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Slip Length Measurement of Confined Air Flow on Three Smooth Surfaces

An experimental measurement of the slip length of air flow close to three different solid surfaces is presented. The substrate was driven by a nanopositioner moving toward an oscillating glass sphere glued to an atomic force microscopy (AFM) cantilever. A large separation distance was used to get more effective data. The slip length value was obtained by analyzing the amplitude and phase data of the cantilever. The measurements show that the slip length does not depend on the oscillation amplitude of the cantilever. Because of the small difference among the slip lengths of the three surfaces, a simplified analysis method was used. The results show that on glass, graphite, and mica surfaces the slip lengths are 98, 234, and 110 nm, respectively.

INTRODUCTION

The boundary condition of fluid flow has been of interest since the 19th century. [START_REF] Navier | Memoire sur les lois du mouvement des fluides[END_REF][START_REF] Maxwell | On the dynamical theory of gases[END_REF][START_REF] Millikan | The general law of fall of a small spherical body through a gas, and its bearing upon the nature of molecular reflection from surfaces[END_REF][START_REF] Morris | Slip length in a dilute gas[END_REF][START_REF] Bhushan | Tribology and Mechanics of Magnetic Storage Devices[END_REF][START_REF] Bhushan | Springer Handbook of Nanotechnology[END_REF][START_REF] Maali | Slip length measurement of confined air flow using dynamic atomic force microscopy[END_REF] The slip condition, which means the relative velocity of the fluid close to the surface, is not equal to zero and can reduce drag during fluid flow. [START_REF] Ou | Laminar drag reduction in microchannels using ultrahydrophobic surfaces[END_REF][START_REF] Bhushan | Boundary slip study on hydrophilic, hydrophobic, and superhydrophobic surfaces with dynamic atomic force microscopy[END_REF] Slip length b is used to present the slip condition. The tangential velocity of fluid flow under the slip condition is 1
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where ν is the tangential velocity and z is the axis perpendicular to the wall. The existence of slip was first predicted by Maxwell 2 for gas flow close to a wall. Slip is important in ultrathin films of fluids. For nanoelectromechanical systems (NEMS), the available space for the gas is substantially reduced, and the large surface to volume ratio for these devices enables the boundary flow to play an important role. The boundary slip is expected to reduce the drag of the system because it reduces the friction of the gas flow on the surfaces of the devices.

The slip condition of air flow has been studied by several groups using atomic force microscopy. [START_REF] Maali | Slip length measurement of confined air flow using dynamic atomic force microscopy[END_REF][START_REF] Siria | Viscous cavity damping of a microlever in a simple fluid[END_REF][START_REF] Drezet | Giant slip lengths of a simple fluid at vibrating solid interfaces[END_REF][START_REF] Honig | Lubrication forces in air and accommodation coefficient measured by a thermal damping method using an atomic force microscope[END_REF][START_REF] Honig | Effect of molecularly thin films on lubrication forces and accommodation coefficients in air[END_REF][START_REF] Bowles | Gas flow near a smooth plate[END_REF] Unlike the measurement of the slip length of a liquid, [START_REF] Bhushan | Boundary slip study on hydrophilic, hydrophobic, and superhydrophobic surfaces with dynamic atomic force microscopy[END_REF][START_REF] Bonaccurso | Hydrodynamic force measurements: boundary slip of water on hydrophilic surfaces and electrokinetic effects[END_REF][START_REF] Bonaccurso | Surface roughness and hydrodynamic boundary slip of a newtonian fluid in a completely wetting system[END_REF][START_REF] Neto | Boundary slip in Newtonian liquids: a review of experimental studies[END_REF] dynamic methods were mostly chosen because of the low viscosity of air. The high quality factor of the cantilevers in air makes any variation in the damping accurately measurable. The slip length value is extracted from the measurements of the damping variation versus the thickness of the confined air. The measured slip length can also be used to determine the so called accommodation coefficient that characterizes the collision between the gas molecules and the solid surface. The accommodation coefficient characterizes the value of the fraction of gas molecules reflected diffusively from the surface. Specifically, the accommodation coefficient is equal to 1 for a pure diffuse reflection and 0 for a pure specular reflection. The accommodation coefficient depends on the surface nature and the gas composition and also on the temperature.

