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ABSTRACT 

 Capillary bridge formation between adjacent surfaces in humid environments is a 

ubiquitous phenomenon. Capillary forces are important in nature (granular materials, insect 

locomotion) and in technology (disk drives, adhesion). Although well studied in the equilibrium 

state, the dynamics of capillary formation merit further investigation. Here, we show that 

microcantilever crack healing experiments are a viable experimental technique for investigating 

the influence of capillary nucleation on crack healing between rough surfaces. To demonstrate 

the effects, a custom micromachine characterization system is built that allows for full 

environmental control (pressure, humidity, and gas composition) while retaining full 

micromachine characterization techniques (long working distance interferometry, electrical 

probe connectivity, actuation scripting capability). The system also includes an effective in situ 

surface plasma cleaning mechanism. The average spontaneous crack healing velocity,  ̅, 

between plasma-cleaned hydrophilic polycrystalline silicon surfaces of nanoscale roughness is 

measured.  A plot of  ̅ versus energy release rate,  , reveals log-linear behavior, while the slope 

  [     ̅ ]     decreases with increasing relative humidity.  An interface model that accounts 

for the nucleation time of water bridges by an activated process is developed to gain insight into 

the crack healing trends.  This methodology enables us to gain insight into capillary bridge 

dynamics, with a goal of attaining a predictive capability for this important 

microelectromechanical systems (MEMS) reliability failure mechanism. 

 A variety of alcohol vapors significantly reduce or perhaps eliminate wear in sliding 

micro-machined contacts. However, these vapors may increase adhesion due to the capillary 

forces. Equilibrium adhesion energies at various partial pressures are found for n-pentanol (long 

chain molecule) and ethanol (short chain molecule). For low partial pressures (p/ps=0.3), 

adhesion energy of n-pentanol is even larger than water.  
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Chapter I: Introduction 

1.1 MOTIVATION 

 In “Status of the MEMS industry 2013 [1], Yole Developpement reported that in 2012 

$11 billion was spent on the microlectromechanical (MEMS) sector. It also projected that this 

growing market will manage $22.5 billion annual sales by 2018. Despite these stunning 

parameters, mass production of MEMS components for use in commercial applications 

contribute to the market as a small portion, because not all device concepts are reliable enough to 

meet the expectations of the consumers. 

 While a plethora of concepts have been explored, a large portion of MEMS devices have 

been constrained due to the reliability issues experienced during the use of these devices. Micro- 

and Nanoelectromechanical Systems (MEMS and NEMS) can be categorized into four classes 

[2].  These include: 

Class I: Mechanisms with no moving parts (accelerometers, pressure sensors, ink jet print heads, 

strain gauges and microphones). 

Class II: Mechanisms with moving parts still no rubbing or impacting (gyroscopes, comb drives 

and RF oscillators). 

Class III: Mechanisms with moving parts including impacting surfaces (The Texas Instruments 

Digital Mirror Device (DMD) [3], Qualcomm mirasol display [4], ohmic [5] and capacitive 

microrelay switches [6]). 

Class IV: Mechanisms with moving parts likewise impacting and rubbing surfaces (optical 

switches, scanners and lock discriminators). 

 Class IV devices are still struggling to overcome the reliability issues before appearance 

in the MEMS market. Reliability issues are due to [7] particle contamination leading to fix the 

device to the substrate, particles inducing third body wear changing the motion tolerance, 
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particulate contamination impeding the motion, and adhesion of rubbing or contacting surfaces. 

Solving these problems will make it possible to fabricate new devices with higher performance 

and better functionality. Consequently, the number of fabricated units will increase dramatically 

in the MEMS market. Examples of units that can be fabricated include corner cube reflectors for 

free-space optical switching [8], friction-based actuators [9] and gears [10] for microrobotics and 

micromanipulation applications, rotating platforms for directional detection of electromagnetic 

radiation ranging from X-ray to communications wavelengths or acoustic signals [11], and 

microscale Fourier Transform InfraRed spectrometers [12]. 

 Adhesion of contacting surfaces is an important failure mechanism. Capillary forces are 

among the strongest contributors of the adhesion forces.  While capillary adhesion equilibrium 

values have been widely studied [13], there is a lack of understanding of capillary adhesion 

dynamics.  

 The subject of this thesis dissertation is to measure and provide fundamental 

understanding of capillary bridge dynamics with a goal of helping to improve reliability of 

Class III and IV MEMS devices. 

 

1.2 THEORETICAL BACKGROUND 

 Surfaces of solid materials exhibit height differences which are either large or small. 

Convex points on the surface are called asperities, while concave points are called valleys. The 

character of the surface can be measured and is referred to as surface roughness. When two 

nominally flat surfaces contact each other, the real contacting area is determined by the surface 

roughness [14], the mechanical and adhesive properties of the surface and the applied load [15]. 

The work of adhesion between the two surfaces can be determined from the integral of the force-

displacement curve as separation occurs. The associated force is a result of interatomic 

interactions at contacting asperities [16].  

 Contacting asperities of rough surfaces can be studied by single asperity contact models 

to understand the adhesion characteristics of the surfaces. 
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1.2.1 Single Asperity Contact Models 

 The contact between an elastic smooth sphere and a rigid flat surface without any 

adhesion or surface force contribution, as shown in Figure 1.1, is calculated in the Hertz theory. 

Under externally applied force,     , the contact radius a and the displacement   are given by 

[17–19]    

  √
      

 

 
                        (1.1) 

 

  
  

 
                     (1.2) 

 

in which   is the radius of the sphere, and      [     
           

     ] is the 

effective elastic modulus.    and    are the Young’s moduli and    and    are the Poisson’s 

ratios for the sphere and flat surfaces, respectively. 

 

Figure 1.1: Sphere vs flat surface contact geometry.   is the radius of sphere,      is the 

externally applied force, and   is the contact radius. 

 In reality, even at zero external loading case contact area forms because interatomic 

attractive forces such as van der Waals forces attract surfaces together. Hertz theory has been 

modified to include adhesion effects. One of the most commonly used models is the Johnson, 

Kendall, and Roberts (JKR) model [20]. This model assumes that short range interaction forces 

exist only inside the contact area [21]. Equations are derived from the balance between the 
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elastic strain energy and the loss in surface energy. For a known contact radius the corresponding 

force can be calculated as: 

          √                              (1.3) 

  

where    is the surface energy. The contact radius becomes 

  √
      

 

 
                   (1.4) 

 

while the displacement equation becomes  

 

     
  

 
 √

    

  
                      (1.5) 

 

 Another widely used theory that accounts for the long range interaction forces outside of 

the contacting area is Derjaguin, Muller, and Toporov (DMT) model. This model applies the 

Hertz theory in the contacting area. However, the DMT model adds adhesion forces outside of 

the contacting region [22]. Force     , contact radius a ,and the deformation      are given by    

                                      (1.6) 

  

 

  √
      

 

 
                         (1.7) 

  

 

     
  

 
                 

     (1.8) 

 

 

  

 The three different models are plotted in Figure 1.2 using values R=124 nm,   =33.16 

mJ/m
2
, K=115.4 GPa, and z0=0.2 nm. Forces are similar in the contact. However, adhesive 

forces only occur for the JKR and DMT models, as clearly seen at 0 displacement. 
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 Tabor came up with a parameter showing the JKR and DMT models represent two 

extreme cases [23]. Rigid small spheres are modeled accurately by the DMT model. On the other 

hand, the JKR model predicts better for large flexible sphere contact cases. The more advanced 

model for the transition of JKR-DMT is known as the Maugis-Dugdale (MD) model [24]. These 

models are valid for dry environment conditions. However, our focus in this thesis is on the 

effect of capillary forces on adhesion. This is discussed next. 

 

Figure 1.2: Force curves as a function of displacement are plotted for three models. Hertz, JKR 

and DMT model curves are plotted with black, red and blue lines, respectively. 

 

1.2.2 Capillary Forces 

When contacting surfaces are exposed to the undersaturated vapor of a condensable 

substance, the substance may spontaneously condense into a liquid state and form curved 

menisci that fill nanometer-scale gaps [25]. The curved meniscus induces a pressure difference 

across the liquid-vapor interface. The expression relating the pressure to the meniscus curvature 

is known as the Laplace equation [26,27], 

  =  (
 

  
 

 

  
).  (1.9) 
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Here, ra (the azimuthal raidus) and rm (the meridional radius) are the principal radii of curvature 

of the surface, and L is the surface tension of the liquid [28]. Asperity contact mechanisms are 

modeled as a sphere-flat surface interaction, as shown in Figure 1.3. The sign of ra is positive 

because the center is inside the meniscus, while rm is negative because the center is outside the 

meniscus. Equation 1.9 can be simplified using re, the effective radius.  Accordingly,  

  =  (
 

  
).  (1.10) 

 

 

Figure 1.3: Definition of principal radii of curvature (ra and rm) for a saddle-shaped 

meniscus[29]. 

 

 In thermodynamic equilibrium re equals the Kelvin radius rK. The Kelvin equation is 

derived using thermodynamics and the Young-Laplace equation [25]. First, for a reversible 

process at constant temperature, the mechanical pressure change affects the free energy Gf of a 

substance as 

 

    ∫    .  (1.11) 

 

Assuming constant molar volume of the liquid substance Vm, and substituting the Young-Laplace 

equation with pressure change     becomes 
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           .  (1.12) 

 

Relating the free energy of a substance to its vapor pressure is acceptable for ideal gas condition 

assumption. Hence, 

              ⁄  .  (1.13) 

  

Here Rg is ideal gas constant, T is temperature, p is the vapor pressure, and ps is the saturated 

vapor pressure. At thermodynamic equilibrium,     for the vapor and the liquid are the same.  

The equality of equations 1.12 and 1.13 gives the Kelvin equation [27], 

   
    

         ⁄  
 

    

      ⁄  
 nm.          (1.14) 

Here, 0.53 nm is the value for water as the substance at room temperature with L=0.073 N/m, 

Vm=0.018 L/mol, T=300 K, and Rg=8.314 J/(molK). 

 

For a sphere-flat geometry, with the assumption that the sphere radius  >>    , 

rarm, so rm closely approaches   . Then, assuming the sphere and the flat are both elastically 

rigid, the capillary force Fc under thermodynamic equilibrium can be found from the Laplace and 

Kelvin equations as [28] 

            [  
 

         
].  (1.15) 

 

Here,   is the contact angle between the meniscus and the surface, and   is the separation 

between two bodies. The work of adhesion can be calculated for the multi-asperity surfaces 

based on equation 1.15. The work of adhesion for an individual asperity,     , is the work done 

while separating an asperity subject to the equilibrium capillary force from a substrate. For the 

case where all the asperities are uniform on one surface vs. flat surface, the work of adhesion is 

 

Γ                             
 ,  (1.16) 
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where      is the areal density of the contacting asperities. Calculation of work of adhesion with 

equation 1.16 is a satisfactory first order model. However, more advanced models need to 

consider the liquid vapor adsorption on the surfaces [30]. 

 

 Thin liquid films accumulate on a substrate as a result of vapor pressure. In the absence 

of external forces, the pressure in the liquid film is equal to the pressure of the bulk phase that 

formed the film. Thus, the interlayer thickness can change without change of free energy. When 

overlapping sets in at the film as a result of external forces, the situation must change. This leads 

to the hydrostatic pressure difference between in a thin film and in the contiguous bulk phase 

from which the interlayer is called the disjoining pressure,  [31]. Following Derjaguin and 

Churaev, non-zero external forces arise from three different factors. These are (i) van der Waals 

forces, (ii) macroscopic electrostatic field created by nonuniform distribution of positive and 

negative ions, and (iii) forces as a function of special structure of interfacial layers.  

 

 Mate explored disjoining pressure in perfluoropolyether lubricants and used the van der 

Waals force to obtain expressions for  [32].  The van der Waals force between atoms and/or 

molecules has contributions from three different forces. Each exhibits a 1/z
6
 dependence, where z 

is the distance between the atoms or molecules [33]. The potential energies, which lead to van 

der Waals forces, are the Keesom energy, the Debye energy and the London dispersion energy. 

The interaction types of these potentials are dipole-dipole, dipole-non-polar and dipole-induced 

dipole, respectively. In order to apply the van der Waals forces between macroscopic bodies, 

derivations for different geometries are available in the literature. Between two flat surfaces, the 

force per unit area is 

 

   
  

    ,           (1.17) 

in which AH is the Hamaker constant, and d is the distance between the surfaces. If the force is 

negative (positive), it means an attractive (repulsive) force exists between surfaces. The Hamaker 

constant is calculated by summing forces over all the molecules in the adjacent bodies.  It is 

always positive between two identical bodies in a medium and between any two condensed 
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bodies in vacuum or in air. It is negative whenever the dielectric properties of the intervening 

medium are intermediate between those of the two interacting media [26].  

 Liquid film interactions, which lead to a disjoining pressure, have negative AH values. An 

example is a water film on muscovite mica surface in an air environment. The index of 

refraction, ni, values are 1.333 [34], 1.58-1.62 [35] and 1.00029 [34], for water, mica and air,  

respectively. The relative dielectric constant, r equals the square of the index of refraction, i.e. 

r=ni
2
. Therefore,  AH becomes negative. Another example, which is the situation in our study, is 

a water film on top of SiO2 surface in air. Their ni values are 1.333 [34], 1.4584 [35] and 1.00029 

[34], respectively. AH for this case is -1x10
-20

 (J) [33]. Negative AH values are generally expected 

for liquid films adsorbed on a solid surface in a gas environment. For van der Waals forces only,  

 can be written as  

   
  

    
  , (1.18) 

 

where    is the liquid film thickness.  

 Following Mate [32],we now derive the relation between disjoining pressure and 

capillary pressure Pc for surface with a pore. We consider Figure 1.4, in which a liquid layer is in 

contact with liquid on a flat surface at pressure Ps and is in the pore region at pressure Pp. 

 

 

Figure 1.4: Liquid film thickness in equilibrium with a spherical shaped meniscus. R=meniscus 

curvature radius (m), and hf=liquid film thickness (m). 

Taking the entire region in Figure 1.4 as the system, the first law can be written as 
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                (1.19) 

 

where E is the total energy of the system, U is the internal energy in the system (due to the 

interaction of the liquid layer with the surface),   is the heat transfer into the system and   is 

the work done by the system.  We take   =    =0 (no heat or work transferred into the system).  

 

 We now separate the system into two parts.  One is associated with the surface (Region s) 

and the other with the pore (Region p).  Writing the associated energy terms gives 

 

       +   =(    -      )+(   -      ),   (1.20) 

where P is pressure and V is volume and the subscripts refer to the respective regions. Now we 

identify the internal energy change in each region with the chemical potential   (J/mole), 

rearrange the terms and write 

  =      +     -      -      , (1.21) 

 

where   is the number of moles of liquid.  Taking the liquid volume and density to be constant, 

   =    =   , and    =    =   .  At equilibrium, 

 

0=(     )   (      )      (1.22) 

 

Here for example, net work done within the system,           , results in a net increase in the 

system’s internal energy, (     )  .   

 Now we consider the signs of the terms.  We rewrite equation 1.22 as  

 

(     )              . (1.23) 

 

Because curvature is zero in the surface region and negative in the pore region, the       ) 

term is positive.  The value of    (in the bulk) can be neglected because the pore region is equal 
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to bulk liquid, and the value of    (on the surface) increases as the film thickness decreases.  This 

is because molecules in a thicker film will have less interaction with the surface (here we take 

the liquid-surface interaction to be unfavorable).  Hence the (     ) term is also positive.  The 

signs of    and    are the same.  Therefore, the signs agree, and the situation makes physical 

sense.  The situation can also be considered as follows:  The negative pressure in the pore pulls 

the liquid in, but this is offset by the increase in the internal energy of the liquid over the surface.   

 In Figure 1.4 R<0, so   =0 and   =      >0.       ) can be recognized as the 

opposite of the capillary pressure, i.e., 

   = -       .   (1.24) 

 

Meanwhile, the term           represents the difference in chemical potential of the liquid in 

the surface relative to the pore.  Associating this with the disjoining pressure,  , we write 

 

    =      ,                or (1.25) 

  =    .             (1.26) 

Disjoining pressure has the same sign as capillary pressure in much [32,36,37] but not all [29] of 

the literature. Therefore, the sign in equation 1.18 can be changed 

 

  
  

    
    =   .   (1.27) 

 

 To summarize, the disjoining pressure can be thought of as the pressure that opposes 

the flow due to the capillary forces, and it is due to the difference in chemical potential of the 

liquid film on the surface relative to that over the asperity or pore.   

 

 Disjoining pressure also affects the capillary adhesion force. Equation 1.15 can be revised 

as [38] 
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        (  
  

    
)     [  

 

              
].  (1.28) 

This relationship is plotted in Figure 1.5 for 2|rK|=2.1 nm (corresponding to 60% RH), and for 

two different liquid film thickness values hf.   

 

 

 

 

 
 

Figure 1.5: Comparison of the equation 1.15 and 1.28 as a function of  . Dashed black line is 

calculated according to equation 1.15 and solid black and blue line are calculated according to 

equation 1.28. Liquid film thickness is 0.1 nm for the blue line and 1 nm for the solid black line.  

 

1.3 EXPERIMENTAL BACKGROUND    

 Capillary bridge formation between adjacent surfaces in humid environments is a 

ubiquitous phenomenon. For example, it can be observed in studies of granular materials [39], 

friction [40], insect adhesion [41], the head/disk system [32], soil mechanics [42], 

nanolithography [43], colloidal physics [44], and microelectromechanical systems (MEMS) 

devices [45,46].  

 

 MEMS fabrication techniques generally offer smooth surfaces with root mean square 

(rms) less than 10 nm [28]. The Kelvin radius is also on the nanometer scale for water for 0.1< 
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p/ps<0.95. Thus, it is expected that capillary forces will play an important role in MEMS 

adhesion mechanics. 

The surface forces apparatus (SFA) and the atomic force microscope (AFM) have been 

used to measure equilibrium capillary forces. These techniques can be used to quantify the 

maximum capillary force (at contact), but not the full force-distance curve [47]. At 

thermodynamic equilibrium, the accuracy of Kelvin equation was shown directly with SFA 

experiments, where bridge radii of curvature is as small as 5 nm for water bridge [48] and 4 nm 

for cyclohexane [13]. On the other hand, direct imaging of the capillary bridge by environmental 

scanning electron microscopy (ESEM) revealed a radius of curvature values that was orders of 

magnitude larger than    [49]. One possible reason is an electrostatic pressure at the liquid-vapor 

interface due to the charging effect on the water meniscus [50].  Another reason might be the 

thicker liquid film on the substrate. Ionized water molecules due to the collision of electrons 

emitted by the sample may adsorb on the charged substrate [51]. The thicker liquid film would 

increase the disjoining pressure, and thus increase the volume of the meniscus bridge.   

 Moreover, the Laplace pressure has been found the dominant factor for p/ps >0.7 for 

cyclohexane, n-hexane and water vapors on mica surfaces as a result of the SFA experiments 

[52]. In contrast, application of the continuum theory at the nanoscale for relative humidity 

(RH)<0.7 (rK<1.5 nm) fails to predict experimental results [53] due to the discrete molecular 

nature of the liquid [54]. On the other hand, the modified meniscus model that accounts for water 

adsorption effects on capillary forces agrees with the experimental AFM data in the p/ps range 

from 0.15 to 0.95 [55]. The varying meniscus geometry [28] of the liquid for the non-contacting 

asperities should also be kept in mind to calculate the capillary forces accurately.  However, 

there is a lack of understanding in the dynamics of capillary condensation. This is because there 

are large discrepancies between theory and experiments with respect to meniscus nucleation and 

evolution toward thermodynamic equilibrium explanations. The surface force apparatus (SFA) 

[56] and atomic force microscopy (AFM) [57] are the main experimental setups to investigate 

nanoscale water bridge dynamics. Avalanche angles have been also studied in a rotating drum 

with variation of p/ps as a function of time [58]. Futhermore, a recent study shows that the crack 

healing rate of a microcantilever as a function of time depends on time and water partial pressure 

p/ps [59]. These experimental methods will be reviewed next.   
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 The SFA experiments involve the two curved back-silvered muscovite mica, which are 

held in a crossed-cylinder geometry as shown in Figure 1.6 [60]. There, a piezoelectric cylinder 

enables the surface separation movements as precise as 1 Å [61]. Furthermore, capillary bridges 

can be observed with Fringes of Equal Chromatic Order (FECO) [62] using the standard three-

layer interferometer equation [63]. A unique power of multiple-beam interferometry is that for 

the even-order fringes, the shift in wavelength is nearly proportional to the square of the 

refractive index of the intervening medium, while for odd-order fringes shift in wavelength is 

almost independent of the refractive index of the medium [13]. Therefore, while a liquid 

meniscus between the surfaces causes a break in the even-order fringes, the odd-order fringes 

remain substantially unaffected. A sphere near a flat surface is an equal model to these two 

cylinders. The sphere radius R is usually ~2 cm.  

 The experiments begin by purging the chamber with nitrogen, and then sealing it.  Mica 

surfaces are brought into molecular contact to measure contact wavelength of several odd- and 

even-order FECO fringes. The shift of the wavelengths during the vapor equilibrium experiments 

are analyzed according to initial molecular contact points. When thermodynamic vapor 

equilibrium in the chamber is achieved, the mica surfaces are brought toward each other until 

they jump into contact due to van der Waals forces. Condensation rapidly occurs in the contact 

region.  Then, surfaces are separated until rapid capillary bridge evaporation occurs. If the 

surfaces are quickly brought closer during the rapid evaporation stage, the bridge grows again. 

Approach and separation of the surfaces are tested a few times, and the maximum height of the 

capillary bridge is obtained.  
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Figure 1.6: Schematic diagram of surface force apparatus (SFA)[60]. 

 

 Another method to investigate the capillary nucleation dynamics is by AFM. Two 

common methods are employed to measure capillary forces. These are (i) force-distance curves 

and (ii) friction force measurements.  

 The AFM system usually has a laser system, a photo detector, a cantilever with a probe, a 

piezoelectric actuator (piezo) , and a controller [64].  The laser is focused on the back side of the 

cantilever, and the reflection is captured by a photo detector to detect the cantilever deflection 

and torsional rotation variations. Cantilevers usually are 50-500 µm long and 10-50 µm width 

and are made out of silicon. At the end of the cantilever, there is usually a probe with ~10 nm 

radius.  Microspheres can also be attached as desired [65].  The piezo has ~1 Å z-resolution, and 
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it can raster the surface with ~10-100 µm range in the xy plane. A controller regulates, collects, 

and processes the data, and drives the piezo scanner.  

 To obtain the force-distance curve (i) as shown in Figure 1.7, the cantilever is moved up 

and down by applying a voltage to the piezo while measuring the cantilever deflection [33]. 

Adhesion forces are determined in the following way [66]: First the zero force line is derived 

from the noncontact approach region of the force-distance curve, and it fits to a line. Second, the 

contact part of the force curve from the retraction also fits to a line. Then the distance point of 

the jump-out of contact is determined. The difference in the forces of the contact and noncontact 

straight lines at the jump-out position is taken as the adhesion force.  For example, Tabrizi et al. 

observed forces changing from 90 to 160 nN for RH 0.1 to 0.8 respectively on silicon wafer with 

silicon nitride tip (R10 nm) by this method [66]. 

 

 
 

Figure 1.7: Typical force versus piezo position curve [66]. 

 

 On the other hand, friction force measurements (ii) focus on torsion of the cantilever. 

During the contact mode scan, torque is applied due to friction, and it can be detected with photo 

detector. The relation between the friction force measurements and adhesion forces are described 

in Section 1.4.6.   

 While the above methods measure meniscus interactions with single asperities, real 

surfaces consist of multiple asperities.  In principle, therefore, such measurements will shed light 



17 

 

on the capillary interactions in multi-asperity surfaces.  MEMS cantilevers consist of multiple 

asperities.  However, to date there are no reported studies on dynamics of adhesion in MEMS.  

The work of adhesion of MEMS cantilevers can be readily and accurately measured [46,67]. 

Cantilevers can be actuated to bring the free end into contact with the substrate by applying 

mechanical or electrostatic forces. Once contact occurs, surface interactions are sufficient to keep 

the cantilever attached to the substrate. The non-adhered length from the support post to the point 

at which the beam comes into contact with the substrate is referred to as the crack length s as in 

Figure 1.8. The adhesion energy per unit area Γ of a given cantilever is calculated according to 

Γ = 
 

 
 

    

  
.             (1.29) 

 

Here, E is Young’s Modulus, h is the distance between surfaces, and t is the cantilever thickness. 

Near the crack tip, the distance between surfaces is in the range of rK; this enables the meniscus 

formation between asperities of the two surfaces. Crack healing can be observed when the vapor 

pressure is increased in the environment. Equilibrium adhesion data for water over the partial 

pressure range 0.3<p/ps<0.95 corresponds to 1< Γ<30 (mJ/m
2
) [68]. 

 

 

 

Figure 1.8: Schematic cross-section of adhered microcantilever configured in the S shape. 

