
ABSTRACT 

 

PAN, LIMING. Tribo-induced Melting/Softening Transitions at Sliding Tungsten/Gold-
Nickel Asperity Contacts. (Under the direction of Professor Jacqueline Krim.) 
 
 

 Surface melting and softening are topics of great interest from both fundamental and 

applied points of view. Despite much experimental and theoretical work on these topics, a 

complete understanding has yet to be achieved. In this study, tribo-induced nanoscale surface 

melting and softening mechanisms were investigated for a range of Au and Au-Ni alloys by 

means of a combined QCM-STM technique.  In particular, solid solution phase and two-

phase Au-Ni Alloy samples with 5, 10, 14 and 20 at. % Ni, as well as pure gold samples, 

were studied. 

 Samples were characterized by means of X-ray diffraction and scanning tunneling 

microscope to obtain film grain sizes, surface curvature, and the self-affine fractal scaling 

properties of the surface texture.  Utilizing the unique ability of a QCM to monitor sensitive 

changes in the contact mechanics of a  single asperity contact, a transition from solid-solid to 

solid-“liquid like” contact was observed for each sample at sufficiently high asperity sliding 

speeds and environmental temperature. The overall results reveal a correlation between the 

surface softening temperature and the grain size. 

The QCM frequency response associated with a temperature difference between the 

STM tip and the QCM electrode was also documented. A relationship between the 

temperature difference and the initial frequency jump was obtained experimentally, and 



 interpreted theoretically. With this frequency response of the QCM to an ambient 

temperature gradient, we could approximate the value of the temperature difference between 

the microscope tip and sample surface, a result that will be useful for a wide range of 

experimental contexts in addition to our own.
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Chapter 1 

Introduction 

 

1.1 Everyday Friction 

On Earth, friction is one of the most common physical forces.  Like gravity, people 

encounter it on an everyday basis. Friction can be beneficial, as in the case of car brakes, or 

detrimental, as in the case of wasted mechanical energy. Friction and material wear 

associated with the rubbing between two contact surfaces will shorten the useful lifetime of a 

machine component.  Lubricants are employed on virtually all machine surfaces in an 

attempt to alleviate these problems. 

Macroscopic friction, which is what has been considered so far, is generally described 

by Amonton’s first law.  

                                         Nf FF ⋅= μ                                                                             (Eq. 1.1) 

 where Ff  is the frictional force, μ is an empirically defined coefficient of friction, and 

FN  is the normal force between the contacting bodies. In the 1950’s, Bowden and Tabor 

established that the friction force is proportional to the true contact area on the microscopic 

scale, rather than the apparent area of macroscopic contact [1]. Then friction force is then 

described by: 

                                       Tf AF ⋅= σ                                                                             (Eq. 1.2)             

   where σ  is the interfacial shear stress and TA  is the true microscopic area of contact. 



 
 

2

 

                               

 

 

 The topic of friction cannot be separated from a discussion of the heat generated in 

the sliding process, and the temperature rise associated with the heating [2,3]. The topic that 

has been debated for decades [2-6] with slow progress at best. One reason for the slow 

progress is that friction occurs at a buried interface which is difficult to probe experimentally 

during the sliding process. A second reason is that an ideal investigation of the atomic origins 

of friction involves characterization of the sliding interface both at atomic length scales 

( ≈ 10-9 nm) and atomic time scales ( ≈ 10-12-10-9 s) [4]. 

Fig. 1.1: The true contact area (b) is much smaller than the apparent 
contact area (a). As the normal force is increased, the true area 
of contact generally increases proportionally due toplastic and 
elastic deformation. Reprinted from Ref. [6]
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As today’s machinery shrinks to smaller and smaller dimensions, the thermodynamics 

of materials at the micro and nanoscale is becoming increasingly important: A the 

macroscopic scale, frictional heating requires machines to contain cooling elements. At the 

microscopic scale, frictional heat will cause machines to self-destruct and/or melt outright. 

 

1.2 Nanotribological Issues associated with Metal Contact 

RFMEMS 

MicroElectroMechanicalSystem (MEMS) switches were designed for microwave 

applications in the early 1990’s [7], and are targeted today for widespread use in wireless 

communications systems, wireless sensors, and both military and commercial radar and 

satellites [8-15]. RFMEMS switches have many advantages over conventional technology, 

including low fabrication cost, wide operational band, exceptional switching performance 

and low power consumption.  These attributes are particularly attractive for radio frequency 

(RF) system applications [9,10,21,22].  

RFMEMS switches are however inhibited by low operating lifetimes due to failure 

mechanisms at the metal contacts that include melting[11], adhesion [7], material transport 

[8], thermally induced explosions associated with boiling of the contact metal [9], and 

increasing contact resistance [7,10]. The temperature rise at the contact has great influence 

on all of these. 

As RFMEMS switches close and their surfaces approach each other, the outermost 

asperities on each surface are the first to make contact. This results in real contact at only a 
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finite number of contact spots, whose sizes are typically less than 100 nm as shown in Fig. 

1.2 [11]. When electrical current flows in these contacts, the contact spot temperature 

increases. This heating can be extremely localized, resulting in contact temperatures tens or 

hundreds of degrees higher than the surrounding materials [11]. This may soften the 

materials of switches and eventually cause breakdown [11]. The rubbing action of the 

counter face materials as the switches come into contact may also produce additional heating 

effects [5]. 

 

 

 

Fig. 1.2 Illustration of contribution of surface roughness and insulating 
films to contact resistance. Heating due to current flow in the 
contact spot leads to a resistance decrease caused by material 
annealing or film breakdown. Reprinted from Ref. [11] 
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Gold is often utilized as a contact material for metal-contact MEMS switches due to 

its excellent electrical conductivity and corrosion resistance [11,15,23,24] The top two  

failure mechanisms of pure gold switches are wear and adhesion, both of which are related to 

the material softness[11,23,24]. The gold softening temperature, around 100 oC, was 

published by Holm in the 1960s [16]. He presented theoretical calculations of physical 

processes that impact contact temperature for macroscopic metal contact switches. A liquid-

like behavior on gold surfaces at moderate temperature (166oC) was also reported by Merkle 

and Marks in 2008 [17]. 

 Gold-metal alloys provide new processing options to strengthen against material wear 

and reduce surface adhesion, such as ruthenium (Ru), platinum (Pt), rhodium (Rh) and 

alloying gold with a small amount of palladium (Pd) or Pt [18-20]. In particular, Au-Ni 

alloys were recently reported as excellent potential contact materials for RFMEMS switched 

when prepared so as to result in a two-phase Au-Ni (20 at. % Ni) composite [15].  In the 

latter case, substantial increases in switch lifetimes were reported with little or no increase in 

contact resistance compared to a pure gold contact. 

