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Double side nanostructuring of microcantilever sensor with TiO 2 -NTs as a route to enhance their sensitivity

We reported a new strategy to enhance the sensing performances of a commercial microcantilever with optical readout in dynamic mode for the vapor detection of organophosphorous coumpounds (OPs). In order to increase significantly the surface area accessible to the molecules in vapor phase, we nanostructured both sides of the microcantilever with ordered, open and vertically oriented amorphous titanium dioxide nanotubes (TiO 2 -NTs) in one step by an anodization method. However, due to the agressive conditions of anodization synthesis it remains a real challenge to nanostructure both sides of the microcantilever. Consequently, we developped and optimized a protocol of synthesis to overcome these harsh conditions which can lead to the total destruction of the silicon microcantilever. Moreover, this protocol was also elaborated in order to maintain a good reflection of the laser beam on one side of the cantilever towards the position sensitive photodiode and limit the light diffusion by the NTs film. The first results related to the detection of dimethyl methylphosphonate (DMMP) showed that TiO 2 and the nanostructuring on both sides of the microcantilever with NTs improved indeed the response of the sensor to vapors compared to a microcantilever nanostructured on only one side. The dimensions and morphology of NTs guaranteed the access of molecule to the surface of NTs. This approach showed promising perspectives to enhance the sensing performances of microcantilevers.