Maali and Bhushan 7 used an acoustically driven oscillation of a sphere glued to an AFM cantilever to measure the damping versus the distance. They calculated a slip length of 118 ± 10 nm on the glass surface. Siria et al. [START_REF] Siria | Viscous cavity damping of a microlever in a simple fluid[END_REF] analyzed the thermally driven oscillation of a cantilever as it gradually approaches a wall in parallel geometry and hypothesized the perfect slip boundary conditions for the air flow on their surfaces. More recently, Honig et al. [START_REF] Honig | Lubrication forces in air and accommodation coefficient measured by a thermal damping method using an atomic force microscope[END_REF] and Bowles and Ducker 14 used similar techniques (thermal excitation) and reported a finite slip in agreement with the results of Maali and Bhushan 7 with a slip value ranging from 100 to 630 nm depending on the nature of the surfaces and their preparation.

The aims of this paper are the following: (1) To demonstrate that the damping versus the separation is independent of the amplitude of vibration and thus the extracted slip length is not linked to the amplitude value. (2) To probe the damping variation in a large range of separation between the sphere and the solid surface in order to simplify the extraction of the slip length. This approach allows the extraction of the slip length and the accommodation coefficient of air flow on three different surfaces.

MODELING

For a cantilever oscillating with a small amplitude, the interaction force acting on the cantilever can be linearized and has two contributions; one is a conservative term (-k H z) resulting from the elastic compression of the gas and the other is a dissipative term (-γ H z) resulting from viscous lubrication damping during the squeezing of the gas. The motion of the cantilever is then described by
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where m* is the effective mass of the cantilever, z is the instantaneous position of the cantilever along the vertical axis, k l is the cantilever stiffness, k H is the hydrodynamic interaction stiffness, F D is the driving force (F D = k l A 0 /Q 0 ), A 0 is the amplitude of the oscillation far from the surface, Q 0 is the quality factor far from the surface, and ω is the driving frequency. γ T is the total damping, which is the sum of the bulk viscous damping γ 0 and the hydrodynamic lubrication damping γ H that depends on the separation between the sphere and the solid surface. The effective mass is related to the cantilever stiffness by the equation ω 0 = (k l /m*) 1/2 The steady state solution z = A exp j(ωt + φ) of eq 2 gives the total damping value

γ ω φ = k A Q A sin( ) T l 0 0 (3) 
where A and φ are the amplitude and phase of the oscillating tip.

For a sphere moving toward a surface in fluid, under the nonslip condition, the hydrodynamic lubrication force acting on the sphere can be given by the Taylor equation
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where R is the radius of the sphere, μ is the viscosity of the air, and D is the distance of the sphere from the surface. According to Vinogradova, [START_REF] Vinogradova | Drainage of a thin liquid film confined between hydrophobic surfaces[END_REF] under the boundary slip condition the hydrodynamic force F H can be written as

γ πμ = = * F z t f R D z t d d 6 d d H H 2 (5) 
if both surfaces have the same slip length b,
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When both surfaces have the same slip length, at a large separation distance D ≫ b, f * can be expanded in series to first order:
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Therefore, at large separation distances the hydrodynamic force is
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Then we have
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The value of the slip length can be obtained by fitting the curve of the inverse of the damping to eq 8. The advantage of using the data of the inverse damping instead of the damping is that the final result of the slip length appears as a shift distance of the curves that is not sensitive to the value of the cantilever stiffness and other parameters such as the radius of the sphere and the viscosity of air.

When both surfaces have different slip lengths, f * is controlled by the sum of the slip lengths b total = b 1 + b 2 . [START_REF] Bowles | Gas flow near a smooth plate[END_REF] If the difference between b 1 and b 2 is not too large, then f * is similar to the case of equal slip length. Therefore, at large separation distances f * ≈ 1 -(b total /D) and
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b total = b 1 + b 2 can be obtained by fitting the curve of the inverse damping. During our experiments, the slip length of the glass sphere on the tip should be measured first by oscillating toward a glass surface that has the same slip length. Then the glass sphere can be used to measure the slip length of other surfaces.