  

 Molecular simulation studies are also investigated to understand the physical formation 

of the capillary meniscus. AFM force distance curves have been simulated by considering the 

adsorbed film layer on the surface [69] or not [70], both studies are in qualitative agreement with 
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the force-distance curves in the AFM experiments. Recently capillary condensation between two 

silica particles with a diameter of 4 nm has been illustrated by molecular simulation [71]. 

Attractive forces at different RH levels have been estimated at specified distances, and this study 

also has explained that meniscus volume changes while the distance between silica particles 

varies. Although molecular simulation studies help insightful understanding of capillary bridge 

forces in equilibrium, the dynamics of the capillary bridge have been only studied by 

experimental and theoretical works [72]. 

1.4 SINGLE ASPERITY CAPILLARY CONDENSATION KINETICS: 

REVIEW OF THEORIES AND EXPERIMENTS 

 When an asperity first makes contact with a surface in an environment in which  /   >0, 

the meniscus volume will be less than its equilibrium value.  One route for capillary meniscus 

growth is through diffusion of vapor through the atmosphere and into the meniscus. Two closely 

related theoretical approaches due to (i) Kohonen [73] and Rabinovich [74] (Section 1.4.1) and 

(ii) Sirghi [37] (Section 1.4.2) are presented below.  The different approaches agree relatively 

well numerically.  However, discrepancies between Kohonen’s and Rabinovich’s theory exist 

and are resolved here.  Importantly, the diffusion theories predict condensation rates at the 

nanoscale that are orders of magnitude less than those observed experimentally.  That issue 

(Section 1.4.3) and a possible resolution (Section 1.4.4) are discussed.  A different theory, which 

considers the nucleation time of a meniscus when one surface is in close proximity with another 

(but not in contact), is described in Section 1.4.5.  Experiments in which this situation exists are 

discussed in Section 1.4.6.   

 

1.4.1 1D Molecular Gas Diffusion Theory  

 In Kohonen et al. [73], a quasi-one-dimensional diffusion theory is developed to estimate 

the growth time of a meniscus for an asperity that has just made contact with a surface.  (Because 

a thin liquid layer exists on each surface, meniscus nucleation occurs immediately and need not 

be considered). Assuming steady state conditions with position x defined as in Figure 1.9 below, 

the rate of change of mass of the liquid,  ̇, is, 

 



19 

 

   
 ̇

 

  

 
,  (1.30) 

 

where C is the vapor concentration at location x, D is the vapor diffusion coefficient, and A is the 

area of annular shell at x. The vapor concentration can be converted to pressure using the ideal 

gas law. Accordingly, 

 

  
     

  
,  (1.31) 

 

 

Figure 1.9: Schematic cross section of the surfaces in the equivalent sphere-on-a-flat-surface 

configuration in adhesive contact with a condensed annulus.      [                 ] 

and         [73]. 

 

where Mw is the molecular weight of the liquid. Substituting equation 1.31 into equation 1.32  

and integrating between the limits x=a and x=b results in 

 

      
 ̇   

   
∫

  

 

 

 
,   (1.32) 

 

where a=Rsin is at the meniscus liquid/vapor interface, and b=R.  If R is large enough pb=p, 

while pa can be calculated using the Kelvin equation 1.14. Note that A remains inside the integral 

because it depends on x.  Note also that the pressure gradient is not linear because the height h is 
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changing (it can be found by integrating equation 1.32 from a up to increasing values of b, 

though that is not done here).   

 

 ̇ can be written as a function of time instead of x as   
 

 ̇   (
  

  
)

  

  
  ,       (1.33) 

  

 

where  is the liquid density, r is the meniscus radius and        . Substituting equation 1.33 

into equation 1.32, and calculating the integral gives 

 
  

  
 

     

    
        [                   ]          (1.34) 

 

 

where   is the Boltzmann constant, and the liquid specific volume on a molecular basis is   . 

Here,   =       (the value for water is   =2.99x10
-29

 m
3
/molecule), where   is the liquid 

density and NA is the Avagadro constant.  Also, 

 

              ∫
  

 

 

 
  .       (1.35) 

 

 

 An expression for G is given in Kohonen et al.[73]. However, it appears to be incorrect 

due to a typographical error.  As verified using Mathematica 8.0, the correct result is given by 

Rabinovich et al. [74] as  
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{           [  (     
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]        (
       

  

 

       
  

 

)         (
    
  

 

)  }   .               (1.36) 
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 Rabinovich et al. [74] compare their r vs t theoretical curve with that of Kohonen et al 

[73]. The radius R is taken to be 2 cm, and   the initial meniscus angle is taken as 0.015 rad
i
.  

Data points indicated by green circles and blue triangles in Figure 1.10 were taken from plots of 

theory in the Rabinovich [74] and Kohonen [73] papers, respectively. The results indicated by 

the green and blue solid lines were calculated by the present author using equations 1.34  and 

1.36.  To calculate the green solid line, the RHS of equation 1.34 was simply multiplied by time 

according to 

  (
     

    
        [      ( 

    

    
)])     ,           (1.37) 

 

 

where r0=20 nm is the radius of meniscus at time t=0 (this value is found from the volume 

expelled due to the ≈3 nm thick water layer at the point of contact). The r vs t dependence is 

found by assuming values of r and finding the corresponding t values. This method appears to 

agree well with the green circles.  

 

 In equation 1.37, G depends on r, and furthermore, r is in the exponential term.  Hence, 

equation 1.34 should be numerically integrated.  This was done for the blue solid line, and it is 

seen that the numerical integration agrees well with Kohonen’s theoretical curve as indicated by 

the blue triangles.  Therefore, Kohonen’s theoretical curve is correct even though his expression 

for G (equation 1.35) is incorrect due to a typo.  The later paper by Rabinovich [74] corrects the 

expression for G, but then appears to integrate incorrectly, resulting in a incorrect result.  It was 

important to resolve the discrepancy to be confident that the theoretical results plotted here are 

correct. 

 

1.4.2 Mass Transfer Theory Using Knudsen Diffusion 

 Sirghi et al.[37] proposed that Knudsen rather than bulk diffusion should be used in 

calculations because the gap becomes small as the vapor reaches the meniscus.  That is, diffusing 

                                                 

 
i Rabinovich et al. draws theoretical curves with  =0.012 rad, however Kohonen et al. uses  =0.015 rad. The author used  =0.015 in the 

equations to plot figures in this study consistently.  In any case, the slight change of the angle imparts a negligible change in the results. 
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molecules are more likely to strike the wall than each other.  This is especially true for AFM tips, 

which are on the order of 10-100 nm.  In comparison, the mean free path of a water molecule, λw, 

is 50 nm at standard temperature and pressure (STP).   

 

 Sirghi et al. defines net inward flux as  
  

   
  

   

  

  
 ,     (1.38) 

 

 

where Dk is the Knudsen diffusion coefficient of vapor molecules. Continuity rules are followed, 

and the mass flow is constant while the gap height is changing. Then, dp/dx can be written in 

terms of dp/da at the meniscus. Equation 1.39 indicates the calculation for Knudsen diffusion  

 

      
   

 
(

    

     
)
   

,     (1.39) 

 

 

The derivative of the meniscus radius (r), which can be compared with equation 1.34, is 

 
 
  

  
   

  

   

   

 
[                  ] . (1.40) 

 

 

 Again numerically integrating, the result of the Knudsen diffusion curve is indicated by 

the red line in Figure 1.10. It is not so different from the other curves for a large sphere (R=2 

cm). Figure 1.11 illustrates the Knudsen diffusion effect on capillary condensation at R=250 nm 

and RH=0.5.  Here it is clear that for nanometer-scale asperities, capillary condensation is 

expected to be rapid. However, the slower Knudsen diffusion rate decreases the rate by 

approximately a factor of 100 from ~1 to ~100 µs. 
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Figure 1.10: Comparisons of different diffusion theory calculations. The trends show the 

predicted meniscus radius dependence on time assuming an asperity radius R=2 cm. Solid blue 

line is calculated by equation 1.34, solid red line is calculated by equation 1.40 by using 

Knudsen diffusion coefficient, solid black line is calculated by equation 1.40 by using bulk 

diffusion coefficient, solid green line is calculated by equation 1.37, Rabinovich data shown as 

green circles are reproduced from Fig. 11 in ref [74], and Kohonen data shown as blue triangles 

are reproduced from Fig. 3 in ref [73]. 

 

 Figure 1.12 further demonstrates that numerical integration is needed. When equation 

1.34 is plotted as a function of r, it coincides with the derivative of Kohonen’s numerically 

integrated curve. The green line in Figure 1.12 is the derivative of the green solid line in Figure 

1.10 and is not in agreement with equation 1.34. Hence, it appears that the blue solid line is the 

correct result.    
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Figure 1.11: Kohonen calculations (equation 1.34) are shown with blue line, Sirghi calculations 

(equation 1.40) for bulk diffusion are shown with black line, and red line represents Knudsen 

diffusion approach (equation 1.40). Here R= 250 nm and RH=50%. 

 

 

Figure 1.12: Comparisons of the derivative of Kohonen and Rabinovich methods. Dashed 

orange line is the equation 1.34 curve. 
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1.4.3 Experiments Measuring the Capillary Condensation Kinetics of 

Contacting Asperities 

 Experimentally, AFM and SFA have been used to detect the pull-off force dependence on 

time after contact is made. The pull-off force is taken as a measure of the capillary force, and the 

change of the pull-off forces with time indicates the kinetics of the capillary condensation.  

 

 Kohonen et al. [73] used the SFA with crossed cylinder mica surfaces with R=2 cm 

radius. They investigated n-pentane, n-hexane, cyclohexane and water at high partial pressures 

(p/ps =0.9945-0.9975) at room temperature. At room temperature, the saturation pressures of 

these liquids are 68, 20, 13 and 3.2 kPa, respectively, and it is observed in experiments that 

substances with a higher saturation pressure reach equilibrium in a shorter time. Kohonen’s 

experiments agree well with his molecular diffusion approach. The main reason may be the very 

high p/ps conditions. That is, the equilibrium radii are on the order of 100 nm. Hence, the large 

gap between the mica surfaces is compatible with the molecular diffusion theory. 

 

 However, for µm- and nm-scale asperity tips, the theoretical predictions for dr/dt are 

orders of magnitude faster than the time required to attain the full capillary force in 

measurements performed by Rabinovich [74] and Sirghi [37].  A revised theory by Sirghi [37] 

that attempts to resolve this discrepancy is discussed next.   

 

1.4.4 Theory Modification: Adsorption and Surface Flow Limit Meniscus 

Growth Rate 

 The flow of a thin liquid film on the surface has been studied with the concepts of 

disjoining and capillary pressure by Mate [32] and Israelachvili  [5 (Chptrs. 11&14)], and was 

reviewed in Section 1.2.2. Wei and Zhao first followed these concepts to explain the capillary 

condensation equilibrium time as a result of surface adsorption and transport of water molecules 

[36]. More recently Sirghi [37] developed a similar technique, and his method is followed below. 

 

 The disjoining pressure,  , represents the difference in interaction energy per unit volume 

between molecules in a liquid film with respect to molecules in a bulk liquid and can be 
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understood in the following sense.  Negative pressure in a meniscus acts to draw liquid into a 

capillary bridge spanning two surfaces.  However, as the liquid layer becomes thinner, its free 

energy per mole,    increases because relatively more molecules are at the surface (where they 

make fewer bonds).  Effectively, there is an opposing pressure,  , that prevents all the liquid 

from being drawn in. 

 

 Now let us consider the disjoining pressure on a vertically aligned surface extending 

above and perpendicular to a bulk liquid.  As height increases above the horizontal bulk liquid 

surface, the partial pressure of the vapor will decrease (just as air pressure decreases with 

altitude).  Using this idea, Israelachvili  [5 (Chptr.11)] shows that at thermodynamic equilibrium, 

the disjoining pressure   of a liquid film is  

 

      
   

  
         ,  (1.41) 

 
 

where    is the liquid film equilibrium thickness. The expression  

 
 

 (  )  
  

  
        (1.42) 

 
 

defines the disjoining pressure as a function of film thickness, and is valid for water (  <40 nm) 

on glass or silica surfaces [37].  Here,   <0 is a constant with units of N/m.    

 

 According to the Kelvin equation, the capillary pressure across the liquid-vapor interface 

at thermodynamic equilibrium has the value  

 

 

  =
  

  
 

   

  
          . (1.43) 

 

 

Hence, in equilibrium, the disjoining pressure and the capillary pressure are equal to the 

equilibrium value.    
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      (1.44) 

 

 

 When an asperity first makes contact with a surface, the capillary radius will be very 

small and negative.  Hence, the capillary pressure will be very large and negative, and act to 

draw liquid from the adsorbed layer.  The driving force for this process is the difference between 

the disjoining pressure of the liquid film and the capillary pressure in the meniscus, 
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  .   (1.45) 

 

 

Following Sirghi [37], the gradient of disjoining pressure in the x direction is 

 
 
  

  
 

  

  

  

  
  ,   (1.46) 

 

 

where 

 
 
  

  
  

  

    
    

     , and    (1.47) 

 
  

  
          .     (1.48) 

 

 

At this point, Sirghi proposes  as a “microscopic tilting angle” of the adsorbed water layer at 

the point of contact with the meniscus as shown in Figure 1.13. 

 

 If the thin liquid film is assumed to be a Newtonian fluid, the motion of the liquid film 

can be derived from Navier-Stokes equation for an infinitesimal volume as 

 

 
    

    
  

  
 ,   (1.49) 

 

where   is the viscosity of the surface water and    is the velocity of the liquid in thin film. 

Applying the boundary conditions of no slippage of liquid at the solid liquid interface, vx=0 at 

z=0, and no air shear or other stress at the liquid-air interface, dvx/dz=0 at z=h, it is found that 
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Figure 1.13: Schematic of the capillary water meniscus at the contact between completed 

wetting surfaces of AFM tip and sample [37]. 

 

      
 

 

  

  
          ,     (1.50) 

 
 

where    is the thickness of the liquid film and z is the distance from the liquid-solid interface. 

The average velocity of water molecules is 
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      (1.51) 

 

 

By substituting equation 1.46 to 1.48 into equation 1.51, the average velocity becomes 

 
 

〈  〉  
     

     
        .    (1.52) 

 
 

 Once the average velocity is calculated, the growth time   can be found by dividing the 

meniscus volume, which needs to be filled, by the volumetric rate of entry into the meniscus 

(i.e., the product of the meniscus entry area and the average velocity).  
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      (1.53) 

 

 

 To make a reasonable estimate of  , good values of the parameters h0,  and   are 

needed.  Liquid film thickness values are very sensitive to material and surface conditions, so a 

literature search may not provide accurate values. Separate experiments need to be conducted to 

find the film thicknesses. The viscosity of the water at the nanoscale has not yet been well 

understood.  Reported values can be very different from each other:  =35 Pa•s in [75] and  =1.5 

kPa•s in [76].  This can be compared with the bulk value of =0.001 Pa•s.  Also, the microscopic 

contact angle demands further study to obtain precise values. Sirghi et al. used =35 Pa•s, 

       =0.01, h0=0.3 nm, and rK=0.78 nm (RH=50%). When equation 1.53 is calculated for 

R=250 nm according to the case where Figure 1.11 is plotted, the meniscus growth time is 

computed as 13.5 ms. This is two orders of magnitude slower than Knudsen diffusion approach. 

Although Sirghi’s method provides a reasonable estimate of the growth time of micro- and 

nanoscale capillary condensation, there is uncertainty because good values of thin liquid film 

viscosity are not well known.    

 

 In summary, neither Rabinovich [74] nor Sirghi’s [37] experiments with small tip radius 

(3.3 µm or 30 nm, respectively), fit diffusion theory (as presented in Sections 1.4.1 and 1.4.2) 

well.  Sirghi hypothesizes that this is due to the serial stages of the growth. Growth by diffusion 

is slowed because condensation occurs on the nearby surfaces. Then the motion of the liquid film 

towards to capillary meniscus, driven by the gradient in the disjoining pressure, is slow 

compared to diffusion. The calculated time is large because the viscosity of a thin water film is 

taken to be four orders of magnitude slower than that of bulk water.  To test his hypothesis, 

Sirghi conducted experiments in which he moved an AFM tip back and forth at different speeds, 

then pulled the tips from the surface [37]. In each case the contact time was the same, but the 

pull-off forces decreased with increasing speed. This supports his hypothesis, because the liquid 

cannot flow quickly enough into the moving meniscus.   
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1.4.5 Theory for a Thermally Activated Gas-Liquid Phase Transition Between 

Non-Contacting Surfaces 

 A completely different theory is reviewed in this section.  The case of two parallel 

surfaces brought into close proximity is considered.  If the surfaces remain separated by less than 

|2rK|, thermodynamic equilibrium does not prevail – eventually a meniscus will nucleate.  This 

can qualitatively be understood in the sense that when two surfaces are in such close proximity, 

the vapor partial pressure can exceed the bulk value because molecules that evaporate 

immediately encounter another surface rather than diffusing into the bulk vapor.  Theory and 

experiments for the capillary nucleation time are reviewed next.  

 

 The thermally activated first order gas-liquid phase transition theory is due to Restagno et 

al. [77].  Bulk energies due to vapor and liquid phases, and interfacial energies due to the solid-

liquid    , liquid-vapor    , and solid-vapor    , between the parallel plates are considered in a 

macroscopic formulation. Figure 1.14 shows the equilibrium condition for a liquid droplet on a 

flat surface. Perfect wetting situation is assumed.  According to the Young-Laplace equation, 

when the contact angle, θ, is zero, 

   =              (1.54) 
 

 

 
 

Figure 1.14: Schematic of the liquid droplet on a flat solid surface. At equilibrium three 

interfacial surface tensions are counterbalanced. 

 

 The grand potential   of a pore for a nucleated capillary bridge can be written as 

 

 

                                 ,     (1.55) 
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where    and    are the volume of gas phase and liquid phase, respectively,    and    are the 

pressure of the vapor and liquid, respectively, and    ,     and     are the total solid-vapor, 

solid-liquid and liquid-vapor surface area, respectively. The grand potential of a pore only with 

vapor existence can be defined as follows 

 

                           .     (1.56) 

 

 

The difference between equation 1.55 and 1.56 gives the excess grand potential of the system 

     . By substituting equation 1.54 into equation 1.57, following equation is obtained 

 

                               (1.57) 

 

 

where      is a replacement for      .          is the density difference between liquid 

and vapor respectively, and           is the chemical potential difference between saturated 

condition and vapor condition. The volume and surface area are calculated in cylindrical 

coordinates as a result of circular symmetry (see Figure 1.15).  Then,  
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 ,   (1.58) 

 

 

where  ̇    is the position of the liquid-vapor interface, and the index z denotes differentiation. 

Here,      represents the pressure difference between vapor and liquid; this can be related with 

Young-Laplace equation Eq. (1.10). Then           . Equation 1.57 cannot be solved 

analytically; however, there is a critical gap between the plates, and after that point nucleation is 

not expected. Moreover, a dimensionless function,        ,            
         can be 

assumed. Here    is the critical separation which can be identified with      .   Lateral extension 

of the critical nucleus R
*
, is much bigger than H, so the liquid-vapor interface can be assumed as 

semicircular shape. Then          
  

 
     

 

 
            , and 

               [77]. Redefined area and volume terms are substituted in equation 1.57, 

and the energy barrier for capillary bridge nucleation is given in the following equation 
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    .         (1.59) 

 

 
Figure 1.15: The critical nucleus for capillary condensation in three dimensions. R

*
 represents 

the lateral extension of the critical nucleus. The total curvature of the meniscus is equal to 2/Hc 

[77]. 

 

Note that equation 1.59 diverges when     as shown in Figure 1.16.  This is expected 

because the meniscus will evaporate for  >     .  On the other hand, as  0,   0, as 

expected.  

 
Figure 1.16: Free energy barrier as a function of the normalized width of the pore, H/Hc. 
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1.4.6 Experiments with Non-Contacting Surfaces - Exploring the Thermally 

Activated Gas-Liquid Phase Transition  

 A capillary bridge condensation and evaporation study between non-contacting surfaces 

with the SFA was reported by Maeda and Israelachvili [56]. They focused on evaporation of the 

capillary bridge [61]. The distance between surfaces  H was adjusted initially less than 2|rk| to 

preserve the capillary bridge after jumping into contact as seen in Figure 1.17 B below [61]. A 

bulk liquid index of refraction was observed throughout the diameter of the condensate, 

indicating a capillary bridge. The diameter of the condensates varied from 40 to 0 µm where the 

vapor is cyclohexane with p/ps=0.938 (rk=17.1 nm). Figure 1.17 C to F shows that when H>2|rk|, 

the index of refraction decreases at the perimeter of the condensate as a result of evaporation, 

and finally the capillary bridge disappears. This evaporation time was only a few seconds, and 

was shorter at lower p/ps and higher H values.  

 While studying evaporation of the capillary bridge, condensation of the liquid bridge can 

be observed in a hysteresis loop of index of refraction n [56]. The n-hexadecane bridge neck 

diameter was studied in this loop at p/ps=0.88 (2|rK|~50 nm) [56]. Bridge evaporation starts at 

H>2|rK|, and continues at the same separation until the bridge disappears. However, at nucleation 

and condensation formation H decreases until H≈2|rK|  to observe the capillary bridge.  In the 

same study, the bridge evaporation time took 25 s from 10 to 0 µm gap [56]. Moreover, when the 

surfaces are kept in contact for a longer time, the volume of the condensate increases. The result 

is a larger snap distance Hc [56].   
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Figure 1.17: The steps of the evaporation experiment. Left row shows the schematic of the 

capillary condensate. Middle left row FECO images of adjacent odd-order and even-order 

fringes of the experiment steps. Middle right row is schematics of even-order fringes only, which 

give the refractive index profile n(x). Right row shows the refractive index profiles n(x)[61]. 

 

 In a different study using AFM, Szoszkiewicz and Riedo interpreted their results with the 

thermally activated gas-liquid phase transition theory reviewed in Section 1.4.5 [57]. AFM 

friction force was investigated as a function of the adhesion forces and the friction coefficient 

[78]. Adhesion forces were found as a result of Hertz contact theory between the AFM tip and 
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the sample and the capillary water bridges in the contacting area [79]. It is assumed that there are 

multiple asperities between the AFM tip (RT>10 nm) and the surface as shown in Figure 1.18 

[79,80]. Riedo et al. gave experimental and theoretically evidence [78,79] that these asperities 

can nucleate more capillary bridges with slower velocities, higher p/ps conditions and higher 

normal loads [78,79]. Based on Hertz mechanics, the equation used for the friction force 

calculation is: 

 

 

Figure 1.18: Capillary bridges in the contact area between the AFM tip and the sample [79]. 

 

            
    . (1.60) 

 

 

Here,    is the friction force,    is the friction coefficient,    is the normal load. The adhesion 

force    is found from Equation 1.61 as a function of velocity, relative humidity, AFM tip radius, 

normal load and surface roughness. 
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Here    is the AFM tip radius,    is the molecular volume of the liquid,   is the effective elastic 

modulus for the counterfaces,   is the width of the distribution between the asperities,    is the 

capillary radius,    is a critical velocity [78], and vt is the tip velocity. 
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 Szoszkiewicz and Riedo [57] assumed an Arrhenius dependence for equation 1.59 to 

describe the influence of the temperature on nucleation time τ, yielding, 

 

       [      ] , (1.62) 
 

 

where 1/   is the attempt frequency.  Their data for   was found by plotting friction versus 

log(vt), where vt is the tip velocity, as seen in Figure 1.19 a.  Above a critical velocity, there is 

only a weak dependence of friction on velocity.  Below the critical velocity, friction rises rapidly 

as    decreases.  The critical velocity is then taken to be a measure of the mean capillary 

nucleation time through the relationship  

 

        ,                        (1.63) 

 

 

where    is the contact diameter.  Experiments were conducted with RT=25 nm between a soda 

lime glass substrate and silica tip. Nucleation times were found in the 0.7 to 4.2 ms range.  The 

resulting plot is shown in Figs. 1.19 (b), and when   is plotted versus temperature an Arrhenius 

relationship is observed.   

 

 

 
Figure 1.19: a) Friction force as a function of logv for four different temperatures. vc points out 
the critical velocity where the capillary forces are effective. b) lnτ as a function of 1/T. The 
experimental data (scattered circles) are fitted (solid line) with the Arrhenius law [Eq. (1.62)]. A 
correlation coefficient of 0.997 is obtained [57]. 
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 To assess the data from a theoretical standpoint, the grand canonical thermally activated 

energy barrier was applied [57].  To find the nucleation time at a given partial pressure, values 

for τ0 and H are needed. The attempt frequency for water is chosen as the pre-exponential factor 

because a surface water layer will be the source of the capillary bridge nucleation [57]. Tamura 

and Ichinokawa derived a coupled relation between surface vibrational modes and bulk 

vibrational modes for a small droplet [81]. Then Boyd et al. calculated the surface vibration 

modes and found that for small droplets such as 1.5 nm radius corresponds to ~750 GHz 

frequency and 2.9 nm radius corresponds to 200 GHz frequency [82]. Szoskiewicz and Riedo 

take 1/τ0 = 45 GHz [83].  

