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This paper presents a new simple method to measure thin film material properties using scotch-tape surface wrinkling. Thin metal films have been deposited on polymer substrates by e-beam evaporation. After patterned by photolithography and wet etching, long and narrow thin metal layers have been transferred by peel-off onto the scotch tape. The effect of velocity of scotch tape peel-off on the metal film transfer from polymer substrates to the scotch tape has been investigated. After metal transfer, metal film wrinkling patterns have been established on the scotch tape due to mechanical properties mismatch between the two materials. The wrinkling patterns have been characterized in term of amplitude and wavelength and they are compared with FEM (Finite Element Method) buckling simulation results for material properties extraction. By consequence, elastic moduli of 300 nm-thick gold film and a multilayer of 30 nm Ti on 300 nm Au have been found 147 GPa and 885 GPa based on the measured wavelength of the wrinkling films.

INTRODUCTION

Combined metal thin film and polymer substrate attracts more and more interests after the emergence of the flexible electronics [START_REF] Boutry | Biodegradable and flexible arterialpulse sensor for the wireless monitoring of blood flow[END_REF][START_REF] Musk | An integrated brain-machine interface platform with thousands of channels[END_REF][START_REF] Viventi | A conformal, bio-interfaced class of silicon electronics for mapping cardiac electrophysiology[END_REF][START_REF] Song | Ultrathin trilayer assemblies as long-lived barriers against water and ion penetration in flexible bioelectronic systems[END_REF]. Especially, mechanical flexibility of the elastic-compliant system provides unprecedent opportunity for biomedical applications. For example, neural electrode is fabricated with thin metal electrodes on a soft polymer substrate for an advanced neuroprosthetics [START_REF] Anderson | Batch-fabricated thin-film electrodes for stimulation of the central auditory system[END_REF][START_REF] Castagnola | Parylene-based flexible neural probes with PEDOT coated surface for brain stimulation and recording[END_REF][START_REF] Cheung | Flexible Polyimide Microelectrode Array for in Vivo Recordings and Current Source Density Analysis[END_REF]. Mechanical reliability of the thin-film patterned on polymer substrate is an essence for long-term usage and thus it is important to characterize mechanical properties of the thin films for enhanced mechanical integrity of the thin filmpolymer system. Since it is known to be different from those of bulk material and exhibit a dependence on the specimen size, simple and accurate measurement methods are highly desired. The residual stress of thin film is often determined by the Stoney formula based on the substrate curvature change before and after thin film deposition [START_REF] Ardigo | Stoney Formula: Investigation of Curvature Measurements by Optical Profilometer[END_REF]. As the Stoney equation is based on an equal biaxial stress state, the biaxial versions of the elastic modulus should be used.

Other interesting techniques for material properties measurement are nanoindentation and nanoscratch tests [START_REF] Sana | Effects of the substrate on the determination of thin film mechanical properties by nanoindentation[END_REF][START_REF] Wang | A review on the mechanical properties for thin film and block structure characterised by using nanoscratch test[END_REF]. The nanoindentation test can generate the load displacement data by pressing the surface of material with an indenter. The hardness and elastic modulus can be determined from load-displacement data.