Introduction

Potential exposure to chemical warfare agents (CWAs) from terrorist organizations or military groups is real. [1][2][START_REF] Gupta | Handbook of toxicology of chemical warfare agents[END_REF] They have been used during the 2013 Syrian civil war and more recently, in 2017-2018, against civilians in Syria, Malaysia and United Kingdom. [START_REF] Lane | [END_REF] Among these agents, organophosphorous compounds (OPs) such as tabun (GA), sarin (GB) or VX can be used as weapons of mass destruction and are toxic molecules. 1,[START_REF] Gupta | Handbook of toxicology of chemical warfare agents[END_REF] This potential threat leads to develop sensors with high selectivity and sensitivity. The next generation of sensors must be fast, sensitive, selective, portable and inexpensive. However, it remains a challenge to satisfy all the requirements in a single sensor. Different sensors based on mass spectrometry, 5 colorimetry, 6 photonic crystals, 7 surface acoustic wave 8,9 have been proposed but they often require bulky instrumentations and high costs. Microgravimetric sensors and more particularly microcantilevers are a good candidate and showed promising results due to their low cost, their ease of handle, their reversibility and their good sensitivity. [10][11][12][START_REF] Zhao | Transducers-2015 18th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS)[END_REF][START_REF] Guo | [END_REF][15][16] To date, different strategies have been explored to improve their effectiveness about the detection of OPs. The first strategy consists mostly in functionalizing the microcantilever surface. For example, a selfassembled composite layer of Cu 2+ /11-mercaptoundecanoic acid, 10 a hyper-branched polymer, 12,[START_REF] Guo | [END_REF] or 78-mer 5'-biotinylated aptamer have been fixed on the microcantilever surface. [START_REF] Zhao | Transducers-2015 18th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS)[END_REF] However, the organic molecules are not stable at high temperatures and over long periods of time. The second strategy to improve molecule capture ability of the microcantilevers consists in enhancing their surface of capture which is originally low. 17 It usually achieved by the formation of a nanostructure on its surface. It has begun since a decade with the synthesis of titanium dioxide nanotubes (TiO 2 -NTs) on one side of a microcantilever for the detection of explosives. [17][18][19][20] Thundat et al. also nanostructured the surface of the microcantilever with a nanoporous TiO 2 . 19 Their nanostructuring required a two-step anodization and photolithography process for the detection of trace explosives. However, the use of photolithography process is not costeffective. More recently, Cai et al. developed a metal-organic framework (MOF) of UiO-66 film on a Parylene-C patterned piezoresistive microcantilever in order to increase the active surface area and the probability of DMMP capture. 11 However, the use of MOFs is limited due to drawbacks such as high fabrication costs, low reversibility, pore modulation or stability. 21 Despite the fact that these strategies improve significantly the sensitivity of the microcantilever, the nanostructures were only limited to one side of the microcantilever. They did not nanostructure the opposite side of the microcantilever may be due to harsh conditions of synthesis 17,18 for microcantilevers, important costs 19 or problems of laser beam reflection as reported previously for microcantilevers nanostructured with zinc oxide nanorods. 22 Microcantilever with optical readout consists in reflecting a laser beam on a side of the microcantilever towards a positionsensitive detector in order to follow the resonance frequency during sensing experiments in dynamic mode. This technique is expected to result in a better sensitivity than the piezoresistive detection, especially in this mode. 17,[START_REF] Debéda | Advanced Nanomaterials for Inexpensive Gas Microsensors[END_REF] Indeed, local heating can appear due to flowing current during measurement and piezoresistive layer needed for integration affects the mechanical performance. [START_REF] Debéda | Advanced Nanomaterials for Inexpensive Gas Microsensors[END_REF] Here, to overcome the cited problems, we report for the first time, a cost-effective and optimized synthesis of ordered and vertically aligned TiO 2 nanotubes on both (upper and lower) sides of a commercial microcantilever with optical readout by anodization. This process has the advantage to (i) not require photolithography process (high costs), 19 (ii) to use TiO 2 which is a material widely employed in photochemical and photoelectrochemical applications [START_REF] Cottineau | [END_REF][25][26] , to be easily synthesize 25 and showing a good interaction with simulant of OPs, 20,27,28 (iii) to generate NTs which develop a high surface to volume ratio, (iv) to reflect the laser beam on the microcantilever and (v) to offer a higher enlargement of the surface area due to the double side nanostructuring compared to the single one. The aim of the double nanostructuring is to increase the surface area of the microcantilever and consequently its sensitivity by enhancing the number of captured molecules. Among the different syntheses of TiO 2 -NTs, we chose anodization synthesis. It consists of the anodization of titanium layer for NTs formation. This synthesis has the advantage to be relatively easy on centimeter-sized area, simple, inexpensive and different kind of electrolytes can be used to allow the growth of a wide variety of TiO 2 -NTs morphologies and dimensions. 17,29 However, it remains a big challenge to nanostructure both sides of the commercial microcantilever in a one-step anodization without damaging the microcantilever. Indeed, the presence of fluoride in the electrolyte as well as high applied voltage can easily dissolve the microcantilever which is characterized by a small size (few square micrometer area). The microcantilevers must resist to the synthesis conditions in order to preserve their mechanical properties and consequently their high sensitivity. Moreover, the NTs on the microcantilever surface have to reflect the laser beam light used to measure the resonance frequency. This is also a challenge to conserve this property due to the decrease of the reflective index of TiO 2 compared to Si and also the formation of the porous surface coming from NTs which can prevent the laser reflection.

Due to the extreme high toxicity of the nerve agents, simulants as DMMP, 2 are preferentially used as model for sensing experiments. These molecules are less toxic and are characterized by a behavior close to the nerve agents making them good candidates for laboratory experiments. 2