 

1.3 Summary of this thesis 

This thesis focuses on tribo-induced heating and surface melting effects at the 

interface of a tungsten STM tip in sliding contact with a range of gold-nickel alloys with 

varying compositional percentages and phases. The alloys were deposited onto the surface of 

a Quartz Crystal Microbalance (QCM) whose temperature and also amplitude of vibration 
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could be increased to levels where sufficiently high asperity sliding speeds resulted in contact 

softening. A comparison study was performed for pure gold, solid-solution and two-phase 

Au-Ni (20 at.% Ni) alloys. The materials’ surface curvature, grain size and softening 

transition points were experimentally probed, and then compared to theoretical predictions of 

the size dependence of surface softening and melting temperatures. This work thus provides 

an enhanced understand of nanoscale melting processes, as well as a correlation between 

sample topography and surface softening/melting phenomenon. 

This dissertation is organized as follows:  In this chapter, we have briefly introduced 

the importance of understanding of friction and tribo-induced heating issue in MEMS and 

NEMS technologies.  Chapter 2 provides a comprehensive review of prior experimental and 

theoretical work on the topic of surface melting and surface softening. Chapter 3 provides a 

description of RFMEMS switches, and their failure mechanisms associated with contact 

heating and surface melting. Chapter 4 describes our experiment set up and method, 

especially the STM-QCM combination which can give an in site observation of phase 

transitions. Chapter 5 describes the Au-Ni sample preparation process employed for the 

preparation of the QCM electrodes, and also a detailed characterization of the surface 

topography and chemical nature of the samples, as probed by Scanning Tunneling 

Microscopy (STM) and X-ray Diffraction (XRD) for  the a series of Au-Ni alloys studied 

here. Chapter 6 presents the result of our work, including a comparison of the experimental 

results with theory. Chapter 7 examines the emerging topic of how sliding friction 

measurements are impacted by situations where the tip and substrate are not initially at the 
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same temperature. Finally, Chapter 8 provides conclusions and some suggestions for the 

future work. 
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Chapter 2 

Impact of Size and Curvature on Surface Melting and Surface 

Softening 

 

2.1 Surface Melting 

 Melting is a first-order phase transition of a substance from a solid to a liquid that has 

interested physicists for a long time [1] Despite many experimental and theoretical 

investigations of the topic, a complete understanding of it has not yet to be achieved [2-7] A 

simple treatment of the topic involves a “bed-spring” model, Fig. 2.1, where each atom can 

vibrate in three perpendicular directions. Each atom therefore has six degrees of freedom [8]. 

                                          

 

 

              Fig. 2.1 “bed-spring” model of a crystalline solid. 
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When the temperature rises, the internal energy of the substance increases and the 

atoms vibrate with larger amplitudes. When the temperature reaches the melting point, the 

bonds among the atoms are destroyed, and they become disordered, and ultimately a liquid is 

formed. In advance of liquid formation, the materials may become quite ductile, and is said 

to exhibit a “softening” or “annealing” transition [1,5,6] 

 Many melting criteria have been suggested to establish and define when melting has 

occurred. Among them, the Lindemann criterion and the Born Criterion are in widespread 

use.  Lindemann [9] suggested that when the vibrational amplitude of atoms in a crystal 

reached some small fraction of the inter-atomic spacing, melting would occur. The 

suggestion can be related to the, the average vibrational energy of atoms in a crystal via the 

energy equipartition relation [9]. 

                                      ( ) Tkxm B=22)2( δπν                                                       (Eq. 2.1) 

 where m is the atomic mass, v is the vibration frequency, ( )2xδ  is the mean square 

amplitude of vibration, Bk  is Boltzmann’s constant and T is the temperature in Kelvin.  

 It has been reported experimentally that the vibration amplitude, δx, is typically on 

the order of 1/10 the interatomic spacing when melting occurs [9] 

 The Born criterion is based on an analysis of the Helmholtz free energy of the system. 

Born [10] proposed that the Helmholtz free energy, A, of a rigid body is a function of 

temperature, and of the six homogeneous strain components [10]. If the crystal is to be rigid, 

three inequalities must be satisfied for the derivatives of A with respect to the six strain 
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components, for a regular (cubic) lattice. This enables one to limit the pressure‐temperature 

range for which the crystal is stable. The conditions for which the free energy has positive 

definite quadratic terms can be stated as: 

                            C11 + 2C12 > 0                                                            (Eq. 2.2) 

                                                   C11 - C12 > 0                                                            (Eq. 2.3) 

                                                    C44 > 0                                                                    (Eq. 2.4) 

 where C11, C12 and C44 are the shear elastic coefficients. Refer to Ref. [10,11] for details.

 The violation of the condition C44>0, i.e. that the crystal resist shearing, is 

interpreted as leading to melting. From knowledge of the forces between the molecules, the 

phase integral, and therefore the free energy, may be calculated as a function of T, V, and the 

six strain components. The numerical calculations are carried out for a body‐centered cubic 

lattice. The product of all the frequencies is calculated directly, so the assumption that the 

Debye equation for the frequency distribution holds, is not necessary. The melting curve, 

pressure against temperature, can then determined [10,11] 

 The discussion so far has involved only the three dimensional melting point of bulk 

solids.  The surface atoms of such solids are however far less confined than those in the 

interior of a material. With rising temperature, the surface molecular layers become 

disordered faster than interior constituents, and the weakest part of the surface are at their 

edges. The surfaces of materials thus commonly melt at temperatures far lower than the bulk 

melting point, a phenomenon referred to as “surface melting”. The atoms at the edges of the 

surface become disordered, and diffuse rapidly: They are the first to initiate the onset of 
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surface melting. The melting advances across the uppermost layer, then proceeds to the layer 

below.  Then the liquid layer continues to be thicker and thicker until the substance reaches 

the bulk melting point and the entire crystal becomes a liquid [12]. 

 

 

 

 

 The first scientific investigation into what we now refer to as surface melting 

occurred as early as 1842, when Michael Faraday recorded his thoughts in his diary about 

snow and ice. He subsequently began a series of investigations that were to last 20 years [14]. 