The nanoindentation shows inherent uncertainties on indentation depth, proximity of substrate which cause nonnegligible error on measurement of elastic modulus of ultrathin polymer film. Nanoscratch test is accomplished by measuring the force while moving the tip laterally across the sample. Compared to the nanoindentation test, nanoscratch test can provide more reliable and complete interface mechanical properties of the materials due to its continuous real-time point information [START_REF] Wang | A review on the mechanical properties for thin film and block structure characterised by using nanoscratch test[END_REF]. Strip bending test is performed by applying an external load to the fixed-fixed strip specimen with a nanoindenter and analyzing the resulting load-displacement characteristics. The strip bending test can provide tensile properties of thin films such as elastic modulus and stress [START_REF] Baek | Mechanical Characterization of Gold Thin Films Based on Strip Bending and Nanoindentation Test for MEMS/NEMS Applications[END_REF]. As an alternative method, surface wrinkling based on thin film buckling phenomenon has been recently proposed to get direct measurement of the elastic modulus of thin films such as thin polymer films, thin film metals, carbon nanotubes, etc [START_REF] Chung | Surface Wrinkling: A Versatile Platform for Measuring Thin-Film Properties[END_REF]. This technique allows to calculate the elastic modulus of a thin film by measuring the wavelength of the wrinkling thin film. Elastomer material such as PDMS is frequently used as a base substrate as it has low elastic modulus. Commercial scotch tape has adhesive on a supporting membrane such as PVC, PET, PE, etc. The adhesive layer might be prone to buckle when it is in contact with elastic thin film. In addition, FEA (Finite Element Analysis) would be suitable to comprehend the wrinkling behavior of thin films on compliant substrate or MEMS packaging based on thin dielectric film wrinkling [START_REF] Mei | Concomitant wrinkling and buckle-delamination of elastic thin films on compliant substrates[END_REF][START_REF] Seok | Fabrication and Modeling of Nitride Thin Film Encapsulation Based on Anti-Adhesion-Assisted Transfer Technique and Nitride/BCB Bilayer Wrinkling[END_REF].

In this paper, a novel method based on a scotch-tape surface wrinkling is proposed to extract thin metal films material property. Extraction of material properties is made by comparison between measurements and FEM (Finite Element Method) buckling simulation results. Theoretical background of thin film wrinkling on compliant is explained in section II and fabrication of the test sample is describe in section III. Section IV shows FEM modeling and simulation of buckling of elastic film on soft polymer. Material properties extraction and discussion will be presented in Section V and conclusion will be made in section VI.

II. THEORY OF THIN FILM WRINKLING ON COMPLIANT

SUBSTRATE

When compressive load is applied to thin film/substrate sandwich, the buckling instability can create surface wrinkling of thin elastic film attached to a compliant substrate as shown in Fig. 1.

Fig. 1 Wrinkling of thin film on compliant substrate

The wrinkling is a result of the balance between the energy required to bend the stiff upper film and the energy required to deform the soft underlying substrate. There exists a critical wavelength that minimizes the total strain energy in the system and this wavelength is dependent on the material properties of both the film and substrate [START_REF] Anderson | Batch-fabricated thin-film electrodes for stimulation of the central auditory system[END_REF]. Assuming a sinusoidal waveform of the buckling instability, the critical wavelength (λc) can be expressed by Equation (1) below.

(

1)

,where h is the thickness of the upper film, 𝜈 is Poisson's ratio, is the plane-strain modulus, E is Young's modulus (subscripts f and s denote film and substrate respectively) Critical stress (c) or strain (c) to induce the wrinkling in the system can be calculated by Equation (2) and Equation ( 3).

(2)

(3) Also, the amplitude of the waves, A is derived with the assumption that once the applied compressive strain exceeds the critical strain, the wavelength remains constant (λ is independent of ε). 

III. SAMPLE PREPARATION

Transfer technique is used to put thin (metal) films on the surface of scotch tape. It is known that gold metal film has low adhesion to polymeric materials such as parylene, polyimide, etc. Thus, thin metal film has been built on such polymer substrate and then transferred to scotch tape surface. Fig. 2 shows the proposed test sample preparation process; (a) Parylene layer has been deposited on Si wafer at room temperature. (b) Before metal layers deposition, the parylene surface is etched with CF4 gas in order to promote metal adhesion to parylene due to surface roughness increase. Titanium (30 nm) and gold (300 nm) are sequentially deposited on the parylene substrate without rupture of vacuum. (c) PR mask is patterned for metal etch. (d) Gold is first etched with Au etchant for 5 minutes and then titanium is etched with BOE solution for 10 seconds. After metal patterning, PR mask has been removed with acetone. (e) Scotch tape is attached to thin metal film on polymer substrate (f) Thin metal films are transferred to the scotch tape using conventional tensile experiment instruments with constant tensile force. Without polymer surface treatment, thin metal layers have been delaminated from the underneath polymer substrate during wet etch step as shown in Fig. 3 (a). Thus, the surface of polymer substrate has been modified with O2 or CF4 gas before metal deposition. CF4 gas treatment has created nano-pillar structure to increase nanoscale roughness that leads to enhance metal adhesion to the polymer substrate as shown in Fig. 3 (d). The designed metal line has length of 50 mm, width of 200 µm. Each unit has 6 metal lines having space of 300 µm between the metal lines. The thin film fabricated on the parylene (or polyimide) substrate is transferred to scotch tape by using conventional tensile test machine (Shimadzu EZ-S machine). The scotch tape is stick to a target thin gold film lines on the polymer substrate and then force is applied to one end of the scotch tape in order to detach the scotch tape. During detachment process, metal lines are being transferred to scotch tape. Fig. 4 shows the thin film metal line on polymer substrate and transferred metal lines on the scotch tape. . Through this measurement, the adhesion energy between gold and parylene substrate is estimated 1.3 J/m2 that is minimum energy required for the metal transfer.