Results and discussion

The protocol developed to nanostructure both sides of the microcantilever is presented in Scheme 1: (1) A bare silicon microcantilever (TL-NCL-50 from Nanosensors TM ) with a thickness of 7 ± 1 µm, a length of 225 ± 10 µm, a width of 38 ± 8 µm and a force constant of 21-98 N.m -1 was used as received. ( 2) The front side of the microcantilever was coated with a thick layer (layer No.1) of titanium by physical vapor deposition (PVD). The process used here is sputtering. Deposition was done at a pressure of 2 x 10 -3 mbar under argon atmosphere at 60 °C and the magnetron power density was 9.66 W.cm 2 . (3) The previous step was also applied to the back side of the microcantilever (layer No. 2). The front side (layer No. 1) of the microcantilever was deposited on a gel layer composed of polydimethylsiloxane (PDMS) in order to protect it during titanium deposition. However, the deposition temperature was here fixed at room temperature (23 °C). The deposition parameters were optimized in order to guarantee the growth of TiO 2 -NTs. ( 4) Synthesis of vertically aligned TiO 2 -NTs on the microcantilevers was done by electrochemical anodization of the metallic Ti layers. This method has been reported in a previous work 30 and modified here in order to obtain dense, open and oriented TiO 2 -NTs on both sides without any damage on microcantilever (e.g. dissolution of silicon). Briefly, the anodization was conducted in a two electrodes cell with the titanium covered microcantilever as working electrode and a platinum foil as counter electrode. The electrolyte was composed of 0.5% (w/w) NH 4 F and 10.0% H 2 O (v/v) in ethylene glycol at 45 °C. The same protocol (except step 2) was applied to the microcantilever nanostructured on one side. The anodization process is a competition between the electrochemical oxidation of Ti into TiO 2 and the dissolution of the oxide by the fluoride of the electrolyte according to the Eqs. ( 1) and (2): 17,31 Scheme 1 Schematic synthesis of the double side nanostructuring of microcantilevers with optical readout by TiO 2 -NTs. (2)
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In the case of thin silicon substrate (7 ± 1 µm), it is crucial to pay attention not to dissolve the silicon with the fluoride of the electrolyte as presented in Fig 1. 17 Silicon and silicon dioxide suffer indeed from dissolution in the fluoride solutions. 32,33 Consequently, we used an ethylene glycol based electrolyte having a high viscosity which slows down the diffusion of fluorides and consequently limits the silicon dissolution. Moreover, parameters were specifically adapted to generate the formation and opening of TiO 2 -NTs while limiting the dissolution of silicon by fluorides. Electrolyte was composed of 0.5% (w/w) NH 4 F and 10.0% H 2 O (v/v) in ethylene glycol at 45 °C. The same protocol (except step 2) was applied to the microcantilever nanostructured on one side.

Scanning electron microscopy (SEM) images of a one and double side nanostructured microcantilever with a potential of anodization of 60 V are presented on Fig. 2. We observe the presence of NTs on one side (Fig. 2 a) and on both sides (Fig. 2.b) of the single and double side nanostructured microcantilever, respectively. This protocol of synthesis allows the nanostructuring on both sides. With these conditions, NTs of the single nanostructured microcantilever have a length of 1240 ± 38 nm, an external diameter of 137 ± 13 nm and an internal diameter of 105 ± 13 nm. Concerning the double side nanostructured microcantilever, NTs have a length of 1854 ± 137 nm, an external diameter of 100 ± 6 nm and an internal diameter of 72 ± 7 nm. Then, we optimized the conditions of synthesis by applying a potential of anodization of 20 V and a time of synthesis of 1800 s in order to increase the surface area of the microcantilevers by reducing the diameter and increasing the length of NTs.