EXPERIMENTAL SETUP

The experiment was performed using an AFM (Dimension 3000) with a Nanoscope IV controller (Bruker Instruments). Because of the small viscosity of air, the hydrodynamic force is relatively small. To maximize the hydrodynamic force, a large spherical glass particle with a diameter of 134 μm was used. Meanwhile, the hydrodynamic force due to the cantilever is too small to compare with the hydrodynamic force due to the particle and can be neglected because the distance between the surface and the cantilever is much larger (larger than 134 μm). The particle was glued to the end of a rectangular cantilever (LRCH 225C3/R, Team Nanotec GmbH) using an epoxy glue (Araldite, Bostik, Coubert). The amplitude and phase of the tip were measured using a lock in amplifier (Signal Recovery model 7280), and the tip was also driven to oscillate by the lock in amplifier. During the experiment, the tip's position was fixed, and the sample was driven to approach and separate from the tip by a nanopositioner (NPZ300M, nPoint Inc.) that allows a large displacement (up to 300 μm with a drive voltage of 20 V) with high accuracy under closed loop control (Figure 1). To drive the nanopositioner, a signal generator (33120A, HP) was used to generate a triangular wave with a frequency of 0.02 Hz and a peak to peak value of 4 V (60 μm for the nanopositioner).

The deflection signal of the tip was also recorded by the lock in amplifier from the deflection signal we know when the sphere touches the surfaces, and we get the 0 point of the separation distance. Three smooth surfaces were used: glass, mica, and graphite. The mica and graphite surfaces are atomically smooth surfaces. The glass surface and the glass sphere have roughnesses of 1.3 and 2 nm, respectively, measured over a 1 μm 2 area. It is assumed that the slip lengths on the glass surface and on the glass sphere are the same. The slip length on the glass surface was measured first. Then the slip lengths on the mica and the graphite were measured using a glass sphere with a known value of the slip length. The experiments were run at a fixed room temperature of 20 °C with a humidity of 35-40%.

The resonance frequency of the cantilever was measured to be 7.108 kHz, as shown in Figure 2, and the quality factor was calculated to be 974. The stiffness of the cantilever can be measured using the noise method [START_REF] Matei | Precision and accuracy of thermal calibration of atomic force microscopy cantilevers[END_REF] as 2.4 N/m.

RESULTS AND DISCUSSION

The amplitude, deflection, and phase of the cantilever measured on the mica surface are shown in Figure 3, and on the basis of the deflection plot, the hard contact position can be determined to set the 0 distance for all of the data including the amplitude and phase. By analyzing the data, the inverse damping coefficient on the glass surface can be obtained and is shown in Figure 4. The drive amplitude was 2.7 nm. The total slip length 2b 1 can be obtained by fitting the plot at a distance of about 1000 to 6000 nm by eq 8. Then the final slip length can be calculated to be 98 ± 19 nm. The uncertainty mainly comes from the different fitting range. The inverse damping coefficients measured on the mica and the graphite surfaces are shown in Figures 5 and6 with drive amplitudes of 1.4 and 1.2 nm, respectively. The curves of the inverse damping coefficient on the three surfaces have nearly the same slope, and the total slip on the mica and the graphite surfaces can be obtained by fitting the plot to eq 9 at the same range of distance as on the glass surface. Then the slip lengths on the mica and the graphite surfaces can be calculated with the measured value of the slip length on the glass surface as 110 ± 21 and 234 ± 29 nm, respectively. On the basis of the measured values of the slip length, the accommodation coefficients σ of the three surfaces can be calculated by [START_REF] Honig | Effect of molecularly thin films on lubrication forces and accommodation coefficients in air[END_REF][START_REF] Lilley | Velocity profile in the Knudsen layer according to the Boltzmann equation[END_REF] 
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2.01 0.73 0.16 (10) where λ is the mean free path of the air with a value of 68 nm. [START_REF] Jennings | The mean free path in air[END_REF] The measured slip lengths of air and the calculated accommodation coefficients of the three surfaces are shown in Table 1. Note here that for a given surface the accommodation coefficient depends on the composition of the gas and the temperature. The experiments described in this Article were conducted under the same conditions of temperature and relative humidity for all surfaces. A comparison of the results on different surfaces suggests that the slip length is sensitive to the roughness. The rough glass surface produced a lower slip length and a greater accommodation of the gas as expected. The relative humidity can also affect the accommodation coefficient because the adsorbed water on the surfaces causes inelastic collision, allowing a greater accommodation coefficient (smaller slip length). The wettability of the graphite surface is lower than the mica and glass surfaces, and it may explain the higher slip length and the lower accommodation coefficient. Figure 7 shows an example of the inverse of the damping coefficient with different driving amplitudes on the graphite surface. The data on the mica and the glass surfaces and for a given surface the inverse damping curves of different driving amplitudes coincide with each other. As a result, the measured value of the slip length on each surface did not obviously change by changing the drive amplitude. The slip lengths with 0.6, 1.2, and 2.4 nm driving amplitudes are 240 ± 29, 234 ± 29, and 249 ± 31 nm, respectively. Siria et al. [START_REF] Siria | Viscous cavity damping of a microlever in a simple fluid[END_REF] hypothesized perfect slip based on the assumption that the boundary condition can be "strongly modified" by changing the driving amplitude of the cantilever. The experimental result supports an opposite result that the slip length of air is independent of the driving amplitude of the cantilever and is not infinite. Furthermore, our experiment also shows that for a given driving amplitude the measured damping fits very well with the model that combines the Taylor equation with a slip function that assumes a constant slip length. If the slip length depends on the amplitude of vibration, then it should also depend on the distance because the amplitude depends on the distance, and thus the measurement should diverge from the theoretical model.