Many scientists subsequently worked on the topic of surface melting, as well as melting in 

general [15-20]. Tammann [16] and Stranski [17], in an entirely independent line of inquiry, 

Fig. 2.2 Molecular-dynamics computer simulations from Furukawa and Nada 
show sections of ice structure during surface melting at a simulation 
temperature of 265 K. The upper arrows indicate the liquid layer and 
lower arrows the bulk crystal. The basal plane is on the left and the 
prism plane on the right. Reprinted from Ref. [13] 
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speculated that all solids might begin melting at their surfaces, even under equilibrium 

conditions. In 1985, Frenken and van der Veen [18] later reported a highly detailed series of 

experiments on single crystals of Pb, providing quantitative measures of the depth of surface 

melting and its temperature dependence. Their experiments utilized the technique of proton 

backscattering. The backscattered intensity at certain angles is extremely low in good crystals 

because of blocking by the ordered rows of atoms, so the backscattered intensity is primarily 

due to surface structural disorder such as in a melted layer. Their studies provided clear 

evidence of surface disorder on the [1 1 0] facet of Pb. The surface melting began at 500K as 

one or two atomic layers, about 100 K below the bulk melting point Tm. It increased 

smoothly with temperature and diverged at Tm.  Very recently, Dawson et al. [19] reported an 

observation of a tribo-induced surface melting behavior on an indium sample. The tribo-

induced transition from solid to liquid-like layer was observed at a sliding contact between a 

scanning tunneling microscope tip and an indium electrode of a quartz crystal microbalance. 

The melting was reported to occur at temperatures that matched the surface melting, rather 

than bulk melting point of indium. 

 Surface melting happens ahead of bulk melting temperature because there are fewer 

bonds between surface atoms and their neighbors than interior atoms. Hence as the 

temperature rises, the surface atoms have larger oscillation amplitude than interior atoms. 

Base on Lindemann Criterion, the surface melting process logically happens at a temperature 

lower than the materials’ bulk melting point. 
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 From thermodynamic point of view [20,21] , we consider the interfacial energy γ 

between different phases. Some materials have a larger interfacial energy between the solid-

gas phase γsg than the sum of that of the solid-liquid γsl and that of the liquid-gas γlg phases; 

                                   Δγ = γsg - γsl - γlg > 0      (Eq. 2.5) 

 In these cases, a liquid layer intervening at the solid-gas interface lowers the total 

interfacial energy of the system, such as indium [5] and lead [23] that would have surface 

melting at proper temperature. A liquid phase therefore appears for a range of temperatures 

below the bulk melting point. In contrast, for cases where  Δγ < 0, surface melting is not 

energetically favorable and surface melting will not occur in advance of the bulk melting 

temperature [20,21]  Table 2.1 lists interfacial energy values for the metals we will discuss in 

this thesis, namely gold and nickel, and compares them to values for lead and indium. The 

values for Δγ for lead, indium and gold are positive, so surface melting is to be expected, 

while nickel is not expected to exhibit surface melting.  Lead and indium are in fact the most 

common metals studied by scientists exploring the phenomenon of surface melting [5,22-25]. 
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Table 2.1 Solid-gas, liquid-gas, solid-liquid interfacial energy of Pb, In, Au and Ni. 

 γsg  (J/m2) γlg  (J/m2) γsl  (J/m2) Δγ  (J/m2) 

Pb 0.560 [26] 0.452 [26] 0.0333 [29] 0.075 

In 0.633 [27] 0.566 [27] 0.0308 [30] 0.0362 

Au 1.41 [28] 1.14 [28] 0.132 [29] 0.138 

Ni 1.94 [31] 1.80  [31] 0.255 [29] -0.115 

  

 The values in Table 2.1 indicate whether or not surface melting is expected to occur. 

We next describe studies of how the grain size and curvature impact the temperature at which 

surface melting will occur. 

 

2.2 Impact of grain size on surface melting 

 The melting behavior of small particles has been studied for many years, and there is 

a large body of evidence showing that the melting temperature of small particles depends on 

their size [24,32,33] As early as 1975, Buffat and Borel [24] reported a size effect on the 

melting temperature of gold particles. They employed a scanning electron-diffraction 

technique to probe particle sizes in the range between 20-50 Å. The gold samples were 

placed in a furnace, and heated by electron bombardment while examining whether the 

particles were melted or not. The gold particle size distribution was obtained for 5000 to 
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20,000 particles using a quantitative image analyzer on the micrographs. It was observed that 

the melting-point temperature of gold particles was lower for smaller particles sizes.  

 Wautelet [32] proposed a thermodynamical model of size-dependent melting (or 

disordering) of small particles in 1989. By assuming that the mean phonon frequency of the 

particles varied linearly with the number of defects and surface sites, a simple relation was 

derived, allowing one to calculate the variation of the melting temperature with the size of 

the particles:  
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 Eq. 2.6 and 2.7 show that this variation depends on two bulk materials properties: the 

bulk melting temperature and the energy of formation of intrinsic defects. The parameter S in 

these equations is proportional to the ratio of the numbers of surface atoms and the total 

numbers of atoms in the small particle. S is also proportional to the ratio of the numbers of 

broken bonds per surface atom and of broken bonds per intrinsic defect, as far as it is 

assumed that the defect-phonon softening is directly proportional to the number of broken 

bonds.  α is given by mT , melting point and the energy of formation of defects, Ef, based on a 

quasi-linear relation between (Ef/ mT ) and α. Ncn is the value of the temperature-dependent 

equilibrium concentration of defects at mT (S) [32]. 

  Wautelet further assumed that the small particles were spherical, and obtained the 

relation: 
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d
d

S 02α
α =                                                     (Eq. 2.8) 

 where d is the diameter of the sphere and d0 is the interatomic distance. Wautelet [32] 

found that the value of 02 dα was in good agreement with the experimental results from 

Buffat and Barel [24]. 

 Kevin Peters et al. [33] reported surface melting studies of small particles with x-ray 

diffraction from Pb crystallites of about 50 nm diameter in ultrahigh vacuum in 1997. The 

experiments were performed inside an ultrahigh vacuum chamber with a base pressure near 

9103 −×  Torr equipped with a berilium window to allow x-ray transmission. Pb was chosen 

for the study because it has low vapor pressure at the bulk melting point, 600 K at 

pressure 9104 −×  Torr, a large x-ray scattering factor, and well-characterized surface melting 

properties on flat surfaces. A single-crystal (5 3 2)-oriented Si substrate with a native oxide 

surface supported the lead particles while contributing little to the x-ray scattering 

background. All measurements were performed using Cu Ka1 radiation from an 18 kW 

rotating anode x-ray source. A linear position-sensitive detector was used to collect 

diffraction signals. By heating the substrate to 99.5% of bulk melting temperature, they 

observed a sharp crystallite size distribution by melting the smaller particles and a liquid skin 

forming on the remaining larger crystallites. Then they cooled down the sample slightly, by 

3.5% of melting temperature. The liquid particles remained liquid while the liquid surface 

melted layer on the crystallites solidified. The results provided very strong evidence for size-

dependent melting and surface melting temperatures of lead particles. 
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 Because it is difficult to monitor the melting process on surface nanoparticles, 

numerous molecular dynamics simulations have been employed to investigate size effect 

surface melting [25,34,35]. H.B. Liu et al. [25] presented simulations of the melting behavior 

for nanometer sized gold isomers. They employed a tight-binding potential with a second-

momentum approximation (TB-SMA) method as proposed by Tomanek et al. [36] in their 

study, which is expressed as: 
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 where the parameters are determined through fitting the experimental values of 

cohesive energy and elastic constants, and the structural stability of the ordered phase at 

ground state. 