SEM images (top views) after each optimized synthesis step are displayed on Fig. 3. The side views of the microcantilever after the synthesis of TiO 2 -NTs are exposed on Fig. 4. As observed on the Fig. 3, bare microcantilever shows a smooth surface. After sputtering deposition, Ti layers are characterized by a slight roughness (Fig. 3 b)). The Ti layers are formed of randomly oriented platelet-shaped particles. The thickness of Ti films measured by scanning electron microscopy (SEM) was 2.2 ± 0.1 µm. These Ti layers were then anodized in the optimized conditions (1800 s, 20 V). After anodization, SEM images show ordered and vertically aligned NTs on both surfaces of the microcantilever. Moreover, the top of NTs are completely open. Transmission electron microscopy (TEM) images confirm also the formation of NTs (Fig. 5). This opening ensures the access of molecules into the NTs allowing a possible increase of the molecules capture. The layer No. 1 exhibits NTs with a length of 2736 ± 66 nm, an external diameter of 76 ± 8 nm and an internal diameter of 57 ± 7 nm (Table 1 and Fig. 3 b). The layer No. 2 exhibits NTs with a length of 3193 ± 56 nm, an external and internal diameter of 69 ± 8 nm and 47 ± 7 nm, respectively (Table 1 and Fig. 3 b)). We reach a density of 131 ± 6 and 165 ± 6 NTs.µm -² (determined by counting the NTs on SEM images) on the layer No. 1 and No. 2, respectively. NTs are characterized by a high aspect ratio (length to diameter ratio) of 46 and 36 for layer No. 1 and 2, respectively. The orientation and morphology of NTs lead to increase significantly the surface area until a factor of 343 (theoretical value extracted from dimensions of the NTs) for double side nanostructured microcantilever (Table 1). This value is much higher than the result obtained in a previous study with one side nanostructured microcantilever (80). 18 We also observe that the length of TiO 2 -NTs between the two layers is slightly different. This difference could be explained by the temperature applied during the sputtering No. 2, respectively). We suppose here that a high temperature modifies Ti layer by increasing the grain size as reported in previous works. [34][35][36] Moreover, this effect lead to reduce the defect/gap between the grains resulting in denser film as previously reported. 35 As observed on Fig. 2, the layer No. 2 is characterized by a more pronounced stacking of plateletshaped titanium and less dense film than on layer No. 1. This arrangement leads to more grain boundaries and interfaces on Layer No 2. These interfaces may act like passages for the interstitial rapid diffusions of O 2-according to the diffusion theory that may facilitate chemical reaction between Ti 4+ and O 2-improving the growth of TiO 2 -NTs as observed in a previous report. 37 Moreover, as we used only one counter electrode during anodization process, the local electric field is consequently different between the two sides of the microcantilever which could lead to modify the dimensions of NTs on both sides. Further experiments are necessary to explain completely the mechanism of reaction during this step.

To determine crystallinity of nanostructures, X-ray diffraction (XRD) was employed (Fig. 6). After sputter deposition on a silicon wafer, we observed the (100), (002), ( 101) and (102) planes corresponding to the Ti crystal structure (JCPDS: 00-44-1294). 38,39 After anodization, we observe that the peaks corresponding to the Ti crystal structure remain present on the XRD pattern. However, we noticed that their intensity is reduced indicating the titanium consumption during the anodization. NTs are amorphous because no peaks characteristic of any titanium oxide phase is observed. Additionally, after a thermal treatment of the anodized sample at 450 °C during 4 hours (with a rate of 5 °C/min), we observe three diffraction peaks at 25.4°, 44.5° and 48.2°. The peaks at 25.4° and 48.2° are attributed to (101) and (200) planes of anatase crystalline phase respectively (JCPDS: 01-078-2486). 40 The peak at 44.5° is attributed to the diffusion of Si in Ti grain boundaries. 41 The remaining peaks correspond to the Si wafer. To resume, these results confirm that (i) a layer of Ti remains 
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Please do not adjust margins between the substrate (Si) and the layer of TiO 2 -NTs and (ii) TiO 2 -NTs are amorphous after anodization.

We have successfully nanostructured both surfaces of the microcantilever with ordered, completely open and vertically oriented TiO 2 -NTs. The anodization synthesis took place in a single step. This strategy of patterning on both sides increases highly the surface area. This high surface area coming from intratubular, interstitial channels, external groove and external rounded surfaces of NTs could highly enhance the sensing properties of the next generation of microcantilever.