 

 To estimate H, Szoskiewicz and Riedo follow Iwamatsu and Horii’s [84] approach, 

which predicts capillary condensation at H=3hf, where hf is the water film thickness on the 

surface. Capillary condensation occurs due to van der Waals forces because a water meniscus 

spontaneously coalesces at that distance [84].  This spontaneous time is assumed to be associated 

with the mean capillary nucleation time.  The value of hf is estimated as  

 

Hf=[(-AH rK)/(6L)
1/3

],  (1.64) 

 

 

where AH =10
-20

 J for their experimental conditions in which p/ps=0.37, and hence rK 0.5 nm. 

The resulting value of hf is about 0.16 nm, and it corresponds to H=0.48 nm. The calculated 

energy barrier from equation 1.59 is 2.7x10
-20 

J. This value agrees well with the experimental 

value of 7.8x10
-20 

J, but the calculated and experimental values of nucleation times according to 

these energy barrier values differ by five orders of magnitude. This large difference is due to the 

exponential term, which is very sensitive to small changes in energy barrier. The energy barrier 

in turn is very much dependent on the estimate of H. 

 

 Greiner et al. showed the isothermal environment difference from the local heated region 

experimentally [85]. They used the AFM friction force experiments to detect the capillary bridge 

formations. 20 nm radius AFM tip and silicon wafer were used as surfaces with varying AFM tip 

temperatures from 25 to 120 °C. In the same way that Szoskiewicz et al. calculated, they found 

attempting frequency as ~100 kHz and energy barrier as ~4.7x10
-20

 J. Attempting frequency 

decreased as a result of cooler environment with lower kinetics around the capillary bridge. 
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 More recently a novel custom AFM with a quartz tuning fork (QTF) has been used to 

measure capillary nucleation across a gap [86]. In this experiment, Arrhenius behavior was also 

measured, similar to the above work [57,58,85], and also as predicted theoretically [77]. High 

quality factor ~1000 of the tip provides a known rate approach mechanism and a constant surface 

separation [86]. However, a drift rate of 10 pm/s compared to an approach rate of 75 pm/s 

introduces some uncertainty into the reported results. Stepwise discrete approach with 0.15 nm 

step size stops for a 2 s time interval, and during the waiting time capillary nucleation is detected 

as a lateral amplitude drop. This technique avoids asperities with large gaps that require longer 

than 2 s to nucleate the capillary bridges 

 

 In summary, SFA and AFM are the two methods that have been practiced to investigate 

non-contacting asperity bridge dynamics. For a single big (~cm) asperity, SFA is capable to 

observe the capillary bridging, but it is not applicable to multi-asperity bridging experiments. 

AFM friction experiments point out the capillary formation as a function of velocity, and 

Szoszkiewicz explains the capillary force increment with time as a result of multi-asperity 

bridging formation on the rough surface of the substrate [57]. There is an issue with 

Szoszkiewicz‘s approach. It is assumed that there are non-contacting capillary bridges between 

contacting AFM tip and the substrate. Szoszkiewicz’s results can also be evaluated according to 

Sirghi’s approach discussed in Section 1.4.6. There is still lack of study to show the multi 

asperity or nano scale non-contacting bridge formation dynamics. 

1.5 SUMMARY  

 At thermodynamic equilibrium in vapor environments, the Kelvin equation (1.14) is 

accurate over a wide range of p/ps and for many different liquids.  Indeed, this equation has been 

verified with many different sphere sizes including  the cm [13], micrometer [74] and nanometer 

scales [83]. However, the dynamics of the capillary bridge nucleation and growth lack 

understanding, especially at the micro- and nanometer scales.  

 Single asperity vs. surface capillary bridge dynamics experiments are available in the 

literature [37,57,73,74]. Theories, which try to explain the experiments, include bulk gas 

diffusion [73], Knudsen diffusion [37], surface liquid flow effect on capillary growth rate [37], 
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and energy barrier to reach the liquid bridge form [57]. None explain the experiments in a fully 

satisfactory manner at the micro- and nanometer scales.  

 In principle, micro- and nanometer capillary dynamic single asperity experiments and 

theory will help predict capillary dynamics of real surfaces, which always exhibit roughness.  

However, very few if any such experiments have been conducted.  Therefore, it is important to 

develop protocols and conduct experiments that measure dynamic capillary effects of multi-

asperity surfaces.  

1.6 THESIS GOALS AND KEY RESULTS  

 The purpose of this study is to investigate the kinetics of the capillary nucleation in multi-

asperity surfaces by constructing a test system (Chapter 2), conducting experiments (Chapter 3), 

and explaining the results with theoretical studies (Chapters 4 & 5). 

 Experimental studies in the literature tend to study capillary growth dynamics at single 

asperities.  There is not yet a reported study in the literature for multi-asperity nanoscale surface 

capillary dynamics. We aim to investigate capillary condensation dynamics between nano-scale 

multiasperity surfaces. Microcantilever crack healing experiments are conducted and surface 

adhesion energy measurements are tracked over time after a step change in humidity is applied. 

 In Chapter II, we give the details of the experimental samples and setup. To establish 

the effects of capillary nucleation and growth on adhesion in the microcantilever crack healing 

experiments, a smooth surface (2 nm root mean square roughness) is beneficial. Our samples are 

fabricated through chemical vapor deposition to attain a smooth surface. We built up the 

environmental chamber to control the vapor partial pressure precisely, and to keep the sample 

surface clean during the experiments. To maximize the capillary adhesion forces due to 

hydrophilic surfaces, we built and attached a plasma cleaning system to the chamber. To observe 

the crack healing events inside the chamber, we utilized a long-working distance interferometer 

above the chamber. We tested the system to make sure that the deflection data used to quantify 

adhesion is reliable, consistent, and repeatable. 
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 In Chapter III, we analyze the crack healing data in detail. Crack healing data as a 

function of time was interpreted as an average crack healing velocity,  ̅. We discovered that a 

plot of  ̅ versus energy release rate,  , reveals log-linear behavior, while the slope   [     ̅ ] 

    decreases with increasing relative humidity. We explained the trend with capillary 

nucleation mechanisms, and we proposed an empirical fit to estimate the  ̅ as a function of  . 

 In Chapter III, we also explore the adhesion energy at different partial pressures of 

alcohol vapors that can be used as lubricants in MEMS devices. We obtain equilibrium 

adhesion energy values for n-pentanol and ethanol. Then, we compare them with water 

experiments. We explain the differences and similarities by analyzing the surface roughness and 

Kelvin radius   . 

 In Chapter IV, crack healing experiments are interpreted with a first order 

numerical model. Equally spaced asperities at the same height with the same radius are modeled 

as a multi-asperity surface. Then, the cantilever with multi-asperities modeled against a flat 

surface. Asperity pitch variation effects are studied. Although the interface model is 

oversimplified, the log-linear trend and decreasing slope in increasing RH behaviors are captured 

qualitatively. 

 In Chapter V, the first order model is improved, and a more realistic model is 

presented to estimate the crack healing trends quantitatively. The first improvement is a 

better interface description. Surface roughness of the experimental samples were implemented by 

applying a Gaussian distribution of the asperity heights. Furthermore, we realized that liquid film 

adsorption is playing an important role. Therefore, we incorporated the effect of adsorbed liquid 

films on the surfaces to nucleate more capillary bridges. Finally, to attain good quantitative 

agreement, the capillary nucleation time theoretical equation has been modified. This equation 

diverged very quickly as a function of gap. This meant our model could only predict a small 

portion of the experimental data range. We presented our numerically fit capillary nucleation 

time equations and show good agreement with capillary crack healing rate trends. 
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1.7 CONTRIBUTIONS  

 We identify contributions to date and expected contributions in the capillary dynamics 

and capillary adhesion between multi-asperity surfaces. Two articles so far published in Review 

of Scientific Instruments [59] and Langmuir [87]. Two other journal articles are in preparation. 

 Kohonen’s [73] theoretical curve of diffusion is correct even though his expression for G 

(equation 1.35) is incorrect due to a typo.  The later paper by Rabinovich [74] corrects the 

expression for G, but then appears to integrate incorrectly, resulting in an incorrect result 

(Chapter 1).   

 It is possible to build a system that can control the partial pressures of water and alcohol 

vapors. The partial pressure can also be controlled at temperatures up to 50 ºC (Chapter 

2). 

 In situ surface plasma cleaning is an effective way to observe the capillary adhesion 

effects at low partial pressures (Chapter 2). 

 Chilled mirror hygrometer is a promising technique to measure the partial pressures of 

the alcohols (Appendix D). 

 Observations of cantilever deflections by long working distance interferometery can be 

accomplished without interfering with experiments (Chapter 2). 

 After steady state environment conditions are attained, microcantilever crack healing 

continues.  This implies the capillary nucleation until the equilibrium can be detected and 

crack healing rates can be quantified at constant RH with the experimental system 

(Chapter 3). 

 Microcantilever crack healing experiments verify that capillary condensation takes a 

longer time at large gaps compared to capillary growth times (Chapter 3). 

 Adhesion energies of ethanol and n-pentanol vapor at different partial pressures have 

been obtained.  Comparisons with water are explained in terms of the Kelvin radius and 

the surface tension differences (Chapter 3). 

 Surface roughness effects on adhesion have been verified by water, ethanol and n-

pentanol vapor experiments. Particles on ethanol sample causes order of magnitude less 

adhesion values compared to n-pentanol and water samples (Chapter 3). 
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 Qualitative agreement with the crack healing experiments is explained in terms of a 

simplified description of the interface and implemented with a numerical model (Chapter 

4). 

 Quantitative agreement with the crack healing experiments are demonstrated with more 

advanced numerical models that take into account more details of the interface as well as 

the adsorbed film layer. Also an empirical modification of nucleation rate theory.is found 

to be necessary to attain good agreement with the data 

 

Journal contributions to date:  

1) E. Soylemez, and M. P. de Boer, "Capillary-Induced Crack Healing Between Surfaces of 

Nanoscale Roughness," Langmuir, vol. 30, 11625-11633, 2014. 

2) E. Soylemez, R. A. Plass, W. R. Ashurst, and M. P. de Boer, "Probing MEMS in an 

environmentally controlled chamber using long working distance interferometry," Review of 

Scientific Instruments, vol. 84, 2013. 

3) E. Soylemez, and M. P. de Boer, "Partial Pressure Effects of Water, n-Pentanol and Ethanol 

on Crack Healing in Oxidized Polysilicon," to be submitted. 
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one, vol. 8, p. e53601, 2013. 
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Chapter II:  Probing MEMS in an Environmentally 

Controlled Chamber using Long Working Distance 

Interferometry 

 

2.1 INTRODUCTION 

 The environment in which micro- and nanoscale devices operate can strongly influence 

their performance.  This is particularly true if mechanical contact, whether intended or not, 

occurs.  Organic vapors can rapidly flow into the narrow channels of such devices [88], and often 

have beneficial effects.  Perfluorodecanoic acid enables billions of cycles in micromirror 

displays [89], and a variety of alcohol vapors significantly reduce or perhaps eliminate wear in 

sliding micromachined contacts [90,91].  Organic vapors in the environment can instead degrade 

micromachined devices.  For example, a hydrocarbon contaminant forms a carbonaceous deposit 

in microrelay devices, increasing their resistance [92–94].   

 

 Water vapor has a strong effect on micromachined device performance.  The relative 

humidity (RH) level strongly increases the adhesion of surfaces that are hydrophilic (contact 

angle < 90º) [68,95].  Polycrystalline silicon (polysilicon) friction and wear are likewise strongly 

influenced by RH level [96–98].  Another important effect is anodic oxidation, in which an oxide 

is induced to grow on a polysilicon surface subject to an electric field in air.  Its growth is 

strongly enhanced as RH increases [99,100]. 

 

 Environment affects materials due to corrosion or oxidation.  Water vapor induces stress 

corrosion cracking in glass [101].  Silicon oxidizes rapidly, and therefore the issue of vapor-

induced crack growth in micromachined polysilicon has been of much interest [102–104].  A 

thin film of water or any vapor readily adsorbs to surfaces, and the film thickness can be 

extracted from effective mass changes in a resonant device [105]. 
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 Ambient pressure will strongly affect performance.  Due to the thermal conductivity of 

gas at atmospheric pressure, thermal actuators require significantly more current to achieve a 

give force or displacement in air than in vacuum [106].  It is well known that mechanical 

damping is significantly affected by ambient pressure greater than ~10
-4

 Torr [107].   

 

 Because of these many effects, it is useful to examine the performance of micro- and 

nanodevice in controlled environmental conditions in a general purpose instrument.  MEMS 

devices are usually exposed to air after fabrication.  In air, adventitious hydrocarbons adsorb on 

the surface in an uncontrolled and non-uniform fashion.  In controlled tests, the device surface 

and the chamber ideally will be pristine.  Subsequently, a controlled amount of contaminant or 

vapor partial pressure will be introduced.  It is often useful to characterize the device 

performance by applying electrical signals and monitoring device deflections in both in-plane 

and out-of-plane directions (parallel and perpendicular to the substrate, respectively).  Preferably, 

wire-bonding of the device will not be needed, as this requires further process steps.  

  

 Several instruments exist that have some of these capabilities.  For example, Lakeshore 

Instruments [108] and MMR Technologies [109] probe station chambers control temperature 

while devices are actuated at over a broad frequency range.  The chamber described in this 

chapter is unique in that it combines the following attributes: 

(1) a plasma chamber for cleaning devices is directly connected to it,  

(2) imaging of micromachined devices is enabled by a long-working distance 

interferometer with 5, 10 and 20 X objectives.  Electrical signals can be applied 

through probes and device motion can be measured in 3-dimensions using a CCD 

camera integrated with scripting software.   

(3) it is constructed with all ultra-high vacuum (UHV)-compatible hardware, enabling 

high temperature (200 ºC) bake-outs and high speed pumping such that a pressure of 

10
-9

 Torr is attainable, and  

(4) clean gases, vapors or contaminant gases can be introduced at controlled levels.  

 In the following, we detail the construction of an Environmental Interferometric 

Microprobe station.  To demonstrate the performance of the system, we plasma clean 

microcantilevers in the adjacent load lock, and then directly transfer them into the main chamber.  
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Thereafter, water vapor is introduced.  Adhesion is an important reliability concern in micro- and 

nanoscale devices, but is usually measured at equilibrium.  In Section 2.3.2, we present new data 

on adhesion energy of plasma-cleaned microcantilevers as a function of time at a fixed humidity 

level.     

2.2 DESCRIPTION OF SYSTEM COMPONENTS 

 The system consists of (a) a main chamber, (b) a load lock with plasma cleaning and 

sample transfer mechanism, (c) a vapor delivery system and (d) an optical interferometer. Figure 

2.1 is a rendering of the system indicating (a), (b) and (c) above, as well as important 

subcomponents.  The interferometer is seen in Figure 2.2a. 

 

2.2.1 Main Chamber 

 As seen in the center of Figure 2.1, the main chamber body is a stainless steel 8 inch 

extended spherical body (Kimball Physics model MCF800-ExtOct-G2C8) with eight equally 

separated 2.75 inch CF (Conflat) flange ports. One flange port is connected to inlet of the vapor 

delivery system (entry RH sensor), and another connects to the vapor delivery system outlet (exit 

RH sensor).  Four of the other 2.75 inch flanges are used for electrical probe connections (XYZ 

manipulator & electrical feedthrough), as described below.  Another 2.75 inch flange is available 

for pumping into the UHV realm with a Thermionics ion pump (model HP-020/IH, not shown), 

and the last is used for sample transfer from the load lock chamber, as described below. 
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Figure 2.1:  A computer-aided design (CAD) rendering of the Environmental Interferometer 

Microprobe Station.  
 

 

 At the bottom of the chamber there is an 8 inch MDC multiport flange (model MAF800-

6-133T) including five circumferential 1.33 inch CF flange ports and one central 2.75 inch CF 

flange port. These are used for sample heating and temperature sensor feedthroughs and for a 

vertically-aligned linear stage feedthrough (linear stage), respectively.  The MDC linear stage 

(model HLM-275-3) is used to accept the sample from the load lock and elevate it into the focal 

plane for the optical microscope objective.  The top of the chamber is a 6 inch MDC (model VP-

400QZ) viewport for optical observation of the samples.  

 

 Figure 2.2 is an optical image of the system, now including the optical interferometer.  

The four UHV compatible electrical probes are mounted on Thermionics (model EC-1.39-2) 

XYZ welded bellows micromanipulators, one of which is annotated in Figure 2.2a.  The probe 

tips can be seen in Figure 2.2b.  Their positional accuracy is ~2.5 µm along the x- and y-axes (in-

plane), and  
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Figure 2.2: (a) Optical image of the Environmental Interferometer Microprobe Station. (b) 

Optical close-up of area imaged inside the main chamber, including electrical probes that allow 

in-situ actuation of micromachined devices. (c) Interferogram of initially freestanding 

microcantilevers adhered by capillary forces with p/psat≈1. 
 

 

~13 µm along the vertical z-axis.  MDC (model BNC-133) electrical feedthroughs are mounted 

to the ends of each XYZ manipulator.  MDC kapton-coated 0.021 inch diameter cables are 

connected from electrical feedthroughs to the electrical probes.  An s-shaped electrical probe 

body is assembled from stainless steel rod. To insulate it electrically from the main chamber 

walls, the body is cut into two pieces, and an MDC ceramic standoff (model 607602) connects 

them mechanically.  Signatone (model SE-T) probes are used to make contact with the actuation 

pads of the micromachined devices. 

 

 With this hardware, the main chamber can reach a pressure as low as 10
-9

 Torr.  Details 

on the pumping system are given in Section 2.2.3. 

2.2.2 Load-Lock Chamber 

 Hydrocarbon contaminants can be removed by plasma cleaning of samples.  However, to 

avoid re-adsorption, they must subsequently be transferred to the main chamber without 
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exposure to air.  The load-lock chamber is constructed with these objectives in mind.  As seen in 

Figure 2.1, the load lock chamber body is an MDC cube (model CU250-6), and it is connected to 

the main chamber by an MDC gate valve (model GV-1500 V), which isolates the two chambers 

while a samples is cleaned.   

 

 A front-mounted MDC viewport (model VP-250) enables sample entry and visual 

inspection.  A platen sample holder (MDC SAM-1), to which the sample is affixed, is connected 

to a vertically aligned heavy duty linear motion MDC feedthrough (model HLM-275-3), as 

annotated in Figure 2.1.  Its three-inch linear range enables it to extend into the plasma 

(described next), and to be withdrawn so that the sample holder can be picked up by a transporter 

which conveys it into the main chamber as described below. 

 

 A standard electrical feedthrough (Kurt J. Lesker model EFT0543053) with sealed copper 

wires for plasma generation is mounted through the top of the load lock.  A simple radio-

frequency (RF) plasma generator supplies power to the electrodes inside the load lock chamber, 

as shown in Figure 2.3a.  Regarding the electrodes, the copper wires are cut as short as possible 

inside the chamber and are connected to titanium rods.  These titanium rods, which form the 

anode and the cathode of the plasma, are covered with Unique Wire Weaving Co. titanium 

meshes (0.016” diameter, 20x20 wires/inch, twill). The Ti material is chosen to minimize 

sputtering during the plasma treatment [110].  The surface area of the meshes is as large as 

possible within the limits of the chamber geometry to improve plasma stability and to minimize 

its power density.  
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Figure 2.3:  (a) Load-lock chamber interior indicating sample holder, plasma electrode Ti 

meshes and platen fork for transferring samples. (white boroelectric heater is below the sample 

holder) (b) View of glowing plasma inside the load-lock chamber through viewport. (c) RF 

plasma generator box with parameters displayed. 
 

 

 The custom RF power supply consists of three components: a voltage output transformer, 

a fluorescent light ballast and a power meter. The 120 VAC line voltage is connected to a 

variable voltage output transformer (model 6994K32) to control the power supplied to the 

ballast.  A Philips ballast (model Advance Centium ICN-2P60-SC) is used to establish an output 

voltage with amplitude up to 1500 V AC operating at 77 kHz, as measured by an oscilloscope 

with a 100X attenuation probe.  A Coldfusion power meter (model HB416PVA) is connected in 

parallel with the plasma electrode cables to monitor the power, voltage and current drawn by the 

ballast during plasma processing.  Accordingly, the measurement of power used by the ballast is 

approximately the power delivered into the plasma.  Since it is not necessary to precisely 

characterize the plasma conditions, the approximate measurements suffice.  These components 

are held in a NEMA 4X/13 polycarbonate box (model McMaster-Carr Part number 7335K21), as 
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seen in Figure 2.3c.  For plasma cleaning, high purity O2 gas is supplied through a variable rate 

leak valve (Agilent model 951-5106). 

 

 Opposite the gate valve, a magnetically-coupled transporter (MDC model MT-24) is 

connected to transfer the samples from the load-lock chamber to the main chamber along a 

horizontal linear path.  An MDC platen fork (model FOR-1), designed to grasp the sample 

holder, is attached to the end of the transporter arm.  In the main chamber, the 2.75 inch MDC 

viewport (model VP-150QZ) enables observation of the main chamber linear actuator position.  

This aids the sample transfer from the transporter to the main chamber linear actuator. 

2.2.3 Environmental Control 

 Vacuum is established in the main chamber before an experiment to minimize the 

adventitious hydrocarbons.  A Varian dry scroll roughing pump (model SH-110) backs a Varian 

(model V 70LP) turbo pump.  A single pumping system is used. The load lock to main chamber 

gate valve must be open in order to pump on the main chamber.  Using the dry scroll pump 

alone, a medium vacuum level of 60 mTorr is measured by a thermocouple gauge. Without a 

bakeout, the turbo pump further reduces the pressure to ~10
-7

 Torr in the load lock chamber and 

~10
-6

 Torr in the main chamber, as measured by a cold cathode ion gauge (MKS model 423 I-

MAG).  After a UHV bakeout conducted at 200 ºC, the main chamber reaches a pressure of 10
-9

 

Torr with the help of the ion pumping as mentioned above.    

 

 Besides attaining high vacuum, vapors can be delivered into the system at atmospheric 

pressure.  A schematic of the vapor delivery system is shown in Figure 2.4.  A high purity 

nitrogen tank is regulated to below 5 psi. To obtain the desired stable pressure, two stage 

pressure reducing Swagelok valve (model KCY) is connected to the cylinder. Then, the line is 

connected to another high precision pressure reducing regulator (Equilibar Type 10 LR).  

Gilmont ball type gas flow meters and needle flow valves control the mix ratio and hence the 

partial pressure of vapor in the line. To ensure the “wet” N2 line is fully vapor saturated the 

nitrogen sequentially passes through two fritted bubblers filled with deionized (DI) water.  A 

vapor-saturated N2 line mixes with a dry N2 line at the vapor entry chamber.  The vapor entry 

chamber is initially isolated from the main chamber to allow the mixture to stabilize before 
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entering the main chamber. The entry line and exit line are then opened to allow continuous flow 

through the chamber.  

 

 There is also a vent line through a third flow meter for clean, controlled venting of the 

load lock and main chamber. Finally, isolation valves upstream from the mix point of the “wet” 

and “dry” lines are needed to eliminate cross contamination of these lines when one is running 

under either fully dry or full vapor saturated conditions. 

 

 Water vapor experiments are monitored by calibrated Vaisala RH and temperature 

sensors (models HMT334 and HMP234). The needle flow valves are adjusted according to the 

desired RH level. The partial pressure p/ps can be controlled from 0 to 1 (corresponding to RH 

from 0 to 100%).  One sensor is mounted in the vapor entry chamber, and the other one is in the 

vapor exit chamber.  The sensor data are recorded via an RS-232 interface.   

 

 
 

Figure 2.4:  Atmospheric pressure vapor delivery system schematic. Arrows on the various lines 

show the direction of normal N2 carrier gas flow.  
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2.2.4 Optical Detection System 

 A detailed explanation of the long working distance interference microscope can be 

found in the article by Sinclair [111], and the user guide is prepared (Appendix A).  As described 

there, a quartz compensating plate of optical thickness equal to the viewport glass is placed in the 

interferometer reference arm in order to optimize contrast.  As shown in Figure 2.2a, Newport 

optical X-rails (X-95 series) support the microscope.  Positioning in the xy-plane is 

accomplished by sliding the microscope on the rails. The free working distance (~2.5 centimeters 

with a 5X objective) coupled with the low-profile electrical probe design enables interferometry 

through the chamber viewport, as seen in Figure 2.2c.  There remains ~1.25 cm vertical height 

from the bottom of the viewport to the sample.  This provides ample room to move probes 

laterally between the window and the sample.  This configuration also works with 10X and 20X 

objectives [111]. 