Compared to the work by Maali and Bhushan, 7 thanks to the nanopositioner that can provide greater displacement, the effective separation distance for the fit is increased from 2000 to 6000 nm. Equations 8 and 9 used for fitting are effective when D ≫ b, which means the larger the separation distance, the better the fit. Also, a larger separation distance yields more information that can reduce the system uncertainty.

CONCLUSIONS

A dynamic AFM method with large separation distance for measuring the slip length is carried out. A nanopositioner was used to break the limitation of the AFM by giving a separation distance of up to 300 μm. Experiments were performed on glass, graphite, and mica with a maximum separation distance of 60 μm. The results show that there is a large amount of slip on all three surfaces: on the glass surface the slip length of air flow is 98 ± 19 nm, on the graphite surface the slip length of air flow is 234 ± 29 nm, and on the mica surface the slip length of air flow is 110 ± 21 nm. The accommodation coefficients were also calculated to be 0.87 ± 10, 0.47 ± 0.05, and 0.81 ± 0.11 on the glass, graphite, and mica surfaces, respectively. The slip lengths were measured with different driving amplitudes to obtain the same results that show the independence of boundary slip on the oscillation amplitude of the cantilever. The slip lengths with 0.6, 1.2, and 2.4 nm driving amplitudes are 240 ± 29, 234 ± 29, and 249 ± 31 nm, respectively. 
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 1 Figure 1. Schematic of a surface that is approaching an oscillating sphere with a very low velocity in air driven by a nanopositioner.

Figure 2 .

 2 Figure 2. Amplitude and phase spectra of the cantilever with a sphere glued to the top.

Figure 3 .

 3 Figure 3. (a) Amplitude and phase of the cantilever measured on the mica surface. (b) Deflection of the cantilever measured as the glued sphere approaches the mica surface that allows one to determine the zero distance contact position of the two surfaces.

Figure 4 .

 4 Figure 4. Inverse damping coefficient of the cantilever on a glass surface using eq 8 to fit the data and get the total slip length of 2b 1 = 196 nm. The drive amplitude of the cantilever was 2.7 nm.

Figure 5 .

 5 Figure 5. Inverse damping coefficient on the graphite surface using eq 9 to fit the data and get the total slip length of b 1 + b 2 = 208 nm. The drive amplitude of the cantilever was 1.4 nm.

Figure 6 .

 6 Figure 6. Inverse damping coefficient on the graphite surface using eq 9 to fit the data and get the total slip length of b 1 + b 3 = 332 nm. The drive amplitude of the cantilever was 1.2 nm.

Figure 7 .

 7 Figure 7. Inverse damping coefficient on a graphite surface with three different driving amplitudes: 0.6, 1.2, and 2.4 nm.

Table 1 .

 1 Measured Slip Length on Three Surfaces

	surface	measured slip length (nm)	accommodation coefficients
	glass	98 ± 19	0.87 ± 0.10
	graphite	234 ± 29	0.47 ± 0.05
	mica	110 ± 21	0.81 ± 0.11
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