 In H.B. Liu et al.’s study [25], several typical structures of gold nanoclusters 

sequences were studied. The first sequence was cuboctahedra with atom number from 13 to 

22,473. The second sequence was decahedra with the atom number from 23 to 22,505. The 

third sequence was icosahedra with atom number from 13 to 22,473. The fourth sequence 

was Marks decahedra with atom number from 49 to 22,301. Finally, the last sequence 

included star-like decahedra with atom number from 18 to 22,473. H.B. Liu et al. calculated 

the temperature dependence of the total energy and volume during melting and the melting 

point for these different types and sizes of clusters. The cumulative result of their simulation 

is shown below: 
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 The melting point curves for all cluster shapes exhibit a definitely downward 

tendency as the gold cluster size decreases. Based on prior work on liquid metals, H.B. Liu et 

al. [25] suggested that liquid gold was mainly composed of icosahedral order. Many 

icosahedra distribute in the whole system connectedly or separately. Hence when the size of 

system is sufficiently large, this distribution can be built. As a result, the size does not 

influence largely the statistical structure of liquid and then also not influence the melting 

Fig. 2.3 Melting points versus the sizes of clusters for cuboctahedra, 
decahedra, icosahedra, Marks decahedra and star-like 
decahedra. Reprinted from Ref. [25]. 
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points. In contrast, when the size is not sufficiently large, the statistical structure of the liquid 

must vary with the size, giving rise to the different melting points.  

 For comparison purposes, we show some results of gold and lead surface melting 

temperatures versus grain size, in Table 2.2. From the collective theoretical and experimental 

values in the table below, we can easily observe that the surface melting temperature 

decreases with smaller grain size. 

 

Table 2.2 Summary of Lead and Gold surface melting temperatures of spherical particles 

 with different radius. Pb bulk melting temperature T = 327.46 °C. Au bulk melting 

 temperature T = 1064.18 °C. 

 Surface melting temperature of spherical particles with different radius Ref. 

Pb  R=60nm 
T=592.2 K  

R=40nm 
T=588.6 K   

R=20nm 
T=575.3 K     

[33]  
Experimental 
results 

Pb  
Egg-shaped 
86nm×54nm 
T=572.2 K 

R=40nm 
T=580K    

[23] 

Experimental 
results 

Au   R=6.0 nm 
T=1150K    

R=5.0 nm 
T=1100K    

R=4.0 nm 
T=1030K    

R=3.2 nm 
T=950K   

[37] 
Theoretical 
results 

Au  R=9.0nm 
T=960-910K  

R=6.0 nm 
T=925-885K  

R=5.0 nm 
T=910-875K  

R=3.8 nm 
T=850-800K   

R=3.2 nm 
T=815-775K   

[25]  
Theoretical 
results 

 

 But the results also reveal that larger egg-shaped lead particle have a lower surface 

melting temperature than a smaller spherical lead particles, which appears to conflict, or at 

least complicate a simple conclusion that size alone may determine melting temperatures. It 

is also clear from H.B. Liu et al.’s work that different melting points are associated with 
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different shapes for the gold isomers with similar atoms number [25]. The reason for 

different melting points with similar particle sizes is attributed to another effect to surface 

melting behavior: surface curvature.  We discuss this effect in the following section. 

 

2.3 Impact of surface curvature on surface melting 

 Hideki Sakai [20] analyzed surface effects on the behavior of solid-liquid interfaces in 

1995. He applied Landau theory to a finite system with a curved surface, and calculated the 

dependence of the melting temperature of a small particle on its surface curvature. He 

showed that the effects of the curvature and the interface width are essential to an 

understanding of the melting process of small particles, especially when the particles radii are 

in the order of nanometers. By supposing the particles to be spherically symmetric with a 

solid-gas interface at r=R, they described the system with a Landau free-energy functional of 

the form: 
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 where R is particle radius, M represents crystallinity, M = 1 corresponds to a perfect 

crystal, and M = 0 represents pure liquid. The term fs(M(r=R)) is the free energy contribution 

from the surface per unit area, and the term f(M(r)) is the free energy per unit volume for a 

homogeneous bulk material. The second term of the integrand is the "gradient energy" or the 

energy cost due to gradients in the order parameter; this term prevents the order parameter 
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from being discontinuous in space. J may depend weakly on the temperature; however, it is 

assumed to be a constant. 

He takes f(M) and  fs((M) as follows: 
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and 

              CRMMf ss += 2)(5.0)( α                                                                    (Eq. 2.12)     

 where M* is the intersection point of the two parabolas and  )(TΛ  is the difference in 

the homogeneous bulk free energy per unit volume between liquid and solid phase at a 

temperature T. 

 Sakai [20] also applied the calculation to Pb particles. The experimental analysis by 

Kofman et al. [23] to be discussed later is also base on Pb particles. Sakai reported a detailed 

Pb melting process in his paper, including total free energy and quasi-liquid layer thickness 

at different temperature. His calculated melting temperature and reciprocal particle radius for 

Pb is depicted in Fig. 2.4. 
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 Sakai [20] explained the curvature effects on the surface melting from the point of 

view of a solid state lattice. Since the number of nearest neighbors of a given atom on the 

surface is smaller than in the bulk, he argued that when surface atoms start to disorder, the 

atoms inside bulk still remain in ordered state. But as the surface curvature increases the 

Fig. 2.4 Relation between calculated melting temperatures (Tst, Tend) and 
reciprocal particle radius (R -1) for Pb. Tst (dashed line) is the surface-
induced melting temperature, and Tend (solid line) is the particle melting 
temperature. The melting temperatures are suppressed as radius R 
decreases. Reprinted from Ref. [20]. 
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number of nearest neighbors becomes smaller, and the surface melting temperature also 

lowers. The surface curvature here [20], as well as many others [41,42] is assumed to be 

positive. Recent results reported by  Z.H. Liu et al.’s suggest however that all derivatives and 

conclusions for the positive curved surface and flat surface are applicable to the negatively 

[38]. 