 

 To minimize vibrations, the entire system is mounted on a Newport optical table (model 

RS 4000).  Nonetheless, due to laboratory air currents and due to mechanical coupling through 

connections such as the pump roughing lines, the gas feed lines and electrical cables, vibrations 

are inevitable.  Much work was done to understand and minimize these noise sources.  

Vibrations transmitted through the Swagelok gas feed lines were reduced by making the final 

connection to the table with flexible lines.  Also, gas feed line ceiling connections were made 

with rubber dampers.   

 Using phase stepping interferometry (PSI) [112], multiple measurements of the same 

surface were used to quantify the interferometer precision.  One hundred line scans, each 200 

pixels (~2.5 µm/pixel with a 5X objective) were taken along the same region. Figure 2.5a 

illustrates a single linescan on a silicon wafer, which is expected to be optically flat.  A linear 

best fit to this data was determined, with a result of 1.2 nm rms error per pixel.  In this fit, the 

slope is removed because it only represents the relative tilt between the reference surface and the 

sample, while the first data point is set equal to zero.  The average rms noise for one hundred 

scans, taken at 8 s time intervals, was 2.0 nm/pixel, as seen in Figure 2.5b.  Some of the data 

show higher noise of up to 7 nm/pixel.  This could be directly attributed to transient laboratory 

vibrations, which cause the phase shifting of the inteferometer reference surface to be 
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inconsistent, introducing error into the PSI algorithm.  One method of dealing with this is to 

determine if the linescan data from each of the five phases are within a certain tolerance of /2 

before accepting data.   

 

Figure 2.5: (a) Deflection of a silicon wafer over a 500 mm length.  For this single linescan, the 

root mean square (RMS) error per pixel from a linear fit is 1.2 nm.  (b) RMS error versus 

linescan number for 100 linescans taken at 8 s intervals. 
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2.3 PRELIMINARY RESULTS 

2.3.1 System Qualification 

 Plasma conditions were first established by ensuring that negligible material sputtered 

from the Ti/Cu electrodes onto a glass slide, as evaluated visually.  Minimizing the length of the 

Cu electrodes and covering them with the Ti mesh significantly improved the clarity of the glass 

slide.  At 15 W (voltage output transformer power) and 60 minutes, however, some sputtering 

deposit was still visible.  By decreasing power to 3.8 W while keeping time at 60 minutes, slides 

remained optically transparent.  Actual plasma treatments were done at 2.9 W for 30 minutes.   

 

 Next, we evaluated sample cleanliness with respect to hydrocarbon contamination by 

measuring the contact angle of DI water on Si (100) blanks before and after plasma cleaning in 

the load lock.  Contact angle (CA) was measured on a custom-built apparatus (Appendix B).  

Before the plasma treatment, Si blank samples had contact angles of 70
o
.  We loaded a Si blank 

into the load lock chamber, and introduced O2 at 250 mTorr pressure. An O2 plasma was ignited 

with output ballast voltage at 1300 V amplitude, as observed in Figure 2.3c.  After ignition, the 

voltage was dropped to 600 V and a voltage output transformer power of ~3 Watt was 

maintained for 1 minute.    

 

 Immediately following the plasma treatment, the CA was 0
o
 in laboratory air. For a 

sample that was plasma cleaned and then left in laboratory air for 24 hours, a 24
o
 contact angle 

was measured.  Another sample was placed in the load lock and cleaned under the same plasma 

conditions.  Then the gate valve was opened, and the sample was transferred to the main 

chamber. The main chamber was then vented with N2.  After 24 hours, the sample was removed, 

and the CA was 0º.  This experiment was repeated, but now we purged continuously with N2 for 

17 hours. Again, a 0º CA was measured.  Hence, the chamber indicates a 0
o
 contact angle after 

long exposures, indicating a “clean” hydrophilic surface. 

 

 Another important system qualification is the stability of RH and temperature with 

respect to time.  Figure 2.6 shows RH and temperature values of the entry and exit lines over a 

102 hour period. It includes long periods of stable RH values in which entry and exit sensor 
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readings are not changing by more than ±2 %. This data shows that laboratory temperature 

control is ~ ± 0.5º C. 

 

Figure 2.6:  Measured RH and temperature values of the entry and exit lines. Entry lines data are 

solid and exit lines data are dotted. RH data is shown on the left y axis in blue color, and 

temperature data is shown at the right y axis in red color.  
 

 Also, we demonstrated a high temperature environment control by heating up the 

chamber with heating tapes. Heating tapes were covered by aluminum foil to prevent heat loss to 

the laboratory air. Uniform temperature at the surrounding region of the chamber has been 

obtained. Temperature measurements have been taken by thermocouples at various locations. 

Then, Variac voltage transformers that control the heating tape power were adjusted. Figure 2.7 

shows RH and temperature values of the entry and exit lines for two different cases. The key 

thing to keep the constant RH is to eliminate any local condensation spots through the line. The 

humidified flow after the gas bubblers can condensate at a local colder spot right before the main 

chamber. This would cause a sudden RH jumps at the main chamber. It is crucial to satisfy the 

uniform heat distribution outside the chamber.  
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Figure 2.7:  Measured RH and temperature values of the entry and exit lines from the high 

temperature experiments. Entry lines data are solid and exit lines are dotted. RH data is shown on 

the left y axis in blue color, and temperature data is shown at the right y axis in red color. a) Rh 

starts at 30%. Then it increases and stays for some time at 60%,70%, and 80% RH, sequentially. 

b) This experiment shows 60% RH is stable during 300 min. 

 

2.3.2 Crack Healing Experiment 

 As a demonstration of the new measurement capability, we investigate the spontaneous 

crack healing of microfabricated cantilevers adhered to a substrate at fixed RH.  Capillary 

adhesion adversely affects micro/nanoelectromechanical systems (MEMS/NEMS) reliability.  

The smooth surface of microcantilevers, which is often less than 5 nm root mean square (rms) 

roughness, enables effects of capillary nucleation and growth on adhesion of rough surfaces to be 

observed [68].  Various models [113,114], and experimental results [68,115] have been reported 
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with respect to the equilibrium adhesion energy between wetted smooth surfaces. The new data 

investigates the adhesion energy dependence on time. 

 

 The microcantilevers were fabricated at Sandia National Laboratories in the SUMMiT 

V
TM

 process [116] and released and supercritically dried [117] at Carnegie Mellon University 

(Appendix C).  As imaged by interferometry, twenty freestanding cantilevers of lengths from 

1,050 to 2,000 µm in 50 µm increments were obtained from a given chip. As schematically 

represented in Figure 1.8, the height of the step-up support post is  =1.8 µm, the cantilever width 

is  =20 µm and the cantilever thickness is  =2.5 µm. An electrically isolated pad of 50 m 

length near the support post was used to actuate the cantilevers.   

 

 The cantilevers were placed in the load lock chamber, and O2 plasma treated at 2.9 W for 

30 min. After cleaning the sample, it was transferred to the main chamber, where the 

environment was at about 100 mTorr pressure. After the plasma treatment the cantilevers were 

again imaged by interferometry and were mostly in the arc shape, i.e., contacting the substrate 

only at their tips [67]. They were brought further into contact with the substrate by electrostatic 

actuation.  Most cantilevers then remained adhered in the “S-shape”, in which the cantilever is in 

nominal contact with the substrate beyond the crack tip at s. We increased RH gradually and 

observed the crack lengths with time using interferometry as shown in Figure 2.8. Crack length 

data was taken at 10 min intervals until no further change was detected. Figure 2.7 shows the RH 

values during the experiment, which are at 34.7, 53.6, 71.5, 77.1, 85.2, 92.1, and 96.7 %.  Figure 

2.9 displays the measured crack length data over time at 54 % RH condition.  After 13.6 minutes, 

the RH value had increased by 95% of its total change from 35% RH to 54% RH, as seen in 

Figure 2.9. Crack healing persisted for the cantilevers until 500 min, indicating that the new RH 

level was achieved in a time much shorter than the time required to achieve crack equilibrium. 

The equilibrium crack lengths   decreased about 42, 120, 36 and 77 μm for four different 

cantilevers, respectively.  

 

 We present here three different samples’ crack healing data. Experiment conditions are 

summarized in Table 2.1. Each sample was monitored in a humid environment and 6 to 18 

minutes were required to establish vapor pressure equilibrium conditions. For the first two 
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samples, cantilever deflection data were collected at 10 min intervals, while data for the third 

sample data were collected at 1 min intervals. 

 

  

 

 

Figure 2.8: Interferograms of crack length s vs. time at 61% RH (p/ps) for sample 3. a) At 0
th

 

min. b) At 25
th

 min. c) At 100
th

 min.   

 

  

 In Figure 2.8 interferograms are shown that indicate crack healing over time for the 

sample 3 at 61% RH. Deflection curves are extracted for each cantilever using phase stepping 

interferometry, and the energy release rate,  , of a given cantilever was calculated in the 

following equation 

 

  = 
 

 
 

    

  
     .             (2.1) 

   

The Young’s Modulus, E, of the polysilicon is 164 GPa [118]. 

 

 

 

Table 2.1: Experiments performed  

 

Sample Initial 

p/ps 

Steady 

State p/ps 

p/ps Equilibrium 

Time (min) 

Time to achieve 

equilibrium 

crack length 

(min) 

Time between 

interferograms 

(min) 

1 0.35 0.54 13.6 500 10 

2 0.32 0.51 11.3 600 10 

3 0.30 0.61 6.4 150 1 

3 0.61 0.88 17.8 90 1 
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 Energy release rate data over time for individual microcantilevers are presented in 

Figures 2.9, 2.10, 2.11 and 2.12.  The adhesion dependence on time for sample 1 from 0.35 to 

0.54 RH is shown in Figure 2.9, where it can be seen that adhesion increased from 50 µJ/m
2
 to 

280 to 350 µJ/m
2
 over ~8 hours. 

 

 
Figure 2.9:  Sample 1 RH and adhesion data 

over time. Solid lines represent RH data at 

the chamber entrance (blue) and exit (red), 

and dashed lines represent adhesion data for 

different individual microcantilevers. 

 

 
Figure 2.10:  Sample 2 RH and adhesion 

data over time. Solid lines represent RH data 

at the chamber entrance (blue) and exit 

(red), and dashed lines represent adhesion 

data for different individual 

microcantilevers. 
 

 
Figure 2.11:    Sample 3 RH and adhesion 

data over time. Solid lines represent RH data 

at the chamber entrance (blue) and exit 

(red), and dashed lines represent adhesion 

data for different individual 

microcantilevers. 

 
Figure 2.12:  Sample 3 RH and adhesion 

data over time. Solid lines represent RH data 

at the chamber entrance (blue) and exit 

(red), and dashed lines represent adhesion 

data for different individual 

microcantilevers. 
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 The adhesion data for sample 2 from 0.32 to 0.51 RH is shown in Figure 2.10, where it 

can be seen that   increased from 100 µJ/m
2
 to 200 to 400 µJ/m

2
 in 150 min. For sample 3 from 

0.30 to 0.61 RH the data is plotted in Figure 2.11,   increased from 50 µJ/m
2
 to 800 µJ/m

2
. And 

for the same sample when we increase the RH to 0.88,   values increase with time in 90 min 

duration from 800 µJ/m
2 

to 8000-9000 µJ/m
2
. All of these figures illustrate that capillary forces 

enable crack healing against progressively higher values of   as RH increases. Also, they show 

that after steady state environment conditions are attained, crack healing continues. This implies 

the capillary nucleation until the equilibrium can be detected with this system. 

 

2.4 CONCLUDING REMARKS 

 A versatile chamber with a high degree of environmental control has been constructed for 

the purpose of studying environmental effects on micro- and nanostructures.  The chamber 

includes pumping to pressure as low as 10
-9

 Torr, four electrical probes for MEMS device 

actuation, a load lock with in-situ plasma clean, long working distance interferometry for 

nanometer scale metrology and the ability to introduce vapors under controlled partial pressure 

conditions.  Sample heating has been implemented using a boroelectric heater (Momentive part 

number 2110072), similar to shown in Figure 2.3a.  With this newly constructed chamber, we 

have presented experimental results for microcantilever crack healing with time at a fixed RH 

level.  Besides the adhesion studies which are the focus of this thesis study, we envision other 

uses of the chamber such as studies of friction in various environments, of adsorbed film 

thickness versus partial pressure, and of creep of metal thin films.   
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Chapter III: Experiments of Water, n-Pentanol, and Ethanol 

Capillary Bridge Kinetics at Multi Asperity Surfaces 

 

In the previous chapter, we showed preliminary data for the energy release rate ( ), also 

known as the crack driving force, versus time.  In this chapter, we take a detailed look at such 

data.  We find that crack healing occurs in discrete events, rather than continuously. It is seen 

that the average crack healing rate,  ̅, decreases with increasing  .  A plot of  ̅ versus energy 

release rate,  , reveals log-linear behavior, while the slope   [     ̅ ]     decreases with 

increasing relative humidity.  However, the log-linear trend does not continue indefinitely.  

Instead,  ̅ abruptly goes to 0 at a sufficiently high value of   for a given RH.     

 

3.1 INTRODUCTION 

The relatively long capillary nucleation time between non-contacting surfaces can be 

understood in terms of a thermally activated first order gas-liquid phase transition theory. 

Information on capillary nucleation across a gap can be gained directly and unambiguously from 

the SFA [56], which is capable of controlling the distance of counterfacing surfaces of atomic 

smoothness as precisely as 1 Å. In this case, the index of refraction is monitored versus 

separation distance [56]. However, in the SFA, the sphere radius is ~2 cm.  A quartz tuning fork 

AFM has recently been used to measure capillary nucleation times across a gap between a 

substrate and a tip with 10 nm radius of curvature [86]. In this experiment, Arrhenius behavior 

was also measured, similar to the AFM friction or force curve works [57,58,85], and also as 

predicted theoretically[77].  However, nucleation was observed at gaps as large as 3.4 nm at 

RH=30% [86], whereas 2    =1 nm at that RH value. Also, a drift rate of 10 pm/s compared to 

an approach rate of 75 pm/s introduces some uncertainty into the reported results. 

Both the SFA and the AFM have been used to measure capillary meniscus growth times 

for surfaces that have just come into contact [37,56,73,74]. In these experiments, the pull-off 

force is measured after a certain contact time. At the macroscale and nanoscales, measured 
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growth times are on the order of seconds and milliseconds, respectively. Theories that account 

for vapor diffusion in the gas phase [73] and transport of adsorbed surface water molecules in the 

liquid phase [37], have been advanced for the meniscus growth. Theory agrees with the 

experimental results at the macroscale [73], but under-predicts measured growth times by three 

or more orders of magnitude at the nanoscale [37].   

Besides the spherical geometry, model adhesion experiments between nominally parallel 

surfaces can be performed on double cantilever beams [119,120] and microcantilevers 

[68,115,121,122]. In such experiments, the surface separation is free of drift. In this chapter, we 

measure the crack length of plasma-cleaned microcantilevers with nanometer scale surface 

roughness as a function of time at fixed humidity after an abrupt increase in humidity. We plot 

average crack healing velocity ( ̅) versus the energy release rate ( ), also known as the crack 

driving force. The experiments are then interpreted within the framework of capillary nucleation.     

 

3.2 WATER EXPERIMENTS 

 As in the previous chapter, chamber cleanliness was evaluated with respect to 

hydrocarbon contamination by measuring the water contact angle (WCA) of deionized water on 

silicon (100) blank samples. Before the plasma treatment, the WCA was approximately 70°. 

After plasma cleaning for 30 min (frequency -- 76.6 kHz, power -- 2.9 W, pressure -- 250 

mTorr), samples were transferred to the main chamber while a continuous flow of nitrogen was 

running, or placed in laboratory air.  After 24 h, the WCA was measured.  Approximately 0° and 

24° WCA was observed for the samples kept in the main chamber and in laboratory air, 

respectively. 

 

 As imaged by interferometry, twenty freestanding cantilevers of lengths from 1,050 to 

2,000 µm in 50 µm increments were obtained from a given chip. As illustrated in Figure 3.1a, 

the height of the step-up support post is h=1.8 µm, the cantilever width is w=20 µm, and the 

cantilever thickness is t=2.5 µm. The substrate and the cantilevers are electrically connected 

through the highly doped polysilicon, and are therefore at the same potential. 
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 The freestanding cantilevers were placed in the load lock chamber and O2 plasma-treated.  

After plasma cleaning, the sample was transferred to the main chamber under vacuum, which 

was then vented with dry nitrogen. It has been shown that rapid gas flow within a vacuum 

chamber causes compliant MEMS samples to contact and remain adhered [123]. Here, we took 

advantage of that effect. During venting using high purity nitrogen, the cantilevers became 

adhered in the “S-shape” in which the cantilever is in nominal contact with the substrate beyond 

the crack tip at crack length  , as schematically illustrated in Figure 3.1b.   

 The cantilever beam deflection is [124] 

 

    = (
 

 
)
 

(  
  

 
)                 (3.1) 

 

which has the symmetrical “S” shape as in Figure 3.1b. Near the crack tip, the distance between 

surfaces is nominally less than 2|rK| over a distance of many micrometers; this enables meniscus 

nucleation between opposing asperities in the counterfaces. The RH was increased to a desired 

level by changing the ratio of dry to wet nitrogen introduced into the chamber. For sufficiently 

high RH, spontaneous crack healing was observed. The RH was then maintained until no further 

change was detected.  It was then increased further, as shown in Figures 3.1c-3.1f (Figure 2.8 is 

reinserted as Figure 3.1c-f because they will now be discussed in detail). Phase shifting 

interferometry [112] at 1 min intervals enabled determination of s versus time for all 20 

microcantilevers. With a 5X objective (NA=0.14),   could be determined with ±5.5 m (±2 

pixels) uncertainty. With Young’s Modulus E=164 GPa,[118] the energy release rate   (J/m
2
) 

[125] of a given cantilever was calculated according to [124]   
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Figure 3.1: Cross-section schematic geometry of the microcantilever (a) standing freely and (b) 

in the S shape. Interferograms (c) of Cantilevers 5-14 at 29% RH (no crack healing) and (d)-(f) 

after increasing exposure to humid conditions. 
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  = 
 

 
 

    

  
                  (3.2) 

  

 In equilibrium,  = Γ, the adhesion energy per unit area. The value of Γ in dry nitrogen 

was from 0.02 to 0.06 mJ/m
2
 ( =890 to 675 μm). These low values can be attributed to van der 

Waals forces and are typical of dry rough interfaces in MEMS [126]. The freestanding cantilever 

curvature is small (< 1 m
-1

) because of a small internal moment; and exerts a negligible influence 

on the adhesion calculation [122]. The RH first was increased to 29%, but no crack healing was 

observed, as shown in Figure 3.1c. The RH was then increased further. As defined by achieving 

95% of the change in set point, the RH value reached steady state at a 60.5±0.5% RH level 

(hereafter referred to as 60.5% RH) in 6.4 minutes. Significant crack healing occurred, as seen in 

Figures 3.1d and 3.1e. Crack healing continued until 200 min, indicating that the new steady-

state RH level was attained in a time much shorter than the time required to reach the minimum 

crack length. The minimum value of   was 340 μm; no further crack healing occurred for any 

cantilever over the following 400 min. The RH was then increased to 87.5%, and a steady state 

RH condition was achieved in 17.8 min. Now crack healing continued for another 82 min. As 

seen in Figure 3.1f, the minimum value of   was 185 μm.   

 

 Cantilevers 5-14 are numbered in Figures 3.1c-f. Figure 3.2a shows crack length   versus 

time data for Cantilevers 9 and 10 after RH was increased to 60.5%. The solid vertical bar at 6.4 

minutes indicates the time at which RH achieved a steady state condition. Little change in crack 

length occurred during the RH transient, but   began to decrease after 12 and 20 minutes for 

Cantilevers 9 and 10, respectively. Figure 3.2b shows   versus time data for Cantilevers 10 and 

14 after RH was increased to 87.5%. The solid vertical bar at 17.8 min again indicates the RH 

steady state. Here, it is seen that Cantilever 10 already began healing during the RH transient, 

while Cantilever 14 did not begin to heal until approximately 56 minutes. Cantilever 14 also did 

not heal during the exposure to 60.5% RH, as can be seen in Figures 3.1c-e.  
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Figure 3.2:   RH and crack length data over time. The solid blue lines indicate RH, while the 

dashed lines represent crack length data for different individual microcantilevers.  The vertical 

solid black line represents onset of steady state RH. (a) Crack healing data of Cantilever 9 (blue 

squares) and Cantilever 10 (orange triangle markers) when RH is increased to 60.5% RH from 

29% RH. (b) Crack healing data of Cantilever 10 (orange triangles) and Cantilever 14 (red 

crosses) when the 60.5% RH is increased to 87.5% RH. 

 

 Using the data for   and equation 3.2,   versus time can be plotted. Figure 3.3a shows the 

results from 12 microcantilevers at 60.5% RH.   is seen to increase from 0.02 to 0.06 mJ/m
2
 to 

0.7-0.9 mJ/m
2
 over 150 minutes. The   data over time at 87.5% RH for 13 cantilevers are shown 

in Figure 3.3b. Here,   further increases to ~9 mJ/m
2
 over 100 minutes. 
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Figure 3.3:   Crack healing data over time. The solid lines indicate RH at the chamber entry, 

while dashed lines represent energy release rate G data for different individual microcantilevers.  

Data for G after increasing RH (a) from 29 to 60.5%. (b) from 60.5 to 87.5%.  

 

 It is important to identify whether the crack healing trend is discrete or continuous with 

respect to time. Within the resolution of the interferometry measurement, it is apparent that crack 

lengths often do not decrease in each 1 min time interval. This is indicated in Figure 3.2 by 

horizontal portions of the   versus time trend that are greater than 1 min.  On the other hand, in 

some time intervals,   consecutively decreases. Experiments were repeated with 5 s and 10 s 

time intervals (Figures F1 and F2, Appendix F). In most cases the time between measurable 

crack length reductions was greater than the time interval. Therefore, the changes in crack length 

tend to occur in discrete jumps.   
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 When the separation or healing process is considered to be continuous,     curves are 

plotted, where   is the crack velocity. This characteristic has been studied both for crack 

propagation in ceramics subject to stress corrosion cracking [101,127,128] and for crack healing 

due to surface forces or capillary condensation [129,130]. Because within experimental 

resolution, the crack healing here is discrete in nature, we shall characterize the results with 

 ̅    curves.  Then  ̅ is defined as 

 

 ̅  
       

  
                    (3.3) 

 

Here,    is the crack length after   minutes, and      is an experimentally resolvable shorter crack 

length that occurs after     minutes. The time    is then   minutes. The   value is calculated 

at the average value of  , that is, at  =(       )/2.  

 

The discrete nature of the crack healing is indicative of nucleation events. The nucleation 

time for a crack healing event could be affected by exposure to wet conditions before steady state 

RH has been reached. Therefore,  ̅ is also only calculated once steady-state RH has been 

achieved.  Furthermore, the first  ̅ is calculated for a given microcantilevers only after crack 

healing has initiated , i.e,            .  

 

Results reflecting 13 different cantilevers and 202 calculated values at RH=60.5% and 

87.5% are shown in Figure 3.4. As indicated by the solid lines (semi-empirical fits to be 

described later), log-linear trends of  ̅ versus   are observed. It is seen at 60.5% RH that  ̅ 

decreases from ~2 μm/s to ~10
-3

 μm/s while   increases from 0.06 to 0.85 mJ/m
2
. At 87.5% 

RH,  ̅ decreases from ~0.2 μm/s to ~4•10
-4

 μm/s at higher   values from 4 to 9 mJ/m
2
. The 

scatter in  ̅ for a given value of   is approximately the same at the two RH levels (this is more 

readily seen if the   scale is expanded). The slope   [     ̅ ]   | in Figure 3.4 is smaller at the 

higher 87.5% RH than at 60% RH. Values of  ̅ for   values between 1 and 4 mJ/m
2
 are not 

calculated because the cracks healed during the transition regime from 60.5% to 87.5% RH. To 

check for any difference in the trend due to time resolution, experiments were conducted on 

other samples at 62% and 89.5% RH level with 5 s and 10 s intervals, respectively. Data from 
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the shorter intervals were similar to that presented in Figure 3.4 (Figures F3 and F4, Appendix 

F). 

 

 
 

Figure 3.4: Average crack healing velocity  ̅ as a function of energy release rate G. Different 

cantilever responses are plotted with different color and marker types for 60.5% and 87.5% RH 

cases. Solid lines are semi-empirical fit.   

 

3.3 DISCUSSION 

 Let us now make the following experimental observations. 

(1) Crack healing takes place when the RH increases. When RH increases, |  | increases, 

encouraging crack healing because the capillaries can bridge and nucleate across larger gaps.   

(2) At RH=60.5% and 87.5%, the slope   [     ̅ ]   | is observed to be approximately 

constant.  Also, at larger RH, the slope decreases.   

(3) Figure 3.4 data exhibits a large degree of scatter.  This discrepancy can be explained by 

considering (a) that nucleation is a stochastic process and (b) that asperities encountered as the 

crack heals are at different heights.   