In order to evaluate the benefits of this nanostructuring strategy, bare microcantilever, microcantilever covered by metallic titanium film and microcantilever nanostructured on its both sides with TiO 2 -NTs were exposed to DMMP vapor. The potential of anodization and the synthesis time used to nanostructure the microcantilever were fixed at 20 V and 1800 s. The microcantilever was exposed to 594 ppm of DMMP for 10 minutes at a flow rate of 50 mL.min -1 . The DMMP vapors were generated from an air flow going through a stainless steel bubbler containing a pure solution of DMMP maintained at a temperature of 16 °C. The DMMP concentration was determined by gas chromatography-mass spectrometry with a measured concentration of 594 ppm which was close to the estimated saturated concentration (562 ppm) by using the Antoine equation. 42 The adsorption measurements are illustrated in Fig 7 . The three microcantilevers respond to DMMP vapor with a resonance frequency drop just after the injection of DMMP. The frequency shifts are -13, -50, -632 Hz for bare microcantilever, microcantilever with Ti layer and double side nanostructured microcantilever respectively. Despite the presence of the TiO 2 -NTs, the reflection of the laser beam on the TiO 2 -NTs surface towards the position sensitive photodiode is conserved. The measurement of the resonance frequency shift is thus ensured. Uncovered and Ti covered microcantilevers respond very slightly to DMMP. However, the cantilever covered by a Ti layer shows a higher response (-50 Hz) compared to the uncovered cantilever (-13 Hz). This effect could be attributed to the increase of the surface area due to presence of the platelet-shaped titanium structures on the surface of the microcantilever as observed in Fig. 3. The observed difference can also be due the fact that a native titanium oxide layer formed at air exposure has been probably generated on the surface of titanium layer and which could be more reactive to DMMP than silicon. Previous studies showed that TiO 2 has indeed a good reactivity to DMMP. 20,27,43,44 The initial uptake of DMMP on TiO 2 surface involves hydrogen bonds between the P=O group and hydroxyl groups of the oxide surface. 27,44,45 When both sides of the microcantilever are nanostructured with two dense layers of TiO 2 -NTs, a high response is observed with a shift of -632 Hz (f 0 = 166.105 kHz). The response is multiplied by a factor of 48 compared to the uncovered microcantilever. This result confirms that the nanostructuring offers better response than bare microcantilever. Moreover, it confirms also that TiO 2 is a material having a positive response to DMMP while the dimensions of NTs ensure an access of DMMP molecules on their surface. After 10 min of exposure to DMMP, microcantilevers are again exposed to air. As observed, for all tested microcantilevers, the resonance frequency shift decreases, indicating that DMMP molecules are progressively desorbed from the surface (Fig. 4). For the double side nanostructured microcantilever, we can underline that the response of the cantilever to DMMP vapor is very fast with a response time inferior to 2 s and an initial rate of 527 Hz.s -1 . 90% of the threshold is reached in only 14 s. After 100 s, the frequency of the microcantilever reached an equilibrium value (-632 Hz). However, the desorption process takes more time Please do not adjust margins Please do not adjust margins than adsorption with a response time inferior to 2 s. 90% of the return to the baseline is achieved in 125 s. A time superior to 600 s is necessary to observe a return of the baseline. The comparison of adsorption and desorption times shows that desorption is much slower process than adsorption. It can be explained by the fact that DMMP could be trapped in pores which results in a slow release process. Further studies are necessary to determine in details the mechanisms of DMMP adsorption and desorption on TiO 2 -NTs. According to the mechanism of vapor permeation, the response of the nanostructured microcantilever to DMMP can be considered by three steps: i.e. adsorption, diffusion, and desorption process. First, the frequency changes sharply (initial rate of 527 Hz.s -1 ) when the double side nanostructured mirocantilever is introduced with vapors (DMMP), which results from surface adsorption effect. Then, the frequency shifts very slowly and the frequency nearly not change because of bulk diffusion effect between sensitive sensor material (TiO2) and vapor. This