 Experimental research on the curvature effect on surface melting was reported by 

Kofman et al. [23] in 1994. Almost all the prior work that we discussed above has an 

assumption that the nano sized particles are spherical. But Kofman et al. prepared a series of 

lead samples with different shapes, including spherical, oblate ellipsoid and other more 

complicated shapes. Pb samples were prepared by evaporation condensation in UHV onto 

SiO substrates. The vapor flux was in the -114 s 102× range, and through controlling substrate 

temperature during the deposition they obtained Pb particles with different shapes as shown 

in Fig. 2.5 below: 
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 Kofman et al. applied two techniques to study the Pb samples: high-sensitivity optical 

reflectance and dark-field electron microscopy. In situ annealing treatment of the Pb samples 

was used in a special heating specimen holder.  From analyzing reflectance R(T) curve for 

different size Pb particles, Kofman et al. obtained a similar result for the size effect on 

Fig. 2.5 TEM views of Pb particles: (A) condensation on a substrate at room 
temperature (average thickness 50 A), (B) same quantity of deposit on 
a substrate held at - 100°C. In both cases the covered area is similar 
(45%), so that no significant differences in actual particle mean 
thickness exist. Reprinted from Ref. [23]  
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surface melting: lowering of the melting point with decreasing size of the particle. Moreover, 

they also compared the melting processes for two distributions of Pb inclusions in SiO with 

identical mean projected radii, but with different shapes: spheres or ellipsoids that have 

smaller local radii of curvature. They observed that melting of non-spherical particles begins 

at lower temperatures than the melting of spherical ones. 

 From their electron microscopy studies, Kofman et al. observed the curvature effect 

directly during Pb particle melting process. As figure 2.6 shows, they kept taking EM images 

during heating process; with elapsed times between images of 40 ms. The numbers on the 

images represent their order in the image queue. And the grey contrast part is created by the 

liquid layer and the black one reflects the solid part. At image 000922 we can see the egg-

shaped Pb inclusion premelting on its surface, and there is a liquid layer existing around the 

particle. With the temperature rising, the liquid layer becomes thicker and thicker, and the 

shape of solid core remaining in the center of the Pb particle evolves toward a sphere. Finally 

the spherical solid core melts abruptly when temperature reaches bulk melting point. Here we 

can observe that the liquid layer thickness on high curvature regions of the Pb particle is 

lager from first two images, which shows surface melting, is favored by the curvature. 
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Fig. 2.6 DFEM pictures showing the changes in the solid core of an egg-
shaped Pb inclusion in SiO as a function of temperature. The grey 
contrast is created by the liquid layer while the black one reflects the 
solid part. The numbers on the frames indicate the evolution of time 
(resolution 40 ms). Image 922 (T = 572.2 K): a liquid part is clearly 
seen at the region of high curvature. Image 2355 CT= 575.1 K): the 
width of the liquid layer is seen to increase. Image 3000 (T= 575.4 K): 
the final core appears spherical. Image 3001 (T = 575.4 K): complete 
melting of the particle has been achieved. Reprinted from ref. [23] 
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 Kofman et al. also compared the thicknesses of the liquid layers on inclusions with 

comparable sizes but different shapes, as Fig. 2.7 shows. It is clear that a liquid layer exists in 

all of Pb particles but is larger on nonspherical inclusions than spherical ones.  

 

 

 

 

 

 

 From all the work above, Kofman et al. concluded that many features observed 

during melting of small particles originate from the surface curvature and interactions 

between interfaces. Surface melting is enhanced for the more pronounced curvature.  

Fig. 2.7 Liquid layers at the surface of spherical and nonspherical Pb inclusions 
in SiO as they appear in DFEM. Reprinted from ref. [17] 
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 In 1996, A.M. Molenbroek et al. [5] reported different surface melting temperatures 

for In(1 1 0) and In(0 1 1). With the ion-scattering measurements, they showed In(1 1 0) 

surface atoms started  disordering at about 25 K higher than In(0 1 1), which he attributed to 

the difference in adatom and vacancy creation energies at two surfaces. Molenbroek et al. 

concluded that the initial surface disordering depended strongly on the details of the surface 

structure rather than the difference in surface free energy between a crystalline and a melted 

surface.   

 

2.4 Gold Surface Softening Phenomena 

 The rate of atomic diffusion within a solid material increases with temperature, thus 

redistributing and destroying the dislocations in metals. This alteration in dislocations allows 

metals to deform more easily. The re-crystallization temperature of gold was first reported by 

Holm to be 100°C [39].   H.B. Liu et al. [25] also found that the melting process of gold has 

three characteristic time periods for intermediate nanosized clusters. These include surface 

disordering and reordering followed by surface melting and then a final rapid overall melting. 

The first step of gold melting process is also called gold surface softening process. 

 Gold has this special characteristic because gold surface atoms have high mobility at 

moderate temperatures. A liquid-like behavior on gold surfaces at moderate temperature 

(166oC) was also reported by Merkle and Marks in 2008. In this study the authors examined 

sliding and indentation between a single asperity tungsten probe and Au (1 1 0) film with in 

situ transmission electron microscopy (TEM) and nanomanipulation. [40] 
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 The HS100 STM-Holder stage developed by Nanofactory Instruments was used on a 

FEI Tecnai F20ST TEM operated at 200 kV. The samples were mounted onto the TEM 

holder at an angle of 30◦ to the horizontal, as illustrated schematically in Fig. 2.8. Upon 

insertion into the TEM column, the tungsten probe was directed to approach and contact the 

gold film. A series of normal approaches and separately, lateral sliding passes at speeds of 

approximately 10–100nms−1 were carried out and captured on a TV-rate monitor to record 

the dynamic behavior of the probe-sample interaction. 

 

 

 

 Fig. 2.8 Schematic of the in situ TEM holder. Reprinted from Ref. [40] 
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 A bias pulse of 5V for 100ms was applied in an attempt to clean the surface of 

adsorbed hydrocarbon contaminants. This served not only to eject hydrocarbon contaminants 

from the surface, but also to heat the Au locally, which transferred an amount of Au to the W 

probe, and caused the junction to physically separate. After several minutes without electron 

illumination, allowing the sample and probe to thermally equilibrate while maintaining a 

constant probe bias at 100mV, contact was established. The temperature at that time was 

around 166°C, which was calculated base on the model by Erts et al. [43].  Rapid formation 

of a neck region upon contact was observed, reminiscent of the joining of liquid droplets. 

Highly plastic liquid-like behavior was observed through repeated approach and retraction 

actuations clearly showing rapid snap-in and pull-off phenomena. After pull-off, sharp 

asperities (<5nm tip curvature) were observed on either side of the interface. Fig. 2.9 shows a 

sequence of still frames from a TV-rate video capture of the snap-in and resulting elongation 

of the neck by retracting the probe. Sudden snap-in contact was established with the rapid 

formation of a neck region; this process took place within the time of a single video frame 

(1/25th second). Merkle and Marks’ work provides experimental evidence for the liquid-like 

behavior of gold at the temperature far below the melting point, which is also considered to 

be a gold surface softening phenomena. 
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2.5 The Subject of Our Work  

As described in this section, a wide range of  experimental and theoretical studies 

have been performed, but the mechanisms of surface melting is still not clear. This thesis will 

focus on surface melting mechanisms in Au-Ni alloys, and in particular tribo-induced heating 

and surface effects that enhance surface melting processes.  