When scotch tape speed is 10 mm/min, all the metal pattern has been fully transferred to the scotch tape because the applied energy is much larger than the critical adhesion energy. The metal debonding dependence on scotch tape speed is validated that the applied strain energy release rate (SERR) is a function of velocity as shown in equation below [START_REF] Feng | Competing Fracture in Kinetically Controlled Transfer Printing[END_REF].

where G0 is the critical energy release rate as indicated by a peeling velocity v approaching zero, v0 is the reference peeling velocity at which the critical energy release rate doubles to G0, and the exponent n is a scaling parameter that can be determined from the experiments. Mechanical behavior of the 2D model is defined as plane strain and number of elements of the 2D model is 3250. A 2D FEM model has been used because it is more efficient than 3D one for surface wrinkling simulation in terms of simulation time. Material properties of the scotch tape have been found by using conventional tensile test as in Ref. [START_REF] Seok | Analysis of Thin Film Parylene-Metal-Parylene Device Based on Mechanical Tensile Strength Measurement[END_REF]. Elastic modulus 6.9 MPa of the scotch tape has been obtained from the slope of linear fit of the stress-strain curve.

Poisson ratio is assumed 0.4 like other polymeric materials. Elastic modulus of the thin gold metal film is the parameter of interest, while poisson ratio is considered to be 0.4. Boundary conditions of the FEM model is defined as follows; Ux=0, Uy=free at x=0, Ux=constant, Uy=free at x=L, Ux=free, Uy=0 at y=0. Given with the boundary conditions, linear (eigenvalue) analysis has been first performed to get wavelength of the thin film wrinkling and then the buckled shape of the model is fed to nonlinear buckling analysis to obtain the effect of applied compressive strain on wrinkling amplitude. Fig. 7 shows meshed FEM model, linear analysis, and nonlinear buckling analysis results. The linear analysis gives the wavelength of the wrinkling pattern, while nonlinear buckling analysis gives wrinkling pattern's amplitude. (c) Nonlinear buckling analysis Fig. 7 

FEM model and linear, nonlinear buckling analyses results

A parametric analysis has been carried out to study the wrinkling characteristics depending on scotch tape thickness and its elastic modulus. Wrinkling wavelength is not changed due to scotch tape thickness as shown in Fig. 8 (a). It is validated that the wrinkling wavelength is a function of material properties of the two materials in contact as explained in Equation ( 1). The wrinkling amplitude has been slightly increased when thicker scotch tape is used. As shown in Fig. 6, metal thin film has been delaminated during wrinkling and thus the FEM model has been modified to include predefined delamination of 10 µm between thin-film metal and substrate as indicated in Fig. 7 (a). By changing the applied strain, the maximum displacement of the delaminate thin film has been investigated. It should be noted that in the modified model, large deflection has been excluded as the simulation result of interest is the height of the delaminated thin film. Fig. 9 shows the effect of the delamination as function of the applied strain. Maximum wrinkling amplitude of the delaminated metal film as function of applied strain has been found as shown in Fig. 11 and then it is compared with measurement results as indicated in Fig. 6 (b). The applied strains are estimated 1.1 % and 1.45 % respectively, which means that unexpected large strain has been applied during scotch tape debonding. As mechanical mismatch between compliant substrate and elastic metal is the principal cause for the wrinkling pattern, scotch tape has been proposed for wrinkling pattern creation because it has naturally adhesive layer on itself. Scotch tape, relatively thinner than the PDMS, may introduce wrinkling pattern deviation from theoretical calculation. Thus, FEM model and simulation has been used for material properties extraction. Elastic moduli of thin metal films extracted from wrinkling pattern based on scotch tape have showed the similar values from theoretical calculation and FEM simulation. Besides, residual stress of thin gold metal has been estimated from the measured wrinkling amplitude. In conclusion, scotch tape wrinkling would be an easy and versatile way to characterize thin film material properties in condition that the test thin film can be fabricated for wrinkling creation.