Conclusion

In summary, we have developed a fast route for enhancing commercial microcantilever response to DMMP vapor. First, we have covered both sides (upper and lower) of a silicon microcantilever with a titanium layer by physical vapor deposition and then, we nanostructured the microcantilever with TiO 2 -NTs by anodization. Anodization of both surfaces has been realized in a one-step process. Through an optimized protocol of titanium deposition and anodization synthesis, we have successfully kept sufficient reflectivity by maintaining surface properties and morphology of the microcantilever as well as the initial structure and morphology of the microcantilever despite the harsh conditions of titanium anodization for silicon. Additionally, we have homogenously nanostructured the sensor with open, dense and vertically oriented amorphous TiO 2 -NTs. The morphology of NTs ensures a good accessibility of the DMMP molecules on the nanostructures surface. Moreover, the NTs morphology and the double side nanostructuring offers a high enhancement of the surface area which should increase the sensor sensitivity. Please do not adjust margins Please do not adjust margins Indeed, NTs allowed to capture more molecules on the surface of the microcantilever and double side nanostructured microcantilever showed an enhancement of the sensor response by a factor of two compared to the single nanostructured microcantilever. In addition, TiO 2 is a good candidate to detect OPs. Double side nanostructured microcantilever showed a fast response and a good recovery. By taking advantage of the high surface area of the double side nanostructuring, further development will be conducted in order to develop a more sensitive and selective sensor to OPs.
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Fig. 1

 1 Fig.1Optical images of a microcantilever covered by a Ti layer (thickness of 2.2 ± 0.1 µm) a) before anodization and b) after anodization without synthesis optimization (one side of the cantilever was not protected during deposition of Ti layer, potential of anodization and time of synthesis were fixed at 30 V and 1800 s, respectively).

Fig. 2

 2 Fig.2SEM images of microcantilever covered on a) one side (back side) and b) on both sides by TiO 2 -NTs. The potential of anodization is fixed at 60 V for single nanostructured microcantilever and double side nanostructured microcantilever. The potential of anodization was fixed at 60 V.

Fig. 3

 3 Fig. 3 SEM images of bare microcantilever, microcantilever covered by a Ti layer and microcantilever covered by TiO 2 -NTs on both upper (layer No. 2) and lower surfaces (layer No. 1) with a a) large and b) close view. The particles visible on bare microcantilever (b)) are dust particles present on the microcantilever and they were used to adjust the focus on the microcantilever surface.

Fig. 4

 4 Fig. 4 SEM images of double side nanostructured cantilever with TiO 2 -NTs.

Fig. 5

 5 Fig. 5 TEM images of TiO 2 -NTs obtained from nanostructured wafer.

Fig. 7

 7 Fig.7 Resonance frequency shift of the bare microcantilever (Si), microcantilever covered by a Ti layer and double side nanostructured microcantilever with TiO 2 -NTs. The microcantilevers were exposed to 594 ppm of DMMP for 10 min. Double side nanostructured cantilever was synthesized with a potential of anodization of 20 V and a synthesis time of 1800 s.

Fig. 6

 6 Fig.6XRD patterns of silicon wafer before (green) and after deposition of a titanium layer (blue), TiO 2 -NTs before (black) and after thermal treatment at 450 °C (red). TiO 2 -NTs are obtained by anodization.

Fig. 8 a

 8 Fig. 8 a) Resonance frequency shift of a microcantilever nanostructured on one and both sides with TiO 2 -NTs. The microcantilevers were exposed to 594 ppm of DMMP for 10 min. Nanostructured microcantilevers were synthesized with a potential of anodization of 15 V and a synthesis time of 1800 s. b) Frequency responses of the double side microcantilever. Double side nanostructured cantilever was synthesized with a potential of anodization of 20 V and a synthesis time of 1800 s.

Table 1 .

 1 Dimensions of TiO 2 -NTs (length, external (Ø ext ) and internal diameter (Ø int )) and numbers of TiO 2 -NTs on the double side nanostructured microcantilevers (layer No. 1 and layer No. 2).

		Ø ext	Ø int	Length	Number of
		(nm)	(nm)	(nm)	NTs.µm -²
	Double side				
	nanostructured microcantilever	69 ± 8	47 ± 7	3193 ± 56	165 ± 6
	(layer No. 1 )				
	Double side				
	nanostructured microcantilever	76 ± 8	57 ± 7	2736 ± 66	131 ± 6
	(layer No. 2 )				
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