Fig. 2.9 Gold liquid-like behavior at moderate temperature, 166 °C. Reprinted from 
Ref. [40].  
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Most prior work has focused on the surface melting properties of individual nanoscale 

sized particles, using external sources to heat the samples or the whole furnace universally as 

heating method in their research. We will use QCM-STM combination method to apply in 

situ heating to a nano-size region at a certain environmental temperature to examine the 

impact of tribo-induced heating effects on surface melting. 

Pb and In were mostly used as a potential material for surface melting experiment 

because their  relatively low melting temperature and low vapor pressure up to the triple 

point. But here we will focus on a Au-Ni alloy system because surface melting issues have 

become increasingly important in the MEMS industry, and Au-Ni alloy are considered 

potential MEMS contact materials. Alloys are more difficult in general to study than pure 

materials. However they do provide good research materials from the point of view of 

providing different surface structures for a range of gold-nickel alloys with varying 

compositional percentages and phases for comparison. 

These topics will be discussed in detail in the following chapters.  
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Chapter 3  

Impact of Surface Melting and Softening Effects on MEMS 

 

 In this chapter, we discuss applications of surface melting and softening effects, with 

an emphasis on how they can impact micromachine relays. Surface melting has been shown 

to be beneficial for some purposes [1-5], for example, the fabrication of scanning tunneling 

microscope tips [1,2] and laser surface melting techniques used to modify surface 

microstructures, for  improved corrosion and wear resistance of materials [3-5]. 

 Surface melting is a highly however of great concern within the context of contact 

materials for radio frequency microelectromechanical (MEMS) Switches. This switching 

technology is of great interest for radio frequency (RF) systems, because of the low power 

consumption, small size, low fabrication cost and exceptional switching performance [6-12]. 

The switches are however highly susceptible to failure due to a variety of different physical 

mechanisms associated with high resistivity, material transport, adhesive bonding and surface 

contamination [13-17]. Surface melting through heating of contacts from electrical current 

and/or sliding contact is most closely associated with failures due to adhesive bonding. 
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3.1 Microelectromechanical (MEMS) Switch Design 

 Microelectromechanical (MEMS) Switches were first designed for microwave 

applications in the early 90s [18] Afterwards, they were widely developed and refined in both 

academic and industrial settings [6-12]. There are two kinds of radio frequency 

microelectromechanical (RFMEMS) switches: capacitive switches and metal-contact 

switches [19]. Capacitive switches are used as shunt switches, and metal-contact switches are 

used as series switches in RF circuits. The signal of a metal-contact switch is transmitted 

directly through the metal contacts, with an applicable signal frequency range of DC to 60 

GHz [19]. In this work, we will only discuss the surface melting issue relating to metal-

contact MEMS. 

 RF MEMS switches are mostly fabricated by low-temperature processes, and are 

therefore compatible with post-CMOS, SiGe and GaAs integration [19,20]. A schematic of a 

typical electrostatic, metal-contact MEMS switch is shown in Fig. 3.1[19]. A DC voltage is 

applied two metal-pads in order to generate the force to pull the switch into contact with the 

supporting substrate, and this is called the “actuation voltage”.  As long as the actuation 

voltage is higher than a threshold value, the upper micro-contacts are attracted down and 

physically contact with the bottom contacts. After contact, signals can be transferred through 

these metal contacts. If voltage is not applied on the metal-pad electrodes, there is no 

electrostatic force between metal contacts, and the switch re- opens if it has not adhered to 

the substrate [6,19]. Pure gold is widely used as a contact material for metal contact MEMS 

switches because of its low contact electrical resistance and high resistance to corrosion & 
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oxidation, but material softness and adhesion between pure gold surfaces causes stickiness 

and wear, which limits the operating lifetime of the gold-to-gold contact MEMS [25,26].  

 

 

 

3.2 Surface Melting/Softening at MEMS Contacts 

 As discussed in Chapter 2, in the 1960s, the re-crystallization temperature of gold was 

first reported by Holm to be 100 °C [21]. Holm presented a theoretical model of physical 

processes of contact heating for diffusive contacts.  Jensen et al. later modified and 

investigated experimentally Holm’s theory on RF MEMS switches [22,23]. In Ref. [22], 

Jensen et al. reported that the gold-gold contact in surface micromachined 

microelectromechanical switches used in his work had contact spot sizes less than 100 nm in 

diameter. Due to the roughness of the contact material surface, as the switches are closed and 

Fig. 3.1:  A schematic of the wiSpry metal contact MEMS switch. 
Reprinted from Ref. [19] 
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contact surface come together, the high points on each surface make contact, producing real 

contact spot at finite number of asperities, as Fig. 1.2 in Chapter 1. 

As switch is closed and current flows through it, the contact spots heat to an elevated 

temperature. This current heating can be extremely localized at the contact spots, and makes 

the contact temperatures tens or even hundreds of degrees higher than the surrounding 

material. The heating will make the contact spots melt and soften, first leading to wear of the 

contact material, and finally to failure of the entire MEMS switch due to the contact material 

wear and/or adhesion [22]. 

 Jensen et al. assumed the asperity contact size was in on the order of the electron 

mean free path. Two MEMS switches were measured and compared at different temperatures, 

one at room temperature and the other heated.  Jensen et al. observed a fast resistance, 

decreasing at 68 °C as Fig. 3.2. He interpreted this rapid decrease of contact resistance with 

contact voltage as an indication of a gold contact softening at ~68 °C [23]. 
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 To avoid the softening effect at contact material and explore whether the asperity 

heating models works at the contact temperature at cryogenic temperature, Berman et al. [24] 

very recently performed a study of  gold-gold contacts in a vacuum chamber at cryogenic 

temperature of range 79-293 K and contact voltages between 0.01 and 0.13 V. Contact 

resistance values at all temperatures were observed to be lower for higher contact voltages, 

which is consistent with the aforementioned asperity heating models of Holm and Jensen et 

al.. She also reported increased heating and softening effects when contact currents increased. 

From that work, she concluded that low ambient temperature operation of a RFMEMS switch 

Fig. 3.2:  Contact resistance measured over time for a heated and 
nonheated. Reprinted from Ref. [23]. 
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could give a wider range of contact voltages to be used without causing any asperity 

softening and the associated detrimental effects of adhesion [24]. 

