, mechanical stability and chemical inertness [70].

In 1994, it was found for the first time that a standard AFM cantilever could operate as a micro-calorimeter with femto-joule (10-15 J) sensitivity [33,71]. In other words, micro-cantilevers are excellent micro-mechanical sensors that can be used not only to characterized surface morphology and surface properties using SPM techniques. Micro-cantilevers operate by detecting changes either in resonance frequency, amplitude, Q-factor caused by mass loading and/or damping conditions or deflection caused by surface stress variation. Many applications of micro-cantilever sensors have already been demonstrated: humidity sensor [72], ethanol vapour, alkanes vapour, perfume oils vapour [73], Pb2+ in water [74], ethanol in water and antibody/antigen recognition [75], trinitrotoluene [76], PH, albumin [77], mercury vapour, mercaptan, IR radiation, DNA [78],… using standard detection techniques.
Common cantilever sensor systems are piezoelectrically, photo-thermally or magnetically actuated [80] and they use either optical [81] or piezoresistive detection. Electrical methods have some advantages compared with optical techniques: no need of optical components, no laser alignment, and the read-out electronics can be integrated on the same chip and they are not affected by the optical properties of the surrounding medium. Another possibility is to use piezoelectric bimorph cantilevers. The piezoelectric layer is used as both actuator and detector at the resonance frequencies. This system is very attractive since it avoids the use of external magnetic fields or delicate adjustments of optical systems, which limit practical applications. Fig. 9 shows a schematic of a piezoelectric bimorph cantilever. It consists of a cantilever made of two materials, one “substrate” and piezoelectric film sandwiched between two electrodes.

[image: image14]
Fig. 9: Schematic of a piezoelectric bimorph cantilever

Vibrations of cantilevers [82] and bimorph piezoelectric cantilevers [83] have already been studied. The electromechanical coupling coefficient (k) of a piezoelectric bimorph micro-cantilever has been calculated analytically [84]. It is composed of two parts: the electromechanical coupling coefficient of the piezoelectric material (Kf2) and a form factor (F). The electromechanical coupling factor of the piezoelectric material is a function of the piezoelectric coefficient at constant field (
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The most suitable piezoelectric material is PZT for piezoelectric bimorph microcantilevers (see table 4). The form factor is a function of the Young’s modulus (Ys) the thickness (hs) of the substrate, the elastic constant (C11) and the thickness (hc) of the piezoelectric material. It is inversely proportional with the cantilever length (L). For each ratio Ys/C11, it has a maximum value with the normalized thickness. The maximum value increases with the ratio Ys/C11 (see fig. 10). In another words, the stiffer the substrate, the higher the form factor and the electromechanical coupling coefficient. Thus, diamond, which has the highest known Young’s modulus, is the most suitable material for this type of cantilever. 
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Fig. 10: Variation of the maximal value of the form factor versus the ratio the substrate’s Young’s modulus (Ys) and the piezoelectric elastic constant (C11).
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	AlN
	1.03

	ZnO
	1.71

	BaTiO3
	2.63

	PZT4
	3.47


Table 4: Electromechanical coupling coefficient (Kf2) of various piezoelectric materials
To our knowledge, the first piezoelectric bimorph microcantilever that has been studied is the Microactuated silicon probes (DMASP) provided by Veeco© [85]. It consists of a Si/ZnO cantilever with two Ti/Au electrodes that sandwich the piezoelectric layer. Modeling and characterization of the frequency response and the impedance of this cantilever have been reported recently [86-88]. In a previous work, we have shown that this microcantilever can be use as a as gas pressure sensors [89]. It operates by monitoring the frequency shift of the resonant modes of the cantilever, which acts as a driven and damped oscillator. The change in the resonance frequencies is due to the variation of drag force with the pressure of the surrounding gas. The sensitivity of the piezoelectric bimorph cantilever varies with the vibration mode and the nature of the gas (see table 5) [89]. The bimorph cantilevers are also sensitive to temperature. It has been shown that the determination of the frequency shift of two resonant modes can be used to determine simultaneously both pressure and temperature of a gas [90]. We have also made and operated diamond/AlN micro-cantilevers as gas pressure sensors [84]. The variation of the impedance of the first resonant frequency of the diamond/AlN as a function of nitrogen gas pressure is ploted on fig. 11. The resonant frequency decreases nearly linearly with the increasing pressure of nitrogen (see fig. 12) with a sensitivity of ~4.2 ppm/mbar for nitrogen pressure up to 7 bars and at centre frequency f~36.5 kHz. 
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Fig. 11: Impedance variation of a diamond/AlN microcantilever at the first resonant mode as function of nitrogen pressure.( cantilever length ~ 200 m, cantilever wide ~ 50 m, diamond thickness ~ 650 m and AlN thickness ~ 1 m).
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Fig. 12: Variation of the first mode’s resonant frequency as a function of the nitrogen pressure for a diamond/AlN micro-cantilever.

	
	1st resonant vibration
 mode (ppm/mbar)
	3rd resonant vibration
 mode (ppm/mbar)

	Argon
	5.7 
	4.5 

	Nitrogen
	4.2 
	3.4 

	Helium
	0.7 
	0.6 


Table 5: Pressure sensitivity of a Si/ZnO microcantilever in different gases for the first and the third resonant vibration mode [89]
.
5- Conclusion

In this chapter, we have briefly reviewed the different types of acoustic devices with a special attention to sensor applications. Despite the fact that acoustic sensors have been already used to study physical and chemical properties of gases and liquids for decades, the use of diamond in this field is new. We have discussed and shown the interest to use diamond in composite acoustic devices: SAW filters, PFW sensors, TSM sensor, FBAR sensor and microcantilever sensors. While diamond based SAW filter technology is mature, diamond based acoustic sensors are still in infancy and should not be neglected due to the specific combination of exceptional properties of diamond: high mechanical properties, chemical stability, bio-inertness... highly desirable for the new generation of chemical and biological sensors.
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� Sezawa wave: second acoustic mode of the Rayleigh type in layered solid structures
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