( 4 )

 4 Equations[START_REF] Boutry | Biodegradable and flexible arterialpulse sensor for the wireless monitoring of blood flow[END_REF][START_REF] Musk | An integrated brain-machine interface platform with thousands of channels[END_REF][START_REF] Viventi | A conformal, bio-interfaced class of silicon electronics for mapping cardiac electrophysiology[END_REF][START_REF] Song | Ultrathin trilayer assemblies as long-lived barriers against water and ion penetration in flexible bioelectronic systems[END_REF] are basic theoretical background for extraction of mechanical properties of the thin films from wrinkling characteristics.

Fig. 2

 2 Test sample preparation process

  Fig. 3 Paylene surface treatment; (a) full delamination of thin metal films on parylene substrate during wet metal etch (b) without treatment (c) O2 treatment (d) CF4 treatment

Fig. 4

 4 Fig. 4 Thin metal film on polymer substrate and metal film transferred to scotch tape Next, the effects of CF4 treatment and scotch tape speed have been investigated by measuring force-displacement curves as shown in Fig. 5. It is found that (1) scotch tape velocity of 10 mm/min has made all metal debonded from polymer substrate with and without CF4 treatment, while 1 mm/min has made partial metal debonding. (2) maximum applied force for the sample with CF4 treatment is more than

Fig. 6

 6 Fig. 6 Metal thin film wrinkling after transfer onto scotch tape

  2D FEM model with boundary conditions (b) Linear buckling analysis a mis en forme : Anglais (États-Unis)

  Fig. 8 (b) shows the effect of scotch tape elasticity on wrinkling wavelength and amplitude. The two parameters are decreasing as the elasticity of the scotch tape becomes greater. (a) Scotch tape thickness (b) Elastic modulus of scotch tape Fig. 8 Wrinkling behavior depending on scotch tape geometrical and mechanical parameters

  Fig. 9 Effect of the metal thin film delamination on wrinkling deformation

Table 1 .

 1 Comparision of gold thin film material properties from litteratures Thin film wrinkling is frequently observed in thin film process related with compliant materials. Thick elastomer material like PDMS is a favorite substrate to create wrinkling pattern for material properties characterization.

	Deposition method	Film thickness (nm)	Substrate	Characterization method	Extracted elasticity (MPa)	References
	Thermal evaporation	200, 500, 1000	Silicon (with cavity)	Strip bending test with gold strip Free-standing fixed-fixed	27-37	[17]
	Sputtering	560	Kapton film	X-ray diffraction with in situ tensile testing	97±10	[18]
	E-beam evaporation	300, 500, 1000	Silicon (with cavity)	Membrane Deflection Experiment	53-55	[19]
	Thermal evaporation	200, 500, 1000	Silicon	Nanoindentation	68-83	[17]
	E-beam evaporation	300	Parylene/Silicon	Scotch tape wrinkling due to transferred metal film	147	This work
		VI. CONCLUSIONS				

1.1 % %

Fig. 1110 Estimation of applied strain for delamination of wrinkling

In summary, previously reported gold thin film material property characteriation results are compared in Table

1

. It has been achieved by different techniques such as strip bending test, X-diffraction, nanoindentation etc. It is clearly found that the extracted elasticity of the gold thin films depends on substrate material, film deposition method, and film thickness.
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