 

3.3 MEMS Contact Material Approach 

 As mentioned earlier, the most common material contact employed in RFMEMS 

switches is a Au-Au contact, on account of the low contact resistance. Au can however 

soften, causing the switch to adhere and thus fail to reopen [25,26]. Alternative pure metals 

and alloys have therefore been developed and investigated as potential contact materials for 

future metal-contact MEMS switches. These include ruthenium (Ru), platinum (Pt), rhodium 

(Rh) and alloys of gold with small levels of palladium (Pd) or Pt [27-29]. All these potential 

materials are susceptible to either contamination problems that lead to high resistance or 

alternatively fail to exhibit low resistance in the first place [27-29]. 

 Recently Yang et al. reported a two-phase Au-Ni alloy as potential contact material 

with a substantial improvement of switching reliability, and only a small increase in contact 

resistance [30]. The samples were first prepared as solid-solution Au-Ni alloys in an ion-bean 

sputtering deposition system. After the deposition, the Au-Ni alloys samples were heated at 

600 °C for 30 s in flowing N2 gas. Before this Rapid Thermal Annealing (RTA) the X-Ray 

Diffraction (XRD) spectra of Au-Ni alloys only exhibits one Au (111) peak, which is 

representative of the solid-solution phase. After RTA, in the XRD spectrum of Au-Ni alloys 

Au (111), Au (200), Ni (111) and Ni (200) peaks can be clearly identified as shown in Fig. 

3.3. 



 
 

46

 

 

 

  

 Yang et al. compared pure Au and different percentage and phases Au-Ni alloy 

samples in the switching degradation test in hot-switching conditions. The test results are 

shown in Fig. 3.4. We can see the pure gold switch has lowest electrical resistance but also 

shortest number of cycles before failure.  The Two-phase Au-Ni alloy (20 atomic % Ni) 

yields highest cycle number while retaining a relatively low electrical resistance, as 

compared to the solid-solution Au-Ni alloy with other atomic % Ni. These alloys were 

therefore selected for the present study, in which we applied the experimental approach 

reported by Dawson et al [31]. 

Fig. 3.3:  XRD spectrum of the Au-Ni (20 at.% Ni) after RTA. 
Reprinted from Ref. [30]. 
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3.4 Surface Melting Transition at a Sliding Asperity Contact 

 In 2009, B. Dawson et al. reported an observation of a tribo-induced melting 

transition from solid to liquidlike behavior for an indium surface by means of an STM-QCM 

technique [31] Dawson et al. deposited an indium electrode on a quartz crystal microbalance 

(QCM) in an ultra high vacuum STM chamber, and then brought the STM tip into contact 

Fig. 3.4:  Micro-contacting tests on pure gold and Au-Ni alloys. 
Reprinted from Ref. [30]. 
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with the oscillating QCM electrode. The oscillation consisted of a shear mode at MHz 

frequency with surface velocity amplitudes from 0.01 to 2 m/s. As long as the tungsten STM 

tip was in contact with the indium surface, there would be a sliding asperity contact between 

the tungsten tip and indium electrode surface. Since the QCM is very sensitive to the nature 

of the contact mechanism, [32-34]. Dawson et al. could use the STM-QCM method to track 

changes in the contact mechanism. A frequency shift from positive to negative, associated 

with contact melting, was observed as the oscillation speed increased, as shown in Fig. 3.5.  

 

 

 

Fig. 3.5:  Frequency shift versus time as the electrode velocity 
amplitude is varied. Reprinted from Ref. [31]. 
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 The STM-QCM technique therefore allows us to probe the contact melting and 

surface softening properties of Au-Ni alloys, if they can be successfully deposited as surface 

electrodes on a QCM. Because an STM tip is on the scale of microns, Dawson’s STM-QCM 

experiment setup allows tracking the surface melting transition on a nano size area on indium 

surface [31]. In the following chapters we will describe the experimental apparatus employed 

for these studied, and a detailed description of the sample electrode preparation and 

characterization process.  
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Chapter 4  

Experiment Setup and Experimental Method 

 

4.1 Scanning Tunneling Microscopy 

 The scanning tunneling microscope (STM) employed for the measurements reported 

here was an RHK UHV 300 variable temperature Ultra-High Vacuum Scanning Tunneling 

Microscope (VT UHV STM) system. STM is an instrument for imaging surfaces at the 

atomic level. It was developed in 1981 by Gerd Binnig and Heinrich Rohrer at IBM Zürich 

[1]. STM imaging is based on the concept of quantum tunneling: When a conducting tip is 

brought very near to the surface to be examined, a bias voltage difference applied between 

the tip and surface results in electron tunneling through the vacuum between them. The 

tunneling current level is a sensitive function of tip position, applied voltage, and the local 

density of states (LDOS) of the sample [2], described by: 

    AwdCVeI −=       (Eq. 4.1) 

 where C and A are constants, V is the bias between the sample and tip, w is the square 

root of the tunnel barrier height and d is the distance between the tip and sample. [1,2] 

 The tunneling current’s exponential dependence on tip-sample separation is the 

primary factor that enables atomic scale resolution by mean of STM.   An STM that operates 

in Ultra High Vacuum (UHV) and at Variable Temperatures (VT) is a powerful tool to 
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investigate solid surfaces, thin adsorbed layers and the electronic properties of numerous 

materials such as metals [3], and semiconductors, [4] as well as organic systems [5]. 

 Various variable temperature UHV STMs with a variety of STM head designs have 

been recently been constructed, both non-commercially and commercially. Among the 

various STM head designs, the “Beetle” type [6] and “walker” type [7] designs stand out as 

the most mechanically and thermally stable STM head designs. 

 RHK UHV 300 STM is designed with a “walker” type scan head.  In the “walker” 

type scan head design, the scanning head is standing directly on the sample holder, so the 

vibrations that may transfer through the copper cooling braid do not directly couple into the 

tunneling junction. In addition, due to its compact structure and high resonant frequency, the 

scan head rejects more external disturbances. Therefore one can easily achieve high 

resolution with a “walker” type scan head, or one can shorten the length or increase the cross 

section of the linkage between the cryostat and sample holder to reach lower temperatures. 

The RHK UHV 300 STM is shown below in Fig. 4.1, as it is mounted in our system’s 

vacuum chamber. And the schematic sample stage design is shown in Fig. 4.2. 
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Fig. 4.2: Schemetic design of RHK UHV300 STM sample stage. Reprinted from 
 RHK UHV300 user’s guide. 