Let us further contemplate the scatter in the Figure 3.4 data. In Figure 3.1c,  ≈860 to 765 μm.  

However, in Figure 3.1d, 400≤   ≤550 μm for many cantilevers, but for Cantilevers 10, 12 and 

14,   remains at ≈800 μm. In Figure 3.1e,  ≈800 μm persists for Cantilevers 12 and 14, while 

 ≈350-400 μm for all other cantilevers. Local barriers, for example anomalous asperities that 

protrude above others, can pin the crack open [131]. They may prevent the rapid onset of healing 
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of Cantilevers 10, 12 and 14. To explore this hypothesis, data points from Cantilever 14 are 

indicated by the red cross data markers at 87.5% RH in Figure 3.4. Once healing has begun, its  ̅ 

values are similar to those of other cantilevers at the same   values.  

(4)  In the experiments, there is no apparent healing after a certain amount of time. Strictly, the 

time to attain equilibrium is limited by the condition that all suspended asperities in the healing 

process zone (HPZ) possess gaps greater than 2|  |: in which case,  ∞. If asperities of non-

uniform densities and of differing heights are allowed, it is much more likely that crack healing 

will abruptly end at a certain   value. 

 The decrease of  ̅ with   can also be considered qualitatively in terms of the increasing 

cantilever stiffness while the crack is healing. In order to continue healing, a greater number of 

asperities must nucleate per unit area as the cantilever becomes stiffer. This, in turn, requires that 

capillary bridges nucleate across larger gaps, which involves greater times, thereby lowering  ̅.   

Then, a useful, though simplified, visualization of the effect of the actual surface 

roughness is illustrated in Figure 3.5. In Figure 3.5a, contacting and bridging asperities are 

represented in red. Also, suspended green asperities are shown. An HPZ spans a certain 

cantilever deflection, arbitrarily to be defined at a deflection of 2 . To the left of the HPZ, it is 

assumed that all asperity gaps are larger than 2|  |, so that capillary nucleation cannot occur. 

However, because of the surface roughness, suspended asperities even at the extreme left of the 

HPZ can be bridged. Suspended asperities closer to the crack tip than bridged also exist. For low 

  values, the bridged asperities in Figure 3.5a are sufficient to cause crack healing. As   

increases, asperities with larger gaps must become bridged and, hence, the crack healing time 

increases.  In the simplest visualization as in Figure 3.5b, the crack healing occurs when a 

number of asperities, each at some larger height, are bridged. Of course, in reality, the asperities 

are all at different heights and the density of bridged green asperities statistically will become 

smaller as they are further from the crack tip.    
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Figure 3.5: (a) Idealized crack tip region schematic to help visualize the effect of roughness. (b) 

The crack tip region is further simplified so that all suspended asperities in the HPZ nucleate at 

the same time due to  the roughness. 

 

 In terms of the Figure 3.5 visualization, an equation can be found to fit the crack healing 

time versus adhesion trend.  Accordingly,  

 

  (        (
  

   
)  

     

           
)               (3.4) 

 

where    is in percent and   is in mJ/m
2
.  Once   is found from equation 3.4, equation 1.59 

determines the energy barrier   , and then equation 1.62 is used to calculate the nucleation time. 

Then, 10 µm, which is on the order of the HPZ length, is divided by τ to calculate  ̅ . The results 

are represented by the solid lines in Figure 3.4. 

Quantitative agreement with the semi-empirical equation 3.14 is reasonable. Besides 

specific roughness characteristics, many other factors deserve more detailed consideration. One 

is the effect of the adsorbed film layer. It increases the capillary meniscus area, thus increasing 

the capillary force [55]. More importantly, it will fill partially the gaps between asperities. The 

counterfacing adsorbed film layers may overlap and instantaneously nucleate a capillary bridge, 

or they will reduce the gap distance between the asperities, reducing  . Literature data on the 

details of adsorption isotherms vary significantly. For example, the water film thickness on an 

oxidized silicon wafer ~1.2 and ~1.65 nm for 60.5% and 87.5% RH respectively [132].  In 

contrast, on a silica surface, a ~0.3 nm thick water accumulated in 600 min, then from 40 to 80% 

RH film thickness increases to ~0.5 nm in 600 min [133].   
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More experimental data on different surfaces are also needed to understand water 

accumulation on polysilicon. Theillet and Pierron used a single crystal silicon MEMS resonator 

to determine the adsorbed film layer thickness in response to frequency changes as a function of 

temperature at constant RH [105]. The water film thickness dropped as the temperature increased 

from 20 °C to 80 °C at constant RH levels (>50%).  Liu and Bhushan showed that single asperity 

adhesive force decreases significantly at a 50% RH level above 50 °C [134]. These experiments 

suggested that as temperature increases at constant RH, lower adhesion energy is expected due to 

the water film thinning. In contrast, according to the Arrhenius Equation 1.62, at higher 

temperature capillary condensation occurs faster. To sort out the dominant effect, temperature-

controlled experiments are recommended for future work. Another factor to consider is that the 

adsorbed layer thins because the disjoining pressure is in equilibrium with the capillary pressure 

[32]. 

 

3.4 ALCOHOL EXPERIMENTS 

 Vapor-phase lubrication, in which a supply of lubricant is immediately available through 

the gas phase to passivate a worn area, is another approach of interest. Although less 

experimental research has been reported on vapor-phase lubricants in MEMS, they are at 

the heart of the overwhelming success of the Texas Instruments Digital Mirror Device (DMD).  

 

 The micromirrors are encapsulated with perfluorodecanoic acid in a hermetic 

environment [89]. The aluminum micromirrors have small springs that store mechanical strain 

energy. They not only provide restoring force to the micromirror switches, but also are thought 

to induce wear marks due to a few nanometers of sliding upon contact between the mirror and 

substrate. At an operating temperature of about 80 ºC, which may be attained because of the 

bright light source illuminating the DMD, the acid melts and the high vapor pressure easily 

repassivates these wear tracks. The vapor pressure at 0 ºC is 10 mm Hg [135], and therefore even 

the solid phase may provide passivation. The main purpose of the springs is to overcome 

adhesive rather than frictional forces. The carboxylic acid group forms a strong acid-base bond 

to the alumina surface (formed by plasma ashing the aluminum), improving its wear 

characteristics [136]. 
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 Recently, Kim, Dugger and colleagues have shown initial data indicating that alcohol-

based vapors (ethanol through pentanol, i.e., C2-C5) provide effective wear prevention on a 

microscale MEMS tribology test structure made of polysilicon [90,137]. These results also apply 

to nanoscale oxidized Si asperities as measured by AFM and to macroscale quartz (SiO2) ball-

on-flat linear wear tests in a conventional tribometer. Although alcohol-vapor is promising to 

reduce the wear effects, it is crucial to identify the p/ps range over which MEMS can operate 

successfully in vapor-phase environments.   

 

 Crack healing experiments will reveal information on adhesion forces of alcohol vapors 

between multi-asperity surfaces. The experimental set up described for water experiments needs 

some modification to run these experiments. A flow meter can adjust the partial pressure, but 

equilibrium time can only be observed with sensors. RH sensors will be damaged for alcohol-

vapor p/ps measurements. To observe the equilibrium times, we attempted to implement a 

Chilled Mirror Hygrometer to the flow line to monitor the dew point temperatures that 

corresponds to partial pressures. Although Chilled Mirror Hygrometers are precise and accurate 

for the relative humidity measurements, they need further improvements for alcohol dew point 

measurement and hence ultimately could not be used. Our attempt is described in the Appendix 

D. 

  

 We conducted the experiments as described in the section 3.2. Water is highly soluble in 

alcohol solvents. To ensure the “wet” N2 line was free of water, we placed 3 Å molecular sieves 

into the fritted bubblers, and waited 24 h prior to the experiment [138] to allow time for the 

water to be absorbed by the molecular sieves. To maximize the likelihood that the data was taken 

after steady state p/ps was attained, we ignored the initial healing events. The first experiments 

were with  n-pentanol vapor because it has the highest lubrication effect on the inorganic solid 

surfaces due to the long molecular chain [139]. 

 

 The value of Γ in dry nitrogen was from 0.025 to 0.040 mJ/m
2
 ( =840 to 746 μm) similar 

to water experiments initial condition. The p/ps first was increased to 30%, and after 10 min 

crack healing started. Eventually, healing occurred for 13 cantilevers out of 20, as seen in Figure 

3.6a.   is seen to increase from 0.02 to 0.04 mJ/m
2
 to 0.03-0.08 mJ/m

2
 over 250 minutes. The 
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p/ps was then increased to 50%, and for some of the cantilevers healing events started in 30 s. 

Crack healing continued for 1000 min. As seen in Figure 3.6b,   further increases to 0.1-0.2 

mJ/m
2 

. Again 13 cantilevers responded to the p/ps variation; however, this time some of the 

cantilevers had healed in the previous step didn’t heal, and some non-responsive cantilevers 

healed at this step first time. Figure 3.6 plots the healing data for each p/ps, and each colored line 

represents one individual cantilever. The next step reaches p/ps=0.6. The slight increment of the 

partial pressure leads fewer cantilever responses as shown in Figure 3.6c. With this step most of 

the cantilevers reaches ~0.2 mJ/m
2
. However, at this point there are still cantilevers that did not 

heal since the beginning of the experiment. All of the cantilevers heal in the next step p/ps=0.8. 

Here,   increases to 0.3-1.1 mJ/m
2
 over ~200 minutes, as shown in Figure 3.6d. Next, p/ps=0.9 

has been tested.   climbs to 1-5 mJ/m
2
 over ~60 minutes, as seen in Figure 3.6e. Finally, p/ps 

reaches to 0.95.   values equilibrate to ~20 mJ/m
2
 in a much shorter time (35 min), as seen in 

Figure 3.6. 
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Figure 3.6:   Crack healing data over time. Colored lines represent energy release rate G data for 

different individual microcantilevers.  Data for G after increasing p/ps (a) from 0 to 0.3. (b) from 

0.3 to 0.5. (c) from 0.5 to 0.6. (d) from 0.6 to 0.8. (d) from 0.8 to 0.9. (d) from 0.9 to 0.95. 
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 Results reflecting 20 different cantilevers at p/ps=0.3, 0.5, 0.8, 0.9, and 0.95 are shown in 

Figure 3.7. Log-linear trends of  ̅ versus   are again observed. It is seen at p/ps=0.3 that  ̅ 

decreases from ~7 μm/s to ~10
-3

 μm/s, as shown in Figure 3.7a. At p/ps=0.5,  ̅ decreases from 

~2 μm/s to ~7•10
-4

 μm/s at   values from 0.07 to 0.20 mJ/m
2

 plotted in Figure 3.7b. At p/ps=0.8, 

 ̅ decreases from ~16 μm/s to ~2•10
-4

 μm/s at   values from 0.07 to 0.98 mJ/m
2

 plotted in Figure 

3.7c. Initially average velocity is higher compared to other partial pressure cases because the 

increment of p/ps (from 0.5 to 0.8) is high. The adhesion values for the p/ps=0.8 is weak initially. 

Thus, compliant cantilever heals faster. Figure 3.7d and 3.7e show the  ̅ versus   data for 

p/ps=0.9 and 0.95, respectively.   values from 0.8 to 4.2 mJ/m
2

 and 5.2 to 20.2 mJ/m
2

 correspond 

to p/ps=0.9 and 0.95, respectively. Figures 3.7 a-e illustrate the slope   [     ̅ ]     decrease 

of the  ̅ versus   curves while p/ps increases. 

 The second alcohol tested was ethanol which is a shorter chain alcohol compared to n-

pentanol, and it has been studied for a possible lubricant in the literature [140]. We followed the 

same experimental procedures; however, we could only observe the healing events starting at 

p/ps=0.9. The response of only 5 cantilevers response data presented. When the p/ps first was 

increased to 0.9, cantilevers responded in 10 minutes.  Figure 3.8a shows that   increases from 

0.16 to 0.21 mJ/m
2
 to 0.42-0.55 mJ/m

2
 over 70 minutes. Then, at p/ps=0.95   increases from 

0.42 to 0.55 mJ/m
2
 to 1.37-2.08 mJ/m

2
 over 33 minutes. Log linear trends of  ̅ versus   curves 

again show slope decrease while increasing partial pressures, as shown in Figure 3.9. 
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Figure 3.7: Average crack healing velocity  ̅ as a function of energy release rate G. Different 

cantilever responses are plotted with different color and marker types. (a) for     =0.3 case. (b) 

for     =0.5 case. (c) for     =0.8 case. (d) for     =0.9 case. (e) for     =0.95 case.  It is 

again seen that   [     ̅ ]     decreases as      increases.   
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Figure 3.8:   Crack healing data over time. Colored lines represent energy release rate G data for 

different individual microcantilevers.  Data for G after increasing p/ps (a) from 0 to 0.9. (b) from 

0.9 to 0.95.  

 

 

Figure 3.9: Average crack healing velocity  ̅ as a function of energy release rate G. Different 

cantilever responses are plotted with different color and marker types. (a) for p/ps=0.9 case. (b) 

for p/ps=0.95 case.  

 

3.5 COMPARISON OF EQUILIBRIUM ADHESION VALUES OF 

WATER, n-PENTANOL, AND ETHANOL 

 In this section, we collect the results of the equilibrium adhesion energy Γ vs. p/ps  in one 

chart from various experiments for water, n-pentanol, and ethanol, as seen in Figure 3.10. 
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 Water experiments data shown with blue circle markers in Figure 3.10 are gathered from 

three different samples. One of the data sets presents the response of three cantilevers at 

p/ps=0.35, 0.54, 0.66, 0.72, 0.77, 0.85, 0.92, 0.97, and 0.99. The other sample data display the 

response of five cantilevers at p/ps=0.61 and 0.88. The last sample data show the response of 

four cantilevers at p/ps=0.34, 0.54, 0.69, 0.80, 0.87, 0.95, and 1.00. There are more cantilevers 

that heal on these samples. However, the sample response is summarized with fewer cantilevers. 

Also, there are cantilevers that don’t heal until very high partial pressure conditions due to higher 

surface roughness or particles. 

 

 

Figure 3.10: Adhesion energy at equilibrium vs partial pressure data. Water, n-pentanol and 

ethanol were represented by marks with blue circle, black square and red triangle, respectively. 
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 The black square data markers represent n-pentanol experiments, as also seen in Figure 

3.10. The data has been collected from the experiment described in section 3.4. The partial 

pressures are     =0.30, 0.50, 0.60, 0.80, 0.90, 0.95, and 1.00, and data for five cantilevers are 

shown in Figure 3.10. In a similar way, ethanol experiment data, also, from section 3.4 were 

presented in Figure 3.10 with red triangle markers for the cases of     =0.90, 0.95, 1.00. 

 To make a comparison of the data for different vapors, we need to understand the effects 

of surface roughness and Kelvin radius to the adhesion. 

 

3.5.1 Surface Roughness Effect 

 Surface roughness effect has been studied for single asperity vs. flat surface [141] and 

between the multi-asperity surfaces [126] at the nanoscale. Small changes of the surface 

roughness effectively alter the adhesion energy of the surfaces. We scanned the upper and lower 

counterfaces of the cantilevers using tapping mode AFM. Between the polysilicon grains, there 

are deep grain boundary grooves that affect the roughness results. These grooves do not play a 

role during the capillary nucleation so only the intragrain roughness was characterized. Root 

mean square (rms) roughness for the lower counterfaces was ~1.4, ~1.8 and ~1.4 nm for the 

water, n-pentanol and ethanol experiments samples, respectively. The root mean square 

roughness for the upper counterfaces was ~1.7, ~1.8 and ~2.0 nm for the water, n-pentanol and 

ethanol experiments samples, respectively. Although there is some variation of the rms 

roughnesses, we can assume that the surface roughness values are very close to each other. 

 Over the 5x5 μm
2
 area, the surface features are relatively uniform for the samples of 

water and n-pentanol experiments, as seen in Figure 3.11 and 3.12. Upper counterface scans 

present holes on the surfaces because polysilicon grains protrude during the thermal oxidation.  

Protruded grains causes the hole formation due to the nature of chemical vapor deposition [126].  

However, sample used in ethanol experiment have particles with 4-10 nm heights as indicated by 

red circles in Figure 3.13. These particles may be silicon carbide (SiC) particles, and they can 

form during the annealing processes of the sample fabrication steps described in detail by DelRio 

et al [142]. These high particles decrease the contacting areas, or they open larger gaps between 
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the surfaces. As a result, the adhesion values decrease. Cantilevers in the ethanol experiments did 

not heal until higher partial pressure, and the adhesion values are much smaller compared to 

water and n-pentanol experiments, as seen in Figure 3.10.  

 

Figure 3.11: AFM images of the lower counterfaces over 5x5 µm
2
. a&d) 3D&2D  of the 

topography for the sample of the water experiment. b&e) 3D&2D   illustration of the topography 

for the sample of the n-pentanol experiment. c&f) 3D&2D   illustration of the topography for the 

sample of the ethanol experiment. 
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Figure 3.12: AFM images of the upper counterfaces over 5x5 µm
2
. a&d) 3D&2D  of the 

topography for the sample of the water experiment. b&e) 3D&2D illustration of the topography 

for the sample of the n-pentanol experiment. c&f) 3D&2D illustration of the topography for the 

sample of the ethanol experiment. 
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Figure 3.13: AFM image of the upper counterface of ethanol experiment’s sample over 2x2 

µm
2
. Red circles indicate the possible SiC particles. 

 

3.5.2 Kelvin Radius and Surface Tension Effects  

 The Kelvin equation (1.14) was described in section 1.2.2. The rK value for water is 

calculated by 0.53 nm/ln(p/ps). The 0.53 nm coefficient changes for the n-pentanol and ethanol 

due to different surface tension and molar volume values.    equals to 0.108 and 0.058 l/mol for 

n-pentanol and ethanol, respectively; and   equals to 0.026 and 0.023 N/m for n-pentanol and 

ethanol, respectively [143]. Thus, rK  coefficient becomes 1.15 nm and 0.54 nm for n-pentanol 

and ethanol, respectively. 

 The n-pentanol coefficient of 1.15 nm gives approximately a factor of two larger rK 

values compared to the water. This suggests that the number of nucleated capillary bridges are 

higher for the n-pentanol experiments. On the other hand, the surface tension of water is 

approximately a factor of three bigger than n-pentanol. When we compare our experimental 

results between water and n-pentanol, surface roughness effect is negligible. Dry condition 
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adhesion values (Figure 3.10 at p/ps=0) are very close to each other that leads to very similar 

surface roughnesses for these samples through the whole area of the cantilever surfaces.  

 At p/ps=0.3, adhesion values of the cantilevers exposed to n-pentanol are 0.06-0.08 

mJ/m
2
. At slightly higher p/ps values, 0.34 and 0.35, adhesion values are 0.05-0.07 mJ/m

2 
for the 

samples exposed to water. This suggests that nucleation capability at larger gaps is responsible 

for the higher adhesion values. As p/ps increases, adhesion energies from the water experiments 

become higher than those in the n-pentanol experiments. This is because the surface tension 

difference becomes more significant. If we calculate the      by taking the integral of the force 

vs. gap curves of water and n-pentanol cases as seen in Figure 3.14, at     =0.6 using R=62 nm, 

work of adhesion is calculated        
   

J for water and        
   

J for n-pentanol.  As a result, 

factor of three difference from the surface tension becomes more important. Contradictory data 

from the n-pentanol experiments appear at p/ps=0.95. n-pentanol experiment adhesion values 

seem higher than water experiments results. The possible explanation is the n-pentanol partial 

pressure might be higher than it is adjusted through the flow meters. Since we don’t have the 

partial pressure sensor for the alcohols, we rely on the flow meter mixing ratios read by naked 

eye. This is a reliable system, but at high partial pressures rK becomes very sensitive. For 

example, rk=0.95 and 0.98 nm at p/ps=0.30 and 0.31, and rk=22.42 and 28.17 nm at p/ps=0.95 

and 0.96 for n-pentanol vapor. One percent fluctuation may affect the results negligibly at low 

partial pressure case, but at higher values the variation affects significantly.  

 

Figure 3.14: Comparison of the water and n-pentanol force values (equation 1.15) as a function 

of  . Blue line represents water, and black line represents n-pentanol. R=62 nm and     =0.6.   
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3.6 CHAPTER SUMMARY 

 We have investigated the crack healing experiments for water, ethanol and n-pentanol 

vapors at different partial pressures. Crack healing occurs in discrete events, rather than 

continuously. It is seen that the average crack healing rate,  ̅, decreases with increasing  .  A 

plot of  ̅ versus energy release rate,  , reveals log-linear behavior, while the slope   [     ̅ ] 

    decreases with increasing relative humidity.  

 We compared experimental data of ethanol and n-pentanol vapor adhesion energies with 

water vapor experimental data. We showed the surface roughness and Kelvin radius effects on 

adhesion between multi-asperity surfaces. 
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Chapter IV: First Order Model of the Crack Healing at 

Various Partial Pressures 

 In this chapter, the crack healing experiments of chapter 3 are interpreted within the 

framework of capillary nucleation using a simple model in which all asperities are equally 

spaced and at the same height.  Although the interface model is oversimplified, the log-linear 

trend and decreasing slope in increasing RH behaviors are captured qualitatively.   

4.1 SURFACE ROUGHNESS CHARACTERIZATION 

 The actual surface in the experiments in the previous chapters II and III consists of 

polysilicon grains, which exhibit roughness at the nanometer scale.  The surface topography can 

be measured using AFM, as seen in Figure 4.1. The surface topography is complex and has been 

modeled in many different ways.  These include a fractal approach [144], or a Fourier series 

approach using a power spectrum [145]. Another high fidelity approach is to import the AFM 

data from the counterfaces and use it directly [126]. However, the most common method is to 

approximate the surface as consisting of asperities of a single radius of curvature but with 

different heights [146].  In this chapter, first order model uses the surface is modeled as asperities 

that are all of the same height, and complex model uses the surface as consisting of asperities of 

a single radius of curvature but with different heights. 

 It is further assumed that the interface can be modeled a rough surface on a smooth 

surface.  Images of the lower counterface in the experiment, as scanned by tapping mode AFM, 

are shown in Figure 4.1. The lower surface asperity radius of   =124±43 nm (one standard 

deviation, 10 measurements) was found by fitting the AFM topography data of the asperities into 

the circular arc shapes[147] (Figure F5, Appendix F). A root mean square roughness inside the 

boundary of the grains σ  1.9 nm was found on the surface of the landing pad. Figure 4.1a 

unveils polysilicon grains as delineated by the grain boundaries. Over the 5x5 μm
2
 area, the 

surface features are relatively uniform. The magnified Figure 4.1b reveals that each grain is 

composed of small asperities, while Figure 4.1c is a linescan indicating hills and valleys. The 
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upper counterface has a similar value for the asperity radius   . The effective asperity radius is 

then  

 

  (
 

  
 

 

  
)
  

        (4.1) 

    

 

 

 
Figure 4.1: AFM images of polysilicon surface of sample 1. a) 5 µm

2
 surface area b) 1 µm

2
 

surface area c) Cross sectional image along the black line shown in (b). 
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Figure 4.2: Array of uniform asperities with areal density nasp=1/(8Rzmax) contacting a plane, 

with liquid bridges of radius rK providing adhesive energy[68].  zmax is the largest separation 

between the substrate and the rough surface.  lasp is the asperity spacing along the length.  

 

 In Figure 4.2, the largest separation between the substrate and the rough surface, zmax, is 

related by geometry to areal density (nasp).  According to Archard [148], 

     
    

  
                (4.2) 

estimates the asperity density per unit area. With R=62 nm and σ =1.9•√  nm (for two rough 

surfaces),     ≈300 asperity/µm
2
. This gives an upper limit to the asperity density relating to 

Figure 4.2.   

 For a square array of asperities as in Figure 4.2, it can be shown from geometrical 

considerations that  

     
 

      
 .                                                                                                                           (4.3) 

According to this, we assign a value of zmax= 7 nm.   

 If zmax is smaller than        for the corresponding vapor condition, individual asperity 

bridge activation is not possible because total area floods the interface. For p/ps=0.61, zmax=7 nm 

is greater than            , so the interface is not flooded. 

4.2 MODEL DESCRIPTION 

 The interface can be considered to consist of two rough surfaces in close proximity. 

Surface roughness can be described with increasing levels of fidelity [15,146,149]. We shall 

explore in this section a surface description that is more simple, but that already gives rise to a 
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rich variety of crack healing rate dependencies. Let us identify three different states for a given 

asperity (as designated parenthetically): (i) contacting and wetted (contacting), (ii) non-

contacting and wetted (bridged), and (iii) non-contacting and not wetted (suspended). Capillary 

growth, either by a gas diffusion [73] or a surface molecule transportation mechanism [37], is fast 

compared to nucleation of capillaries across gaps on the order of the Kelvin radius.   

 

 Let us make the following considerations, and analyze a specific sequence of events.  

Figure 4.3 illustrates crack healing of uniformly distributed asperities all of the same height and 

radius  . Crack length equilibrium is represented in Figure 4.3a at a low RH level. There, 

Asperities 1 and 2 do not contact the surface, but are bridged by capillaries. Asperities to the 

right of 1 contact the substrate and are wetted, while those to the left of 2 are not bridged.  In 

equilibrium, the radius of each capillary is governed by the Kelvin equation. When RH is 

increased, the meniscus volume of contacting Asperities 1 and 2 will grow, a fast process on the 

ms time scale or less for nanoasperities. Increased surface tractions will cause the beam to deflect 

towards the substrate. However, Asperity 1 may not yet make contact, as in Figure 4.3b. 

Therefore, capillary nucleation, a slow process, must occur. A capillary first nucleates at 

Asperity 3, the suspended asperity with the smallest gap. The nucleation event is rapidly 

succeeded by capillary growth with a concomitant force, which brings the beam and, hence, the 

asperities closer to the surface.  The Asperity 3 capillary bridge still may not provide sufficient 

force to bring the Asperity 1 into contact. Therefore, the nucleation process repeats at Asperities 

4 and 5, as illustrated in Figure 4.3c. Without displaying all the details at each successive 

nucleation and deflection, the final situation in which Asperity 1 has contacted the substrate is 

represented in Figure 4.3d. This sequence of events describes the crack healing time for a single 

asperity,    , and then  

 

 ̅ =      /                             (4.4) 

where       is the center-to-center spacing of neighboring asperities.   
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Figure 4.3: Illustration of crack healing with uniformly distributed asperities of equal height. (a) 

At low RH, the crack tip region is illustrated in equilibrium. (b) When RH is increased, 

capillaries  at Asperities 1 and 2 grow, but induce only  a small beam deflection. (c) Asperities 3 

to 5 are nucleated sequentially, but Asperity 1 does not yet make contact.  (d) The capillary force 

at each asperity brings the beam closer to the substrate. The resulting deflection due to the forces 

at Asperities 1-5 cause Asperity 1 to make contact.    

 

4.3 MODEL IMPLEMENTATION 

 The picture just described provides an algorithm for a numerical model. This model does 

not capture quantitatively the experimental results, but lends insight into the strong parametric 

dependencies of  ̅. For a particular simulation, the asperities are spaced by a       value that is 

taken to be equal to the width of the cantilever. Individual point loads from each capillary bridge 

are linearly superposed to estimate the cantilever deflection. The cantilever thickness is t=2.5 

µm, and the asperity radius R=62 nm. The latter two values represent the experiment. The 

assumption that the width is equal to the asperity pitch is accounted for because adhesion is 

measured per unit area. The model takes into account only capillary forces according to equation 

1.15 and cantilever beam elasticity. Asperity elasticity, asperity-asperity adhesion, and the 
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surface water layer are important second-order effects that are neglected in this model. This is 

justified quantitatively because the dimensionless parameter [150] 

 

  
 

  
[

     

 

  
 (

 

    
)
 ]

   

                                                                                                                 (4.5) 

 

where   is Poisson’s ratio, is much less than 1 (  =0.03 and 0.008 at RH=60.5% and 87.5%, 

respectively). Hence the capillary pressure outside the solid-solid contact area dominates the 

adhesion forces [150]. 

 

 The numerical model initiates with  =800 µm. The left end of the cantilever is at height 

 , and the right end is fixed to the substrate as in Figure 3.1b. All asperities with x s contact the 

substrate and are assumed to be wetted. For such a large   value, the boundary condition is 

equivalent to a clamp condition, forcing the beam into contact with the substrate with zero slope 

at x=s, and the beam deflection is described by equation 3.1. In Figure 4.3a, the situation would 

be represented with Asperities 1-6 all in the suspended state. The energy barrier for nucleating 

Asperity 1 is found from equation 1.59, where   is the asperity-substrate gap. The nucleation 

time is then calculated from   

 

       [      ]         
      

(4.6) 

 

where 1/   is the attempt frequency,    is the Boltzmann constant and   is the temperature (K). 

We use   =100 GHz, similar to Boyd et al [82]. Its choice is not important given the qualitative 

results presented below. 

 

 Figure 4.4 indicates the force-displacement curve for a single asperity according to 

equation 1.15.  The asperity nucleation is represented by traversing from B to C. At C, a force 

brings the cantilever closer to the substrate, ramping the force towards D. The force increases, 
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causing the gap to close further. The stable point D in Figure 4.4 is found by iteration. It is 

assumed that the time to equilibrate forces is short compared to the nucleation time. So far, this 

corresponds to Figure 4.3b with only Asperity 1 bridged.  

 

 

 

 

 

Figure 4.4: Force-displacement curve according to Eq. (1.15) with R=62 nm and RH=60.5%. At 

H=2rK, no capillary bridge can form. With decreasing H (A B), a liquid capillary bridge 

nucleates after time   determined by equation 1.59 (B C). This will exert force on the 

microcantilever, causing capillary growth, further increasing the force (D). As other capillaries 

nucleate, point D will move further up the curve. The maximum capillary force between two 

surfaces occurs at contact (E). 

 

Because of the short distance, however, the moment arm from Asperity 1 to the previous 

crack tip at   is small, and the change in beam deflection is miniscule. Therefore, Asperity 2 

must nucleate and achieve mechanical equilibrium. It traverses a similar path from BCD in 

Figure 4.4. Iteration is required to ensure Asperities 1 and 2 are now both in mechanical 

equilibrium at their respective points D.  Once equilibrium is found, Asperity 1 may be closer to 

the substrate, but not yet in contact. Therefore,   for Asperity 3 is calculated, and the force 

iteration is conducted on Asperities 1, 2 and 3.  This process repeats until Asperity 1 is brought 

into contact at E. The total time involved with nucleating all bridges is taken to be the single 

asperity healing time,    . The algorithm just describes takes into account more detail than is 



93 

 

represented by Figure 4.3, but Figure4.3d  illustrates a completed crack healing step for Asperity 

1 in which five asperities were required to achieve a crack healing step. 

 

 For the next single asperity healing event, the situation begins with Figure 4.3d. The time 

  for Asperity 6 to nucleate is calculated, and mechanical equilibrium is determined.  This time 

will generally be larger than the previous    , but now because the moment arm is greater, 

nucleation of Asperity 6 may be sufficient to bring Asperity 2 into contact. Thus, the crack 

healing time for Asperity 2 may be associated only with   for Asperity 6.  In fact, only a single 

asperity nucleation event is needed in most modeled situations, and     usually reflects the 

process described in the current paragraph. Once     is known, equation 4.4 is used to find  ̅.      

 

4.4 MODEL RESULTS 

 Figure 4.5 shows the numerical model results for various parameters (RH=60.5% or 

87.5%, asperity pitch of 75, 125 or 250 nm, and  =62 nm). As seen,  ̅ generally decreases 

rapidly with  , and exhibits a wide range of 9 decades. At the top of the range, an approximate 

limit where meniscus growth rather than nucleation limits the velocity is denoted by the 

horizontal dashed red line. The approximate range of the experiments is indicated by the shaded 

regions, and the data trends by the solid lines in them.  

   

 Let us consider the modeled 87.5% RH lines with 75 nm asperity pitch. At intermittent 

points, there is a vertical downward excursion in  ̅. This reflects events in which a single 

nucleation was insufficient to bring the next asperity into contact. In such cases, two asperities 

need to nucleate, which increases     for the same       value. Also, at low velocity, say  ̅=10
-6

 

μm/s, the theoretical equilibrium adhesion value[26,68], 

 

Γ                             
                                             (4.7) 
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Figure 4.5: Numerical model results. The average velocity  ̅ for the cases of RH=60.5% and 

87.5%, and pitch=75, 125 and 250 nm are calculated. Shaded rectangular areas indicate the 

experimental adhesion and time realms, and the solid line within indicates the approximate 

experimental trend. 

  

 

is approached but not met. For example, at RH=60.5% with      =75 nm, 

    =1/      =177/μm
2

,  =62 nm, |  |=1.05 nm,   =72 mJ/m
2
, and  =0º, Γ=10.5 mJ/m

2
.  

However, at  ̅=10
-6

 μm/s, in the numerical model  =6 mJ/m
2
.  This is because Γ is determined 

only by the asperity density, and rather than by the dynamics of how crack equilibrium is 

achieved. 

 

Comparing the three different       values at 87.5% RH in Figure 4.5, it is clear that 

  [     ̅ ]   | increases strongly as       increases. This is associated with the very strong 

dependence of   on   in equation 4.6. As pitch increases, the next asperity is further away from 

the crack tip. Consequently,   increases, strongly increasing  . For the same  , the slope 

  [     ̅ ]   | again increases as RH decreases from 87.5% to 60.5%. This is again due to the 

nonlinearity in equation 4.6. 

 

4.5 CHAPTER SUMMARY 

 First order model demonstrated that crack healing takes place when the RH increases. 

The model indicates that   [     ̅ ]   | increases as RH increases.  This model can be used to 
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qualitatively explain the experimental trends. The model assumes that the driving force for crack 

healing is due to capillary nucleation across asperity gaps. For a quantitative agreement with the 

experiments more complex model is needed, and it will be introduced in Chapter V. 
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Chapter V: Modeling of Crack Healing at Various Partial 

Pressures Between the Rough Nanoscale Surfaces 

5.1 INTRODUCTION 

In the previous chapter, a simple model was developed to gain insight into the 

experimentally measured average crack healing rate  ̅ versus energy release rate   as a function 

of relative humidity and surface roughness.  Although the surface roughness model was highly 

oversimplified, the model provided qualitative insight into important experimental observations 

such as the log linear trend in  ̅ versus  , and the decrease in the slope of   [     ̅ ]   | with 

increasing RH.  However, quantitative agreement with the data was utterly lacking.   

By incorporating important details, such as a better description of the interface roughness 

and the presence of an adsorbed water layer, this chapter aims to predict quantitatively the 

behavior of capillary force dynamics.  Beside gaining better agreement, other goals that are of 

interest are to understand the variation in  ̅, and also to understand why the crack stops healing 

once a certain   value has been attained.   

 The first issue that needs to be addressed is how to obtain a good description of the 

interface roughness.  Of course, AFM topography maps can give us a good idea of the actual 

surface topography, and we immediately examine such maps of the counterfaces.  However, 

importing and employing such data directly into computations is numerically intensive.  

Therefore, we seek a surface model that captures the surface details in a sufficiently satisfactory 

fashion.  We shall assume that a topography in which asperities are modeled as elastic spherical 

caps, but now with a distribution of heights, is a good first step in this direction.   The 

distribution will be assumed to be normal, but the importance of a cutoff in asperity height will 

be postulated and investigated.   

Next, constitutive laws for single asperities under dry conditions will be explored.  These 

necessarily incorporate long range van der Waals forces because even though relatively weak, 
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they are crucial especially in the dry adhesion case for promoting surface attraction.  Both a 

simple (Derjaguin-Muller-Toporov) DMT [22] and a modified Maugis Dugdale (MD) [24] 

model will be developed.   These models will be assessed using multi-asperity interfaces using 

two techniques.  The first is a parallel plate model.  Here, the asperities are attached to a rigid 

backing plate, and the force-displacement curve is calculated.  Second, a beam model is 

developed.  Here the asperities are attached to an elastic beam.  The crack length is set to a long 

length, and then the surface forces perform work against the beam to heal the crack 

spontaneously until it reaches equilibrium.  The beam model enables insight into adhesion 

variations, which develop when the asperity heights along the length of the beam are 

randomized.  It is also seen how asperities of different heights and distances from the crack tip 

influence the crack healing, or on the other hand, pin it open.  Using the AFM topography maps 

as a starting point, and comparing the results of the different models with the experimental value 

of ≈0.03 mJ/m
2
, a best choice for surface topography is rationalized.   

Finally, we develop constitutive laws for wet conditions.  Using Restagno’s activated 

energy model for capillary nucleation [77], crack healing rates are calculated using both the 

parallel plate and the beam models.  The results significantly underestimate the experimental 

crack healing rates.  Therefore, an adsorbed water layer, well known to exist on clean surfaces in 

wet environments [105,132,133], is introduced.  This has the effect of reducing the effective gap 

between the surfaces, enhancing the crack healing rates.  However, agreement with experiments 

remains unsatisfactory.  Therefore, a new capillary nucleation rate models are investigated.  It is 

seen that a model that agrees relatively well with recently-reported single asperity measurements 

[87], gives good agreement with the crack healing data.   

 

5.2 SURFACE TOPOGRAPHY MAPS AND INTERFACIAL 

PARAMETERS  

 

 As a starting point for the interface description, measurements of the lower and upper 

counterfaces were made using tapping mode atomic force microscopy (AFM).  The lower 

surface asperity radius of   =124±43 nm (one standard deviation, 10 measurements) was found 
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by fitting the AFM topography data of the asperities into the circular arc shapes [147].  A root 

mean square (rms) roughness σ  1.4 nm was found on the lower counterface, as seen in Figures 

5.1a and 5.1c. The upper counterface was measured by peeling the microcantilevers from the 

substrate using cellophane tape.  It has a slightly larger rms roughness value of σ  1.6 nm, as 

seen in Figures 5.1b,d, and a similar value for the asperity radius   =124±43 nm (one standard 

deviation, 10 measurements).  These values were calculated by removing deep grooves due to 

grain boundaries, which can be seen as dark lines in Figure 5.1, to better reflect the operative 

distribution.   

 

Figure 5.1: Topography of the sample that has been used at the experiment. a&c) 3D&2D AFM 

images of the lower counterface over 1x1 µm
2
. b&d) 3D&2D AFM images of the upper 

counterfaces over 1x1 µm
2
. 

 Surface roughness can be described with increasingly elaborate models [15,146,149].  

Here, we use the standard Greenwood-Williamson model [146] as a point of departure.  It 

assumes that the surface consists of spherical asperity caps of radius   and of variable height, 

distributed according to a normal distribution with root mean square roughness  .  We model the 

two counterfacing rough surfaces as one elastic rough surface pressed against a rigid plate [151]. 

The effective asperity radius is then  
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  (
 

  
 

 

  
)
  

.                                                                                           (5.1) 

 

Therefore, a value of  =62 nm is the input parameter as an asperity radius at simulations.  Also, 

the effective rms roughness is  

 

  √  
    

  ,             (5.2) 

 

which gives   =2.1 nm.  Over the 1x1 μm
2
 area, 20 asperities arise along the 1 μm linescan in the 

AFM image.  This corresponds to an asperity density of     =400/µm
2
, which was implemented 

as a constant in the model.   

 The reduced Young’s modulus is    [      
           

    ]
   is where       

and       are the Young’s modulus and Poisson coefficient of the upper and lower layer, 

respectively.  In our case, both layers are polycrystalline silicon (polysilicon) with E=164 GPa 

[118] and  =0.23, and then   =86.5 GPa. 

 

5.3 CONSTITUTIVE LAWS FOR DRY CONDITIONS 

 We considered several constitutive models for single asperity versus flat plane under dry 

conditions to investigate the dependence of the results on the particular model, and to assess 

which model was most appropriate.  In each, the repulsive force is taken from the Hertz model.  

In order to attain self-consistent models in which attractive surface forces do not diverge at 

contact, it is necessary to consider the intermolecular separation   , as indicated in Figure 5.2.  

There, the parameter   is the distance from the tip of the undeformed sphere to   .  Note that 

 <0 represents interpenetration, as shown in Figure 5.2b.  Also, the sphere-surface separation is  

                      (5.3) 

as seen in Figures 5.2a and 5.2b.  The repulsive force acts for  <0, i.e.,  <  . It grows non-

linearly as the   decreases [22]. 

   
 

 
  √                                                                                                                (5.4) 
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Figure 5.2: Schematic of a deformable elastic sphere and a rigid flat surface.    is the 

interatomic distance. (a) Non-contacting illustration H   , (b) contacting     . 

 

 In detail, a further correction is made to the repulsive force. According to continuum 

theory, at a critical penetration (   ), plastic deformation begins.  Therefore, we modify    to 

include plasticity effects. The equation for the critical penetration is given by 

 

    (
     

   )
 

                                                                                                                       (5.5) 

 

where               is a hardness coefficient [152], and  =10.5 GPa [153] is the 

polysilicon hardness.  With  =0.23 and   =86.5 GPa for silicon, the value of    is 0.68 nm.  The 

repulsive forces as a function of penetration are calculated by applying the equations that are 

derived from FEA simulations [154].  Hence, for  <0 the repulsive force is 
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 {

        
                       

            
                         

            
                       

                                                                (5.6) 

 

where    is the critical contact force corresponding to    in Equation 5.4 Given that the power 

law exponent is now smaller (1.425 or 1.263 versus 1.5 for Hertz), this law represents a gradual 

reduction in the repulsive force as penetration –  increases beyond    , as would be expected 

once plasticity initiates.   

 The DMT model we study is taken to be a combination of van der Waals attractive forces 

and the repulsive forces [24]. Although the sphere is elastic-plastic, it is assumed, due to its 

relatively high modulus, that van der Waals forces acting across a gap are insufficient to distort 

its shape.  Once the sphere encounters higher forces, such as those from Hertz repulsion, it does 

deform.  Before contact (    ) and after contact (    ), the attractive forces are described 

by 

 

     {
       

    

    
                            

        
    

     
                            

                                                                (5.7) 

 

Here,    is the Hamaker constant. A value   =5x10
-20

 J [155] for SiO2 is assumed because the 

surface is coated by a 2-3 nm thick native oxide after an oxygen plasma clean, while    is taken 

to be 0.2 nm. The closest separation at    sets the maximum adhesion force according to 

equation 5.7.  The transition function    gives the retarded van der Waals forces,   

 

   [  
  

 
 

    

   
     

   
    

  [   ]      
 

 
 ]                                                    (5.8) 
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Here,          ,  =100 nm is a characteristic wavelength and 3.1 is a constant for the 

correction function [156].   

 Once contact occurs (    ), asperity deformation are as are shown in Figure 5.2b.  As 

  becomes less than   ,   becomes negative.  Hence    is the apparent sphere penetration.  

The force      [22] is then given by the sum of equation 5.6 and the second of equations 5.7.  

Hence, the complete DMT model is 

     {
  

    

    
                                        

    
    

     
                               

                                                                (5.9) 

 

 The advantage of the above DMT model is that forces between non-contacting surfaces 

are included, unlike the Johnson-Kendall-Roberts (JKR) [21] model.  This is needed because van 

der Waals forces are known to be important for adhesion between rough surfaces [126].  

However, in the above interpretation, the adhesion force does not increase as the sphere 

penetration increases.  This may be important to consider because the details of the crack healing 

may be sensitive to the constitutive law assumed.  Therefore, the second model we investigate 

accounts for this effect.  It is a combined Maugis-Dugdale (MD)–van der Waals model.   

We first discuss the MD model alone (ignoring for the moment the van der Waals forces), 

which accounts for increasing adhesion as penetration increases and further accounts for the 

adhesive force dependence on the type of contact -- DMT, JKR, or an intermediate situation [24]. 

The adhesion forces are calculated by a constant stress,   , over a range    [157]. The work of 

adhesion Γ   for smooth flat surfaces [155] is  

Γ          
  

           .                                                                                                (5.10) 

With   =5x10
-20

 J, Γ   is 33 mJ/m
2
.  Using   =0.971  , the value for    is -171 MPa, a negative 

value for attractive stress.  The value of 0.971 is calculated from the minimum stress in a 

Lennard-Jones potential with equilibrium separation of    [157].  
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 For all models, contact is considered to occur when the sphere tip reaches   . This bears 

further discussion when the Dugdale zone is operative.  As the sphere approaches the Dugdale 

zone in the MD model, it senses no attraction.  Once it contacts the Dugdale zone, the attractive 

stress    will cause it to deform towards the rigid surface.  Then   , which is the separation 

accounting for elastic deformation, is the distance from    to the tip of the asperity, as indicated 

in Figure 5.3a.  The sphere cannot penetrate beyond   , as indicated in Figure 5.3b.  However, if 

the sphere were retracted,    can reach   .  Hence      is the non-contacting condition while 

      is the contacting condition for the MD model.   

 

Figure 5.3: Schematic of a deformable elastic sphere and a rigid flat surface.    is the 

interatomic distance,    is the range of the constant attractive region for MD model. (a) Non-

contacting illustration   >0, (b) contacting     . 

 

 For 0<  <   as shown in Figure 5.3a, using the MD model we first find the value for the 

interacting area as defined by  , the radius of the Dugdale potential-limited area.  Accordingly,  

  

   
 

         

                                                                                                             (5.11) 
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Equation 5.11 accounts for the effect of uniform attractive pressure on the sphere deformation 

[18].The adhesive force is then given by 

 

          
                                                                                                                          (5.12) 

 

and   is determined from 

 

      
     

  
                                                                                                (5.13) 

Note that a minus sign is used in equation 5.13 because the attractive stress is taken as negative. 

 Once the sphere makes contact with the flat rigid plane (  = ), the following equations 

apply.  First, Maugis’ adhesion parameter,    is calculated, where 

    (
   

      
  )

   

 .                                                                                                             (5.14) 

The JKR model applies for    , while the DMT model applies for       [150]. For the 

present case,  =0.12, which closely approaches the DMT situation.  For a given ratio of     

 , the MD model yields the relations (5.15) to (5.18).   

    

 
[√                 √    ]    

                                     
     

 
[√          √        ]     ,                               (5.15)  

where    is the normalized contact radius, 

    (
   

      
 
)
   

.                                                                                                                (5.16) 

The normalized approach depends on contact radius 

    (
     

      
  

)
   

     
 

 
   √     .                                                                     (5.17) 
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In this work,   is taken to be the independent parameter.  By iteration,   and    values that 

satisfy both equations 5.15 and 5.17 can be found for a given value of  . Then, the total adhesive 

force is calculated as 

          
 (       √     √    )                                                            (5.18) 

 The repulsive force is now added to the attractive force to obtain the total MD force.  In 

summary, 

    {              

                                                                    

      
                                                  

                                     (    
     

     )              

                          (5.19) 

When    becomes zero according to equation 5.13 in the second expression, the value of   will 

be greater than zero.  This marks the transition to the third expression.  Inside the contacting 

region, the adhesive stress remains equal to   . 

 Both the DMT and MD models are normalized to the work of adhesion.  That is, both 

would exhibit the same work per unit area, Γ  , to separate the materials if the opposing surfaces 

were nominally flat.  However, in detail, the single asperity force-displacement curves depend on 

the particular model.  Figure 5.4 compares the curves for different models, with   as the 

independent parameter.  In Figures 5.4a, and 5.4b, the adhesive force in the contacting regime is 

indicated by blue dashed lines. In Figure 5.4a, the dashed blue line is constant, while in Figure 

5.4b, it becomes more negative representing the increasing attraction of the Dugdale zone.  

Compared to the DMT model (Figure 5.4a), the adhesive force in the MD model (Figure 5.4b) is 

larger at  =0 because the deformation increases the interacting area with the flat.  The effect is 

seen in Figure 5.4d, where the models are compared directly.  The difference, however, is small.  

For the DMT and MD models, the forces at     are 12.9 nN and 13.5 nN, respectively.  In 

Figure 5.4a, the long range      is shown up to 0.5 nm but in the model is taken to extend to 

100 nm.  In Figure 5.4b,       is 0 for  >0.194 nm, and once contact is made it increases 

because the interaction area increases.  For a single asperity, surface forces across a gap may 

seem small.  However, they become significant when considering that     =400/µm
2
 and the 

surface forces are acting to heal a compliant beam.  
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Figure 5.4:  Blue dashed lines are the curves for adhesive force versus   for the  (a) DMT, (b) 

MD and (c) MMD models. Red dotted lines are the repulsive forces due to Hertzian contact. 

Black solid lines are the sum of the attractive and repulsive forces. (d) shows the total force 

applied for each model.  

 

 We see that neither of the above approaches, as represented in Figures 5.4a and 5.4b, is 

entirely satisfactory. The DMT model does not account for the effect of surface forces on the 

asperity deformations, while the MD model does not account for long-range attractive forces. 

Therefore we propose a hybrid DMT-MD, model to capture the important physics.  We call this 

the modified MD, or MMD model. 

 The MMD model incorporates van der Waals forces per equation 5.7 from separations of 

100 nm to   . After this point, the contacting asperity deforms and the interacting area increases.  
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The MMD model then follows equation 5.19 to include this effect. Thus, it ignores the attractive 

forces due to the Dugdale zone until the asperity reaches   , because the Dugdale zone 

represents the entire range of attractive forces. The effect due to the entire range is accounted for 

by starting at H=100 nm.  While in the Dugdale zone, the asperity remains rigid.  Once it reaches 

  , the asperity becomes elastic and the deformations and contact area are calculated according 

to the MD model.  The MMD model adhesive force equation is 

       {
                              

    

    
                                                  

    
 (       √     √    )                  

.                             (5.20) 

The full MMD model is then 

 

     {
                              

    

    
                                                        

       
 (       √     √    )               

.                         (5.21) 

 

 The force-displacement curve of the MMD model is shown in Figure 5.4c, where the blue 

dashed line indicates the attractive forces once contact is made.      exhibits a small 

discontinuity at     (from 12.9 nN to 13.5 nN) because       differs from      after 

including the deformation effect on adhesion. 

 Figure 5.4d compares the total force curves for the three cases.  The difference between 

     and      is small for a single asperity, and is due to a force discontinuity at   =0. In the 

following model results sections we will explore whether this difference is important in 

evaluating the adhesion of the rough interface.    

5.4 PARALLEL PLATE MODEL 

5.4.1 Parallel Plate Model Description 

 The DMT and MMD constitutive laws were now implemented in two different multi-

asperity surface descriptions.  First, we describe the parallel plate model, which consists of an 

upper, nominally flat counterface with spherical asperity caps, while the lower counterface is 
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rigid flat.  The asperity height distribution is assumed to be Gaussian (models with a cutoff are 

also explored) and the asperities are spaced laterally by 50 nm.  A representative area of 2.5x2.5 

μm
2
 was chosen, and so was modeled with 50x50 asperity caps.  The average separation between 

the top and bottom surfaces is  ̅, as shown in Figure 5.5, while the local separation from the 

rigid surface to a given asperity is   , where “i” represents the i
th

 asperity.  This data is stored in 

a 50x50 matrix.  Changes in  ̅ are directly associated with changes in the rigid plate separation.  

The asperity deformation is described through   =     , per equation 5.3. 

 

Figure 5.5: Parallel plate schematic. The plates are rigid bodies, while the spheres, distributed at 

different heights with constant radius, are elastic. Dimension  ̅ is the average surface separation. 

 

 The parallel plate model initially places the upper surface at an average separation  ̅ of 

100 nm, as indicated in Figure 5.5.  The upper surface travels down to  ̅  -1 nm in step sizes of 

1 pm. At each step, the force between the rigid parallel plates is found by summing the 

individual asperity forces. Then, the force-distance curve is obtained. The equilibrium separation 

 ̅   is the position where the total force equals to zero. Integrating the force-distance curve from 

 ̅   to infinity (taken to be  ̅=100 nm) gives the adhesion energy .  
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5.4.2 Parallel Plate Model Results for Dry conditions  

 The experimental value of Γ in dry nitrogen ranged from 0.02 to 0.06 mJ/m
2
 ( =890 to 

675 μm) [87]. Maintaining a normal distribution,   in the model was considered as a free 

parameter to match adhesion at =0.036 mJ/m
2
 (  =765 μm).   It was found using the DMT 

model that with  =1.29 nm, the measured adhesion value was found.  However, this value is 

significantly smaller than the AFM-measured value of  =2.1 nm.  

 While the normal distribution is a reasonable description of the asperity height 

distribution, its extension beyond many multiples of   is questionable.  This is because the 

asperities are formed from a thin film deposition, and there is no physical reason that a normal 

distribution will extend indefinitely to large heights.  It is important to make this observation, 

because a cutoff at some multiple of   has a dramatic effect on the calculated adhesion.  This is 

illustrated in Figure 5.6.  Here,  =1.29 nm, and the blue line represents the data without a cutoff, 

while the red dashed line cuts off the asperity height distribution at 2 . We identify a cutoff 

parameter,  .  As a cutoff at    eliminates repulsive forces for the asperities higher than   , the 

adhesion is significantly larger.  Integration of the curve with the cutoff at 2   triples  from 

0.0371 to 0.1058 mJ/m
2
. While the peak is high, it is also narrow.  Furthermore, the contribution 

out to 100 nm is significant.  

 

Figure 5.6: Force-average separation curve for a parallel plate model with different asperity 

normal height distribution. Blue line represents the results with no cut-off, and red line represents 

for the same distribution with 2  cut-off. 
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 Indeed, for the same value of ,   depends on the cutoff parameter. For example, a 

normal distribution with        nm gives = 0.0371 mJ/m
2
.  With a cutoff at 2   ,  =2.1 nm 

and =0.0370 mJ/m
2
.  However, the measured rms roughness as in Figure 5.1 will be essentially 

the same for each of these values.  

 The value of the cutoff parameter n is extremely important in determining   value for a 

given value of Γ.  However, once   and   are decided, the value of Γ depends only weakly on the 

choice of the constitutive model - DMT or MMD.  For the simulations just described, the 

difference is on the order of 1%, as seen by comparing model results for DMT versus MMD in 

Table 5.1.  This may be expected because the Tabor parameter is 0.12, which is effectively a 

DMT situation.  The small difference is because with the cutoff there are more contacting 

asperities that have higher attraction forces with the MMD model. 

Table 5.1:  Summary of model results for dry conditions 

Model   (nm)   (cutoff param) Γ (mJ/m
2
) 

DMT (PP) 1.29 ∞ 0.0371 

 1.29 2 0.1058 

 2.1 2.6 0.0370 

 7.4 2.0 0.0369 

    

MMD (PP) 1.29 ∞ 0.0374 

 2.1 2.6 0.0375 

 2.1 2.6 0.0369 

DMT (Beam) 7.4 2.0       0.002 
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5.5 S-SHAPED BEAM MODEL 

5.5.1 S-shaped Beam Model Description 

 The parallel plate model gives a reasonable idea of the required asperity distribution, but 

independent of how the asperities are placed, the result will be the same.  However, as the crack 

heals in a real beam, tall asperities will tend to pin crack open, while short asperities will tend to 

promote healing. This can be expected to affect the measured values of s and hence the apparent 

adhesion.  Therefore, a beam model was developed to gain insight into the effect of asperity 

placement near the crack tip.   

The S-shaped beam model includes the cantilever beam crack tip region where capillary 

nucleation occurs (as described in the following section), as illustrated in Fig. 5.7. The S-shaped 

adhered cantilever is modeled as a fixed-fixed beam with one side higher than the other by a gap 

 . One end is fixed at the support post, while the other end is fixed at the crack tip.  Only 

reaction forces and moments at the beam ends exist. The initial cantilever beam deflection    is 

[124] 

 

      
 

  
(
     

 
 

    

 
    )                                                                                               (5.22) 

 

which has the symmetrical “S” shape. Here,    is the reaction force at the support post,    is the 

reaction moment at the support post, I is the moment of inertia. 

The simulation begins with some assumed value of s greater than the value that would be 

predicted by the parallel plate model, but with the same asperity height distribution.  Therefore, it 

might be expected that on average, cracks will heal to the value predicted by the parallel plate 

model, but will exhibit some variability.    

 In detail, there are 50 columns, each containing 50 asperities on the cantilever surface, 

and their heights   relative to the rigid flat are stored in a matrix, as represented in Figure 5.7.5. 

Figure 5.8 shows S-Shape beam model surface topography with a cutoff at 2   ,  =2.1 nm. The 

different distributions of the spherical caps that gave adhesion energy values at  =765 5 μm in 
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the parallel plate model (see Table 5.1) were used. A column of the matrix gives the asperities in 

y-direction as seen in Figure 5.7b, while a row of the asperity matrix represents the x-direction 

from the crack tip towards to the support post as seen in Figure 5.7a. The asperity pitches in the 

y- and x- directions are 5 and 500 nm, respectively. The model covers 25 µm in the x-direction 

because capillary nucleation (described in the following section) is possible in that region, as the 

  deflection is on the order of the Kelvin radius (just a few nm). Although the 0.5 m column 

separation is larger than the actual separation in the x-direction, it is representative of the real 

surface, as the density remains 1/(0.5•0.005 m
2
)=400 asperity/µm

2
. The DMT constitutive law, 

described in the previous section, was implemented.   

 The crack length   is set to some value greater than that expected from the parallel plate 

model, and reaction loads    and    from beam theory are calculated.  These are associated 

with the adhesion for the assumed value of  , and are applied to obtain the S-shape, as seen in 

Figure 5.9, giving  shape      .  At the crack tip, the cantilever is set to the equilibrium 

separation  ̅   that comes from the parallel plate model, as illustrated in Figure 5.7a.  Van der 

Waals forces alone, which operate in a dry environment, are now introduced in order to heal the 

cantilever.  The forces are calculated as a function of the surface gaps. Each column force is 

calculated separately and is assumed to behave as a single load P.  The load    from the     

column gives a cantilever deflection shape 

 

 

Figure 5.7: S-Shape beam model schematic with directions indicated. a) Slice of the S-Shape 

model in the longitudinal direction. b) Cross section schematic of A-A’. 
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Figure 5.8: S-Shape beam model simulated surface topography with a cutoff at 2   ,  =2.1 nm. 

a) 3D view of the asperity distribution. b) Front view of the asperity distributions. Right end is 

near the crack tip.  ̅   sets the gap at the right end between the flat surface and the average 

height of the asperities. Red line represents the plane of the    distance where the repulsive 

forces start to apply when the asperities contact. 
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where    is the beam deflection due to the j
th

 column,     is the reaction force at the support 

post,     is the reaction moment at the support post, and a is the position where the load is 

applied as seen in Figure 5.9 (Appendix E). Here,     and     are the total reaction forces.  

After finding the deflection shapes corresponding to each column’s load, the deflection       is 

subtracted from       to find the vertical deflection        due to applied load. Linear 

superposition of     from all the columns gives a new shape of the cantilever according to 
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Figure 5.9: Free-body diagram for an s-shaped beam. The force and moment are provided by the 

support post on the left-hand side. On the right-hand side, the moment and the reaction force 

occur at the crack tip.  

 

             ∑       
  
    .        (5.24) 

 

 Here,   is a damping factor that enables smooth convergence by preventing numerical 

instabilities. Specifically, the maximum value of summed vertical deflections 

     =max       ∑      ) is set to a limit         of 0.01 nm, after which, the vertical 

deflection is normalized. Hence, Equation 5.24 is modified to represent the actual 

implementation in each iteration as follows 
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    .                                                                                 (5.25) 

  

With this new deflected shape, the surface gaps decrease. Thus, the applied loads    increase. 

This process was repeated iteratively until mechanical equilibrium is achieved. Mechanical 

equilibrium here is defined to occur when the cantilever deflection becomes about 10
-8

 smaller 

than the largest gap of about 2 nm.  As convergence is approached, the repulsive forces become 

larger than the adhesive forces because of the nonlinear force-displacement relationships, 

causing the cantilever to deflect upwards. After the gap matrix upgrade, it deflects again towards 

the substrate due to adhesive forces.  In the iteration, this cycle continues 1000 times, at which 
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point the amplitude is typically <10
-8

 nm, or until the maximum deflection between steps is 10
-11 

nm, which ever is first.  

 Once mechanical equilibrium is reached, the model tests whether a crack healing event 

has occurred. Figure 5.10 illustrates a healed crack. The black line represents the initial 

deflection   , while the red line represents the final cantilever shape    after reaching 

mechanical equilibrium. The right end is the crack tip with the equilibrium separation  ̅   shown 

by the black bar. If any location other than the crack tip has the same  ̅   average gap or less, 

then the crack has healed up to that point. The red bar illustrates a case in which healing has 

occurred. 

 If crack healing has occurred, then we reset the initial crack length and run a new 

simulation .  This continues until no healing is observed.  

 

Figure 5.10: Illustration of the crack healing at the model. Black line represents the initial 

deflection   , and red line represents the final cantilever shape   . 

 

5.5.2 S-shaped Model Results 

 To exercise the S-shaped model, we imported the same asperity distributions that were 

used for parallel plate models.  In each case, Γ=0.0037 mJ/m
2
 as in Table 5.1, but the cutoff 

value was changed.  We ran simulations expecting to see healing corresponding to the adhesion 

energy from the parallel plate model. The initial s value was 850 µm. When we used the 

distribution data without any cut-off ( =1.29 nm, n∞), no healing occurred whatsoever.  To 

check the effect of varying asperity distributions, the asperity columns were then shifted to the 

adjacent column and the column closest to the crack tip was moved to the furthest location, as 
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illustrated in Figure 5.11. This was done for each of 50 cases, and no healing occurred for any 

shifted distribution. This was traced to high asperities in the upper tail of the Gaussian 

distribution. They cause large repulsive forces, inducing a large resisting moment especially 

when the contacting asperity is far from the crack tip [131]. 

 

 

Figure 5.11: Illustration of the asperity column shifting to simulate different distributions.  

 

 On the other hand, when we apply a distribution with a small cutoff ( =7.4 nm,  =2), 

healing initially occurs for any distribution, as seen in Figure 5.12. Here, the horizontal axis 

gives the initial crack length, while the left vertical axis shows the healed crack length for a 

given initial crack length,      .  The distribution of black dot markers indicates the variability in 

   depending on      . For example, for      =850 μm,    ranges from 12 to 17 μm.  In this case, 

all 50 distributions exhibited healing, as indicated by the blue line which is referred to the right 

vertical axis.  For      =825 μm,    ranges from 10 to 14.5 μm, and in this case only 12 of the 

distributions healed.  For      =840 μm, there was a range of    from 0.5 to 17 μm. The 

measured s values for experiments in dry conditions vary from 840 to 733 μm. Although 

chemical vapor deposition was used to fabricate the layers, roughness of the local areas may 

vary. The observation that no healing is observed when there is no cutoff, but healing is observed 

for  =2 qualitatively shows how sensitive the cantilever is to a surface topography deviations. 

Simulations run with different asperity distributions illustrate this sensitivity. The healing of the 

cantilevers in simulations with the same surface roughness do not match with the experimental 
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results. The asperity distribution may not represent the real surface perfectly. It may be 

worthwhile to try asperity distribution other than Gaussian in order to gain more insight.  

In general, as       decreases in Figure 5.12, the number of distributions that heal 

decreases, as indicated by the blue line, and distance they heal also reduces, as indicated by the 

black markers.  Those distributions with only a few high asperities concentrated near the crack 

tip still heal, as they cannot apply big bending moments.   Thus, crack healing happens for these 

cases as plotted in Figure 5.13b. In different shifted distributions, the bending moment becomes 

large enough to resist crack healing. As the initial s value decreases, healed crack length    

decreases as a result of increasing stiffness. They still do not heal to the location predicted by the 

parallel plate model. Compared to the previous case (n∞) the cutoff at 2   encourages healing 

because surface is artificially polished with cut-off. This means there is now a portion of area 

with perfect flat surface. If we simulate the same cases with cut-off at 1.9 , the polished surface 

area increases. Thus healing continues until smaller crack length with a greater number of 

distributions, as shown in Figure 5.14. However, the sigma value (17.5 nm) is now much higher 

than the measured value of 2.1 nm. This will limit the possible capillary nucleation because  ̅   

is 33.4 nm for 1.9  cut-off case, and the asperity caps distributes much wider. Therefore, 

asperity gaps with gaps less than 2rK decreases. 

 

Figure 5.12:  S-Shape Beam model crack healing result with  =2 cutoff (  =7.40 nm) (using 

DMT model). 50 different asperity distributions have been simulated.  
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Figure 5.13: Cantilever deflection shapes are shown according to Figure 5.12 data. a) Cantilever 

shape without healing event, b) cantilever shape after healing occurs. Black dashed line is the 

axis showing the  ̅   level. 

 

 

Figure 5.14:  S-Shape Beam model crack healing results with 1.9  cutoff (  =17.5 nm) (using 

DMT model). 50 different asperity distributions have been simulated. 

 

Hence, it is difficult to achieve good agreement between the measured surface roughness and the 

measured adhesion under dry conditions using the beam model.  The likely reason is the high 

sensitivity to a surface roughness of the beam model. High asperity caps apply large repulsive 
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forces causing the high resistance to healing.  We will apply a cut-off at  =2.6 in the following 

section. This is for two reasons.  First, the actual measured surface is reasonably described by 

this.  Second, capillary forces play a far stronger role than van der Waals forces in healing 

cracks, and therefore are not as sensitive to topography details.   

 

5.6 WET CONDITIONS – CRACK HEALING BEAM MODEL 

 After obtaining the mechanical equilibrium shape in dry conditions with  =2.1 nm and 

 =2.6, humidity is introduced by adding capillary forces into the surface interaction forces. For a 

sphere-flat geometry, with the assumption that the sphere radius  >>    , the capillary force Fc 

under thermodynamic equilibrium can be found from the Laplace and Kelvin equations as [28] 

 

         [  
 

     
]                                                                                          (5.26) 

 

We used equation 5.26 for     corresponding to non-contacting case. To keep the dry and 

humid cases logically consistent, we also added intermolecular distance to the capillary bridge 

gap, as shown in Figure 5.15a. This means that, capillary bridge can nucleate at        , 

and contact happens at       

 

 We used the improved meniscus model of Xue and Polycarpou for the contacting case 

    [114,150], which is based on the MD model. The MD model in dry conditions applies 

attractive forces when the sphere contacts the Dugdale zone. In humid conditions, the capillary 

bridge substitutes for the Dugdale zone. Then,    becomes       , the maximum capillary 

bridge height. Also, the Laplace pressure    substitutes for the attractive stress in the Dugdale 

zone. Equation 5.18 is modified for humid conditions according to 

 

           (       √     √    )                 .                                  (5.27) 
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Figure 5.15: Schematic of an elastic sphere and a rigid flat surface.    is the intermolecular 

separation,    is the range of the constant Laplace pressure. (a) Non-contacting illustration  >0, 

(b) contacting    . 

 

First, dry condition forces were applied, and the cantilever deflects.  Then, capillary 

forces were applied sequentially according to a nucleation time, beginning with the asperity that 

has the smallest gap between the tip and the surface. Mechanical equilibrium is then found. If 

 ̅   ̅   for one of the column of the gap matrix, then, the cantilever is brought to the same 

level with crack tip at another location as described earlier at section 5.5.1. It represents the crack 

healing, and simulation stops. Otherwise, the next nucleation event is calculated, and this is 

repeated until  ̅   ̅   for one of the column of the gap matrix.  We sum up each nucleation 

time to heal the cantilever, nucleation times for the asperities with      are taken as 1 ms, 

corresponding to the time for a capillary to grow.  The average value of 1 ms is chosen 

corresponding to studies in the literature [37,57]. The relatively long capillary nucleation time 

between non-contacting surfaces can be understood in terms of a thermally activated first order 

gas-liquid phase transition theory. The energy barrier is found to be [77], 
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              (5.28) 

 

where    is the critical separation, which can be equated with 2    , while   is the surface 

separation. Each energy barrier calculation for new capillary bridge has been done after the 

cantilever deflection from the previous step. 

 

 The nucleation time is then calculated as follows 

       [      ]          (5.29) 

where 1/   is the attempt frequency,    is the Boltzmann constant and   is the temperature (K). 

We use   =100 GHz, similar to Boyd et al. [82] The sum of the nucleation times,     in each 

loop gives the time to reach the corresponding energy release rate with nucleated capillary 

meniscus bridges. Also, the corresponding   value can be calculated after each loop. Then crack 

healing velocity  ̅ is defined as 

 

 ̅  
       

  
                   (5.30)      

 

 

Here,    is the crack length for the dry conditions, and      is a corresponding crack length after 

nth loop. The   value is calculated at the average value of  , that is, at  =         /2. 

 

5.7 CRACK HEALING MODEL RESULTS 

 Figure 5.16 shows the results of the crack healing model at 60.5% RH. For each value of 

  as an initial condition, fifty possible shifted distributions have been simulated. Scattering effect 

of the data is due to the shifted distributions. Gray shaded area shows the experimental trend.  

Simulation results are quickly diverging from the experimental trend at 0.25 mJ/m
2
, and it never 

heals up to 1 mJ/m
2

 as in the experimental results. 
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Figure 5.16: Crack healing model results at RH=60.5%. Average velocity calculations are based 

on equation 5.30. Markers show the results for fifty different shifted distributions of the 

asperities. Gray shaded area represents the experimental trend. 

 

 One reason might be the adsorbed liquid layer on the surfaces. To this point, we have 

neglected this effect. However, recent study showed that capillary nucleation at nanoscale occurs 

at a larger gap than     [86]. Experiments at 30% RH sensed the capillary nucleations at 2.1 1.3 

nm gaps. At 30% RH,     0.8 nm, and adsorbed liquid film thickness     0.75 nm [132]. 

This supports the adsorbed liquid film role at capillary nucleation. 

  

 We assume ice-like adsorbed water layer behaves as a solid surface as shown in Figure 

5.17. Therefore,     gap may nucleate between two ice-like layers. At 60 and 87% RH, the ice-

like layer thickness is ~1 nm [132]. We have run the simulations with this effect. This helps to 

nucleate more bridges between the surfaces. A horizontal line is obtained as seen in Figure 5.18 

because closing the gaps with the liquid film caused instantaneous capillary nucleations. Then, 

we tried    0.5 nm due to asperity cap curvature film thinning effect [32] and different surface 

effect. There is also a different study that reports the film thickness on silica at 80% RH as 0.5 

nm [133].  Still, the scattering is too much to predict the experimental trend; it can not heal up to 

1 mJ/m
2 
; and the initial healing events happen too fast, as shown in Figure 5.18. 
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Figure 5.17: Schematic of a capillary bridge with adsorbed liquid film between an elastic sphere 

and a rigid flat surface.    is the intermolecular separation,    is the range of the constant 

Laplace pressure.       . 

 

 

Figure 5.18: Crack healing model results at RH=60.5% with      nm. Average velocity 

calculations are based on equation 5.30. Markers show the results for fifty different shifted 

distributions of the asperities. Gray shaded area represents the experimental trend. 
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Figure 5.19: Crack healing model results at RH=60.5% with        nm. Average velocity 

calculations are based on equation 5.30. Markers show the results for fifty different shifted 

distributions of the asperities. Gray shaded area represents the experimental trend. 

 

 Energy barrier equation is the key equation to estimate the nucleation times. It would be 

beneficial to fit an alternative equation to eliminate the high sensitivity of a gap variation. We 

suggest the following empirical equation  

 

             
  (

    

  
)
   

 ,                                                                                               (5.31) 

 

where   =0.151 and 0.010 for RH=60.5 and 87.5%, respectively. Nucleation time equation has 

been modified also 

 

          [         ] .                                                                                                    (5.32) 

 

 Figure 5.20b shows the steep nucleation time function of equation 5.29 at 60.5%RH. The 

gap change from ~0.75 nm to ~1 nm sweeps the time range from microseconds to ~12 days. 

However, quartz tuning force microscopy experiments illustrated the 2.1 1.3 nm gap capillary 
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nucleations in the 0 to 2 s range. This supports the activation energy barrier modification 

necessity. Figure 5.20a shows the equation 5.31 plot, it limits the energy barrier between 10
-20 

to 10
-19

 J. Experimental studies that presented the activation energy barrier values help to validate 

equation 5.31. Some estimates from the literature are   =(7.8 0.9) 10
-20

 J at 37%    RH 

[57],   =(4.7 1.3) 10
-20

 J at 15-35% RH [85], and   =(7.65) 10
-20

 J at 27-29% RH [86].  

 

 Crack healing model was simulated by using equation 5.32, and the predicted results are 

now following the experimental trend, as shown in Figure 5.21. The shifted asperity distribution 

still causes data scattering, but this is also observed in the experimental data. Also, not all the 

shifted distribution setting heals up to 1 mJ/m
2
, and this explains the different cantilever 

responses at the experiments.  

 

 Figure 5.22 shows the activation energy barrier and nucleation time curves for 87.5% RH 

condition. Equation 5.32 was used for the 87.5% RH conditioned crack healing simulation. 

Results of the average velocity vs energy release rates are seen in Figure 5.23. It predicts the 

experimental trend, and it show less scattering because equation 5.32 curve in Figure 5.22b is 

less sensitive to small gap variations at higher humidity. 

 

 

Figure 5.20: Energy barrier and nucleation time curves at 60.5% RH level in the range of 0 

to   . a) Energy barrier vs gap is plotted with blue and red lines by equation 5.26 and 5.29, 

respectively. b) Nucleation time vs gap is plotted with blue and red lines by equation 5.27 

and 5.30, respectively.  
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Figure 5.21: Crack healing model results at RH=60.5% with        nm. Average velocity 

calculations are based on equation 5.30. Markers show the results for fifty different shifted 

distributions of the asperities. Gray shaded area represents the experimental trend. 

 

 

Figure 5.22: Energy barrier and nucleation time curves at 87.5% RH level in the range of 0 

to   . a) Energy barrier vs gap is plotted with blue and red lines by equation 5.26 and 5.29, 

respectively. b) Nucleation time vs gap is plotted with blue and red lines by equation 5.27 

and 5.30, respectively.  
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Figure 5.23: Crack healing model results at RH=87.5% with        nm. Average velocity 

calculations are based on equation 5.30. Markers show the results for fifty different shifted 

distributions of the asperities. Gray shaded area represents the experimental trend. 

 

 

5.8 CHAPTER SUMMARY 

 This chapter has demonstrated numerical modeling can lend significant insight into 

capillary crack healing experiments. First, single asperity contact models have been detailed. 

Then, a parallel plate model has been assembled to create a surface asperity distribution 

consistent with deflected cantilever beams in dry conditions at experiments.  An S-shaped beam 

model was developed to simulate crack healing.  This model revealed extreme sensitivity to 

surface roughness characteristics even for the same value of adhesion.  The capillary model is 

less sensitive, but still did not model the crack healing well without refinement. In particular, an 

improved meniscus model was implemented in which an adsorbed liquid film better captures the 

experimental results.   To fully capture the results, however, the model for nucleation time 

required an empirical modification.  The modification is in reasonable agreement with 

experimental results.  However, more work is necessary to understand whether this proposed 

theoretical energy barrier equation has a physical basis. 
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Chapter VI: Summary and Suggestions for Future Work 

 First the major findings from Chapters II through V are summarized. Then, future studies 

that might enlighten capillary dynamics further are suggested. 

 This dissertation explores the capillary dynamics between multi-asperity surfaces. 

Microcantilever crack healing experiment method is chosen to observe the capillary 

condensation effects between non-contacting asperities.  

 It has been demonstrated that an experimental setup can be built to run the 

microcantilever crack healing experiments in a controlled environment (Chapter II).  

Microcantilever samples with smooth surfaces (~2 nm rms roughness) responded to low vapor 

partial pressure conditions. AFM scans of the top and bottom counterfaces have been conducted 

to characterize the surface roughness. 

 We have found that crack healing occurs in discrete events (Chapter III), rather than 

continuously. Discrete healing steps suggests the capillary condensation events in the crack 

healing experiments. We showed that a plot of  ̅ versus energy release rate,  , reveals log-linear 

behavior, while the slope   [     ̅ ]     decreases with increasing relative humidity.   

 In addition to the dynamics of the capillary studies, we have investigated the alcohols 

(ethanol and n-pentanol) vapor adhesion energies (Chapter III). These alcohols are used in 

MEMS devices to reduce wearing of rubbing surfaces. We studied their adhesion energies at 

various partial pressures to understand how to control the partial pressure of the environment 

without entering the critical range for failure. 

 We introduced multi-asperity surfaces to simple S-shaped beam models to gain insight 

into the results (Chapter IV).  A first order model with equally spaced same height asperities 

predicted the log-linear trends and decreasing slope in increasing RH qualitatively. 

 Then, a more advanced numerical model has been proposed and studied for improved 

quantitative agreement (Chapter V). This model included more realistic surface roughness 
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descriptions in the interface. It accounts the contact interaction forces and improved meniscus 

model forces. With this model, the importance of the adsorbed liquid film contribution to the 

crack healing has been revealed. Finally, with the introduction of an empirical energy barrier 

equation, the model has captured the behaviors quantitatively. 

 To understand the capillary adhesion mechanisms better, liquid film adsorption 

experiments can be the possible future study. MEMS resonator can be fabricated with identical 

surface to microcantilever surface in the same wafer.  Then, microcantilever crack healing and 

liquid adsorption experiments can be run simultaneously. This type of experiment would answer 

the main driving force behind the crack healing. Also, high temperature experiments would be a 

good illustration to show nucleation characteristics consistent with the Arrhenius equation. 

Moreover, high temperature experiments might answer if the adsorbed film layer is a dominant 

force or a negligible force on crack healing because the adsorbed liquid film layer thins with 

increasing temperature [105,134]. 

 It would also be worthwhile to investigate other vapors. Differences in their chemistry 

would help us to understand the capillary adhesion driving mechanisms between multi-asperity 

surfaces. 

 A theoretical study to estimate the capillary nucleation and growth times is needed, and 

this thesis would be a good guidance with its wide range of experimental data.  Both intuitive 

physics-based analytical as well as sophisticated molecular dynamics or density functional 

theory models [158,159] would be extremely useful. 
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Appendix A 

Interferometer Quick-Start Guide 

 

Introduction 

 

 Long-working-distance incoherent-light interference microscope has been used for the in-

plane and out of plane geometry measurements of the MEMS samples. A schematic of the 

optical layout of the interferometer is shown in Figure A1. Components to build the microscope 

setup were gathered from various vendors. This user manual aims to present clear instructions to 

use the interferometer microscope and also to align the microscope properly. To understand the 

steps clearly and to comprehend the physics of the instrument, it is strongly suggested to first 

reading the Sinclair et al.[111]. 

 

 

 

 

 

 

Note: To increase clarity in these instructions x, y, and z coordinates are defined as shown in 

Figure A1. The x-axis runs parallel to the image, and when looking at the instrument from the 

front is equivalent to left and right. The y-axis is equivalent to up and down, and the z-axis refers 

to front to back. 
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Figure A1: Schematic layout of the interference microscope. 

Pre-Alignment 

 

Turn on the LED  

1. Flip the switch on the controller DC Power Supply to the “on” position 

 The DC Power Supply is located above the computer monitor 

 

Figure A2: Picture of the DC power supply. 
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2. From the computer desktop, double click on “TalkToLED.bat” 

 

 

Figure A3: “TalkToLED.bat” shortcut symbol. 

 

3. A prompt will appear as shown in Figure A4. In the “Send String” field, type      “vset” 

followed by the desired voltage to determine LED brightness  

 A typical voltage range is 2.7-3 

4. Once voltage is set, click “Write” 

 

Figure A4: Command window for LED brightness. 

Note: The green LED light located on the far right end of the instrument should now be turned 

on.   

 

 

 

 



146 

 

Close the Shutter 

1. Open NIMAX Program on desktop  

 

 

Figure A5: NIMAX shortcut symbol. 

2. Click “Devices and Interfaces”  

3. Click “Traditional NI-DAQ (Legacy) Devices” 

4. Double click on “PCI-6733 (Device 1)” as shown in Figure A6. 

 

Figure A6: Screenshot of the “PCI-6733 (Device 1)” in the menu. 

 

5. Click “Test Panel” tab in the main section of the screen at the top of the device window 

6. Under Channel Selection, select channel 6  

 This channel controls the shutter 

7. Set the DC Voltage to 3 and click “Update Channel” 

 DC Voltage of 3 closes the shutter, shutter open at voltage of 0  
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Microscope (Sample side) Alignment 

 

 

 

Figure A7: Alignment tools. (a) two small paper circles (1.5” and 1” in diameter) each with a 

small pinhole in its center. (b) a bull’s eye level. (c) a set of Allen wrenches.  

 

 

 

 

 

 

Note:  The reference side shutter is now closed. The shutter is closed in order to avoid 

interference from the reference sample. In this way, it is easier to align the sample side of the 

instrument. The sample side alignment can be begun. 

Note: Before the alignment process is begun, it is important to assemble the following materials 

shown in Figure A7: two small paper circles (1.5” and 1” in diameter) each with a small pinhole 

in its center, a bull’s eye level, and a set of Allen wrenches.   
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Adjust the Light Source 

 

Figure A8: Interferometer microscope right hand side picture. 

 

1. First, ensure the light source is on the same level with beam splitter by using a bull’s eye 

level   

2. If the light source is leveled, hold the 1” diameter paper with the pinhole on the right side 

of the beam splitter and check to see if the light axis is through the pinhole and centered 

3. If light source is not on the same level with the beam splitter, loosen the screws that holds 

the post holder of the light source using the Allen wrench , and adjust light source to 

bring it to the same level 

4. Once the light source is leveled, again hold the 1” diameter paper on the right side of the 

beam splitter, and check to see if the light is through and centered  

5. Lock the light source in place by retightening the screws with the Allen wrench  

Note: These post holders are the cylinders attached to the mounting plate. In order to loosen 

them, an Allen wrench needs to be used.  
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Adjust the Collimator 

 

 

Figure A9: Interferometer microscope right hand side picture. 

 

1. First, ensure the collimator is at the same level with the light source using a bull’s eye 

level 

2. If it is not leveled, loosen the collimator post holder, adjust its position so it is leveled, 

and tighten the post holders 

3. Next, move the collimator in the x direction by rotating the knob so it is almost touching 

the light source 

4. Once the collimator is brought to the position, adjust the collimator in the z and y 

directions so it is in the center of the light source using the appropriate knobs. Perform 

this step by rotating the knobs on the collimator and ensure it is centered by inspection 

with the eye 

Note: It is important that the collimating objective is positioned so that the light of the LED hits 

the center of the collimator. 
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Adjust the Converging lens 

 

 

Figure A10: Interferometer microscope right hand side picture. 

 

1. First, ensure the converging lens is leveled using the bull’s eye level 

2. If it is not leveled, loosen the post holder, level the converging lens using the bullseye 

level, and then tighten the post holder 

3. Place the 1.5” paper circle inside the circular cutout of the XYZ lens positioner and leave 

it there 

 This step decreases the size of the diameter of the beam drastically, which is 

needed to get a precise alignment 

4. Adjust z and y using the knobs so the converging lens is centered on the pinhole  
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Adjust the Beam Splitter 

 

 

Figure A11: Interferometer microscope center picture. 

 

1. First, ensure the beam splitter is leveled 

2. If the beam splitter is not leveled, loosen the post holder, level the beam splitter using a 

bull’s eye level, and tighten the post holder 
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Adjust the Compensating Plate Holder 

 

 

Figure A12: Interferometer microscope center picture. 

 

1. First, place the 1” paper circle with a small pinhole on top of the compensating plate 

holder 

2. Next, turn off the light in the room, and check to make sure the green LED light is 

coming through under the objective lens of the microscope using a second piece of paper 

Note: If necessary, it is possible to go back and increase the intensity of the light using vset. 
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Adjust the Objective Lens 

 

 

Figure A13: Interferometer microscope center picture. 

 

1. First, ensure the transition stage position is at “14.77” using the stage adjuster as shown 

in Figure A13. This value corresponds to the reference condition  

2. Next, place the paper circle with the small pinhole under the objective and check if the 

reflection light is coming through the pinhole 

3. If the light is not coming through the pinhole, tilt the objective lens. Adjust the angle until 

the reflection shines through the pinhole 
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Adjust the Camera 

 

 

Figure A14: Interferometer microscope center picture. 

 

1. First, align the tube lens. In doing so, loosen the lens tube clamps, level the tube lens 

using a bull’s eye level, and tighten the post holder 

2. Next, align the tube in the z direction 

3. Go to the computer desktop and open 1394Camera Demo  

 

Figure A15: Shortcut symbol of 1394Camera Demo 
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4. Click “Grab” and a black screen should appear 

 

Figure A16: Grabbed image 

 

5. If the instrument is properly aligned, a small light spot should appear on the screen a few 

seconds after the program boots up   

6. Adjust the camera in the z direction by loosening its post holder until there is a light on 

the screen. Once this light is found, tighten the poster holder on the lens tube 

Adjust the Sample Stage in the y Direction 

1. Turn the power of the motion controller on 

2. From the computer desktop, open the ESP-util program 

 

Figure A17: Shortcut of ESP-util 

3. Under Select Port type, select “GPIP,” then click “Open Port,”  



156 

 

 

Figure A18: ESP-util menu 

 

4. A new prompt will appear asking “Do you want to reset controller.” Click “Yes” 

 

Figure A19: ESP-util pop up window 

Note: This step initializes the controller and moves the sample stage in the y direction. 

 

5. Next, a new prompt will appear. Click “enable,” then click “All On” 

 

Figure A20: ESP-util controlling is enable for three channels 
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6. Click “Jog” from the toolbar 

 

Figure A21: Symbol of Jog 

 

7. A new window will appear. Under Mode, select “Indexed” 

8. In this same window, adjust the Index Distance as needed to define the size of the 

adjustment steps 

9. Under Jog, click on –X or +X to adjust the focus. This adjustment occurs in real time, so 

one can see how it is adjusted on the camera 

10. Repeat steps 8 & 9 until the sharp image is obtained 

 

 

Figure A22: Jog window  
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Close the Iris  

Note: This step allows one to be able to see the edge of the holes in the screen. 

 

1. First, ensure the iris is at the center of the screen  

2. If the iris is not at the center of the screen, loosen the post holder, move the iris so 

that it is at the center of the screen, and tighten the post holder 

3. Next, adjust the x position of the converging lens so that the edge of the iris is 

focused 

Note: Sample side alignment has successfully been completed. 
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Interferometer (Reference Side) Alignment 

 

Open the Shutter 

1. Set the DC Voltage to 0 and click “Update Channel” 

2. Put a paper on top of a compensating plate to close the sample side imaging. 

 

 

Figure A23: Reference side picture of the interferometer. 

Adjust the Reference Mirror 

1. Close the iris until a small diameter size 

2. Remove the telescope and reference objective 

3. Level the reference mirror holder X-Y-Z positioner 

4. After the leveling, make sure the reference mirror is perpendicular to the light ray. Tilt 

the mirror with knobs, and check with the paper circles if the reflection gets in through 

the pinhole 
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Adjust the Reference Objective and Telescope 

1. Put the reference objective back to its location 

2. Make sure the light source hit at the center of the objective 

3. Rotate it until the reflection light from the mirror gets through the pinhole of the circle 

paper stands at the left side of the lens 

4. Adjust the reference mirror in x direction to focus the mirror surface. 

5. Repeat steps 2 to 4 for the telescope. 

Bring Two Images Together 

1. Open the sample side 

2. There are two images forming on the camera; one is the sample image with circling iris 

image, and the other is the reference image with circling iris image. These two circles 

should be on top of each other. If not, tilt the reference mirror to bring the reference side 

image on top of sample side image. 

 

Finding Fringes 

1. Carefully and slowly move the reference side in the x direction with the reference side 

positioner until you see the fringes 

2. Once you find the fringes, check if you see the bull’s eye pattern as shown in Figure A25. 

If you can’t see the bull’s eye pattern, loosen the post holder of the telescope and rotate it 

until you find the bull’s eye. When you find it, tighten the post holder. 

3. Each fringe in the bull’s eye pattern adds artificial slope to the surface. To get rid of this, 

you need to move the telescope in the x direction with telescope positioner until you 

magnify the bull’s eye and eventually lose it. 
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Figure A24: Reference side picture of the interferometer. 

 

Figure A25: Bull’s eye patterned fringes. 

 

Note: Interferometer alignment has successfully been completed. 
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Compensating Plates 

 Mismatch of the back focal planes of the reference and sample sides causes a bull’s eye. 

To eliminate this distortion, we move the telescope in the x direction. However, it may not be 

sufficient for each objective on the sample side. For this reason, we add compensating plates 

(Fused Silica) as seen in Figure A26 according to which objective is being used in the system. 

Compensating plate locations are shown in Figure A27. Table A1 lists the combination of 

compensating plates according to used objective in the system. 

 

 

Figure A26: Compensating plates. 

 

 

Figure A27: Compensating plate locations. 
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Table A1: Compensating plate selection to eliminate the bull’s eye. 

 

 

WinLens3D Basic 

 If you need to modify the system with new optic elements, you need to make sure that 

back focal planes of each side will match after the modification. The way to simulate it is to use 

a geometrical optics software. WinLens3D is a free software, and it is capable to handle simple 

simulations. Figure A28 shows the simulation schematic to see the component variation effect 

and x variation effect on the back focal plane.  

 

Figure A28: WinLens3D screenshot for a specific schematic. 
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Final Adjustment Tips 

1. When you finish aligning the system, you should have the intensity contrats in the range 

of 100. If you don’t have, make sure you have a good focus on both sides. 

2. Make sure all the clamps holding the system is tight. 

3. Make sure the iris images are focused. 

4. Adjust the light intensity to obtain the maximum contrast. 

 

Incoherent Light Source LED Replacement Procedure 

First the old LED needs to be removed from the case. Since, it is glued with epoxy, 

drilling machine is used to obtain the appropriate hole for the new LED. After obtaining a 

smooth surface, cathode and anode leads of LED are soldered. Anode lead is soldered through 

the plug’s cable connector. Cathode lead is soldered through cable lug, and it is connected 

through a screw, which holds the metal plate of plug. Following to these steps, 5 min epoxy fills 

in the hole and LED is mounted in it. Until the glue gets stiffer, support on the back of LED is 

needed. After drying the epoxy, LED top face is polished with sand papers. Then, it is polished 

with micro-particles in materials science department laboratory to obtain a shining smooth 

surface. 

 

Figure A29: Image of replaced LED Light Source.
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Appendix B 

Contact Angle Goniometer 

 Custom made low cost contact angle goniometer set up is described in this section. The 

design and the assembly of the setup have been conducted first at University of Mexico by 

Khawar Abbas and Zayd Leseman. I reassembled the setup in CMU and verified the working 

conditions. Contact angle goniometer measures contact angle of a liquid droplet to predict the 

surface energy of the surfaces. 

 The components used in the set up listed in the table B1. The main body that holds the 

components is made out of aluminum as shown in Figure B1. Ball bearing linear stage is 

mounted to the bottom layer. Then, support post (SP3) is engaged to the stage. The camera front 

lens has been removed, and Fujinon lens is mounted to the camera. This camera is engaged to the 

support post standing on the linear stage. Post holder is mounted in front of the camera. Support 

post and tilting stage (precision platform optical mount) are assembled and were engaged to the 

post holder. Samples have been put on the tilting stage. A syringe is suspended at the top of the 

tilting stage to inject a liquid droplet during the experiment. Red LED light source is connected 

to the power source, and it is mounted to the metal frame as shown in the Figure B1.    

Table B1: Components list 
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Figure B1: Picture of the contact angle goniometer set up. 

 During the measurement process, light source, sample, and camera should be on the same 

axis. To adjust this, we monitor the image of the camera. Light source from the backside of the 

sample forms a dark sample and droplet image on the screen. Focusing can be done through lens 

and linear stage.  

 After obtaining the sharp image, we open the CAM 100 (Contact Angle Meter) software. 

Red as seen in Figure B2 should be brought to the substrate level. Then, blue dashed rectangular 

should surround the droplet image as shown in Figure B3. When we click the “Rec”, CAM 100 

calculates the contact angles as shown in Figure B4.   
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Figure B2: CAM 100 window. Red line is aligned with the substrate. 

 

Figure B3: CAM 100 window. Blue rectangular is aligned according to the droplet. 
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Figure B4: CAM 100 window. Calculated contact angles: left CA=53.43, right CA=47.95 and 

mean CA=50.69. 
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Appendix C 

Sample Releasing Procedure 

HF Etch 

 

 Put the samples into a glass beaker filled with acetone for 5 minutes. 

 Transfer the samples to another glass beaker filled with isopropanol for 5 minutes. 

 Then, transfer the sample into DI filled glass beaker for 5 minutes. 

 Pick the samples after the wait, and dry the sample by either blowing air or vacuuming 

the excess water.  

 Check the samples under objective microscope to inspect particle free conditions. 

 Pick the samples with either Polytetrafluoroethylene (PTFE) or 

Chlorotrifluoroethylene (CTFE) tweezers, and immerse them into the 49% HF filled 

PTFE beaker. 

 Wait for 1 hour. 

 When wet etching process is finished, pick the samples with tweezers and soak into DI 

water for 5 minutes. 

 Transfer the sample to the second DI rinse beaker, and rinse for another 5 mins. 

 

RCA Cleaning 

 

 Into 400ml PTFE beaker add 85 ml DI water.  

 Add 30 ml of NH4OH (27%). 

 Bring the mixture up to 75°C (±5°C) on a hot plate.  

 Measure with a stainless steel thermometer to verify the solution temperature. 

 Add 5 ml H2O2 (30%). 

 Solution will bubble vigorously after 1–2 minutes, indicating that it is ready for use. 

 When the solution is at desired temperature, immerse the samples in the beaker using the 

PTFE or CTFE tweezers. 

 Wait for 30 minutes. Once heated the solution is only effective for 30 minutes. 

 When the clean is complete, transfer the sample to the first DI water glass beaker. 

 Transfer the sample to the second DI rinse beaker, and rinse for another 5 minutes. 

 Put all the tools that have been used during the process into DI water for 5 minutes 

 To dispose of the RCA-1 solution, dilute with cold water. There should be no bubbles left 

in the solution. 

 Drain the waste through the sink while the water flows through the tap. Let the water 

flow continue for a minute after the pouring the waste. 
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Critical Point Dryer 

 

 Put the sample into high purity isopropanol for 5 minutes. Then, repeat the same step for 

two more times. 

 Leave the samples in the third beaker for an hour to dry any water in the solution. 

 Sink the critical point dryer tools and 4 inch wafer holder into the isopropanol for 10 

minutes. 

 After this step, follow the instructions of the critical point dryer to proceed. 
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Appendix D 

Chilled Mirror Hygrometer Setup 

 Chilled mirror hygrometer is a device that measures the dew point of the vapor flow. 

Dew point is the temperature that the moisture of the flow starts condensing. There is a 

correlation between a dew point and a vapor pressure. Thus, we can find the partial pressure of 

the flow. 

 The working principle of the device is described in here. The mirror surface is cooled 

down to condensate the vapor. There is a photo detector measures the reflected light from the 

mirror surface. When the intensity of the measured light drops due to the condensation, 

temperature is controlled at that level to keep the liquid film on the surface. This controlled 

temperature corresponds to dew point temperature.  

 Chilled mirror hygrometers are mainly used for reliable humidity measurements. 

However, any vapor can be cooled to its dew point temperature. Theoretically, any solution’s 

partial pressure can be measured. From this thought, we tried Edgetech DewMaster Chilled 

Mirror Hygrometer in our system. Schematic of the system upgrade is shown in Figure D1. The 

lines are modified to sense both exit and entry lines when it is necessary. Figure D2 shows the 

pictures of the sensor. 
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Figure D1: Flow line schematic after chilled mirror hygrometer adaptation. 

 

Figure D2: a) Sensor box image. b) Image of the sensor box interior. 
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 The mirror surface of the sensor is made out of stainless steel, and it works well with 

water flows. However, it couldn’t measure the dew points for alcohols. We investigated the 

possible reason. It measures the reflectivity change of the mirror surface. When water liquid 

forms on the stainless steel, it scatters the light. Since we are trying to form a different solution 

on the mirror surface, the scattering effect might not be as big as water. We measured contact 

angles of the water droplet and alcohols to understand if the formed liquid has similar geometry, 

which behaves as an optical lens. While we measure ~75° for water, the contact angle too small 

to be measured for alcohols. Surface energy differences cause the poor system performance. 

Vendor tried to apply coatings to mirror surface to change the surface energies compatible for 

alcohol experiments. Although they worked for a few minutes, they eventually disposed.  

 In conclusion, a well understood surface treatment on the mirror or a different material 

mirror surface can give accurate partial pressure measurements for alcohol solutions. 
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Appendix E 

Fixed-Fixed Beam with Single Point Load Deflection Derivation 

 Consider Figure E1 as a free body diagram of the s-shaped beam. Cantilever beam length 

L corresponds to the s. The post and the substrate are assumed to be rigid. Left-hand side of the 

cantilever end attaches to the support post, and right-hand side of the cantilever adheres to the 

substrate. Deflection of the beam is represented by     , and the slope is the derivative of the 

deflection         . Bending moment in the beam is 

   
   

                                               

   
   

                               
.               (E1) 

 

 

Figure E1: Free-body diagram for an s-shaped beam. The force and moment are provided by the 

support post on the left-hand side. On the right-hand side, the moment and the reaction force 

occur at the crack tip.  
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Integrating results with the beam slope equation 
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One more integration gives the deflection equation 
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    and    are the unknown constants can be found through the boundary conditions. The 

boundary conditions are 
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Solving for the constants in terms of known quantities                     

Equation E2 and equation E3 can be solved now because we have two equations with two 

unknowns,    and   . Therefore 
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The deflection equation is then 
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Appendix F 

Supporting Information 

 

 

 

Figure S1.   Crack length   versus time on five different cantilevers taken at 5 s intervals after increasing 

RH from 0 to 62%. The solid line indicates RH at the chamber entry, while dashed lines represent crack 

length   data for different individual microcantilevers. In this particular experimental trial, the exit line 

reached steady state at 27 min (not shown), and the environment temperature was 21°C, which is 3°C 

less than the conditions for the 1 min resolution experiments shown in the main text. These differences 

may explain the longer period before crack healing begins.  In any case, the crack healing velocity is only 

calculated after previous healing had already been observed, as explained in the main text. The plot 

clearly shows that crack healing occurs in discrete steps.   
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Figure S2.   Crack length   versus time on five different cantilevers taken at 10 s intervals after increasing 

RH from 69 to 89.5%. The solid line indicates RH at the chamber entry, while dashed lines represent 

crack length   data for different individual microcantilevers. The plot again shows that crack healing 

occurs in discrete steps.   

 

   

 

 

 
Figure S3. Average crack healing velocity  ̅ as a function of energy release rate  . Different cantilever 

responses are plotted with colors and marker types corresponding to Figure S1.  In this case, a non-zero 

 ̅ extends out nearly to  =4 mJ/m2, possibly indicating a smaller surface roughness.   

 

 

 

 

 

 



179 

 

 
 

Figure S4. Average crack healing velocity  ̅ as a function of energy release rate G. Different cantilever 

responses are plotted with colors and marker types corresponding to Figure S2. 

 

 

 

 

Figure S5. Circle data points represent the AFM topography data across the asperity. Solid line 

is a curve fit by using a circular arc shape assumption. R=81.3 nm for this given data.  As stated 

in the main text, the average value of R is 124 nm and the standard deviation is 43 nm. 

 