Fig. 4.1: a) RHK UHV 300 STM.    b) “walker” type scan head and sample stage

(a) (b)
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 In the UHV 300 STM, only the sample gets heated and cooled while the scan head 

and the rest of the system remains at ambient temperature. There is a heater inside the sample 

stage which can be raised up to be close to the back of the sample, shown in Fig. 4.3. This 

heater allows the sample to be heated with thermal radiation during imaging by connecting to 

a DC power supply. The filament below can be raised up and down and to get close to the 

sample, which can be found in the center of the stage in Fig. 4.2. Up to 7 A of current can be 

applied through the filament, which is able to heat the sample in a top loading sample holder 

to more than 400 ºC. 

 

 

 

 And if there is a high voltage placed between the sample and the filament, the 

electrons emitted from the hot filament will be accelerated into the back of the sample with a 

Fig. 4.3: Schematic design of RHK UHV300 STM heater assembly. Reprinted 
from RHK UHV300 user’s guide. 
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high kinetic energy. This electron bombardment method of heating can heat the sample up to 

800 ºC, and the connection is shown as below: 

 

 

 By utilizing cooling systems, the sample temperature can be maintained at any point 

in the range from cryostat temperature to room temperature, using the LN cryostat, with 

atomic resolution demonstrated on close-packed metal surfaces. Fig. 4.5 is a STM image of 

graphite surface at atomic scale from RHK STM with scan size of 3 nm at room temperature.  

 

Fig. 4.4: Schematic connection of electron beam bombardment heating with RHK 
 UHV300 STM. Reprinted from RHK UHV300 user’s guide. 
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 The sample can be heated by a movable heater right below the sample holder inside 

the RHK UHV300 chamber. The heater has a W filament on the top and can be connected to 

the external power supply by the RHK built-in power feedthrough. When we mount the 

sample holder onto the sample stage, we can use the rotatory feedthrough to approach the 

heater to be close to the back of the sample so that radiative heating can be performed. There 

is a thermocouple connecting to the heating/cooling stage to measure its temperature on the 

inside wall of sample stage, shown in Fig. 4.2. We use this to monitor the stage temperature 

during the heating process. When we bake the chamber on the exterior with resistive heating 

strips, the sample temperature should be very close to the stage temperature. 

Fig. 4.5: Atomic scale resolution STM image of graphite surface, with scan 
 size of 3 nm at room temperature.  
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 RHK has developed a novel in situ tip exchange mechanism for the STM head, which 

is fully integrated into this new UHV variable temperature STM system. Sample cooling is 

accomplished by a liquid nitrogen (LN) or liquid helium (LHe) continuous flow cryostat. 

 When scanning the surfaces of the QCM electrodes, we exclusively use the STM in 

what is called “constant current mode”. When operated in this manner, the tunneling current 

is kept constant via a feedback loop in the control electronics as the tip is scanned back and 

forth, line by line, over the surface. The amount that the tip has to be raised or lowered to 

keep the current constant is monitored, giving a detailed picture of the surface topography. 

 With RHK’s software, we employed the current vs. height (I-Z) spectroscopy mode 

for the measurements reported here, to lower the tip into contact with the QCM substrate. 

With this mode, we could then control the depth and duration of the tip indentation. During 

the indentation, the RHK software would have multiple I-Z curves with the tip in a very 

small range of 0.1 Å. For example, we could set the tip depth of 3 nm to 3.01 nm, sampling 

time 90 ms for one I-Z curve and 15 I-Z curves, which could make the tip crash on the 

sample surface at 3 nm for 50 seconds. Then we can control the indentation time by changing 

the number of I-Z curves obtained and also presetting the sampling time for each curve.  

 The total indentation time is obtained by multiplying the sampling time for each 

curve and total number of sample curves. Usually, we preset a constant tip indentation depth 

from 2 nm to 5 nm, which meant that after a tip lowered to that depth it would stay at that 

position. We refer to this as a “constant depth” indentation, and this is the technique we used 

mostly in this thesis. Alternatively, we are able to set an initial and final indentation depth, so 
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that the tip will move from initial depth to final depth during the indentation process. We 

refer to this as a “variable depth” indentation.  The frequency shift and amplitude shift of 

QCM depend sensitively on the nature of the indentation.  In this thesis, we have focused on 

the thermal properties during indentation. In order to reach an equilibrium state for the tip-

sample system, the indentation time was generally set in the range of 80 to 90 seconds. 

 

4.2 Combined STM-QCM  

 The Quartz Crystal Microbalance (QCM) is a thin piezoelectric disk cut from 

crystalline silicon dioxide, SiO2. Quartz is one member of a family of crystals that 

experience the piezoelectric effect. The quartz crystal is “AT” cut so that transverse shear 

oscillations will occur when an alternating voltage is applied perpendicular to its major faces.  

AT-cut crystals are very stable oscillators with quality factors approaching ~ 105 or better, 

and the frequency of QCM is very stable in the temperature range from -200 to 200 °C. A 

QCM can oscillate at high lateral surface velocities of 1 m/s or more.  

 For these reasons, 8 MHz AT-cut transverse-shear mode quartz crystals from 

Colorado Crystal Corporation were used as substrates for our work, shown as left sample in 

Fig. 4.6. On both sides, a 5 nm Chromium layer was first deposited as an adhesion layer, and 

then a 10 nm Molybdenum layer was deposited as a diffusion barrier layer, respectively. 

After that, a 250 nm film of pure Au or gold nickel alloy was deposited on both sides as 

electrode and test film, respectively. All the depositions were performed in an ion-beam 
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sputtering deposition system. The precise deposition conditions will be described in Chapter 

5. A typical sample with electrodes on both sides is displayed on the right side in Fig. 4.6 

 

 

 

 

 

 Daly and Krim were the first to suggest a tribological study by combining the STM 

and QCM techniques [8]. They suggested putting QCM in combination with an STM to 

provide a lateral motion, while using the STM tip as an indenter probe to contact the 

electrode of the QCM as a single asperity in sliding motion. The experiment set up is shown 

in Fig. 4.7: 

Fig. 4.6:  Plain crystal (left) and sample with electrodes on both sides (right) 
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4.3 System Setup 

 To make the QCM compatible with STM in the RHK system, vacuum chamber, we 

customized the commercial RHK STM sample holder, as depicted in Fig. 4.8. The original 

RHK sample holders are made of upper and lower parts that are connected by three bolts. 

Between the connecting surfaces there are two thermal-couple wire connections for 

measuring the sample temperature under high vacuum. When the sample holder is pushed 

into sample stage, those two wires connect to two small clips, which are in turn connected to 

a feedthrough that leads outside of the chamber, shown in Fig. 4.9. 

Fig. 4.7:  Combined STM- QCM (left) and STM tip and electrode are in single 
 asperity contact mode (right). 
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Fig. 4.9:  Schematic of thermocouple connection between RHK STM sample 
holder and sample stage. Reprinted from RHK UHV300 user’s guide. 

Fig. 4.8:  Customized RHK STM sample holder 
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 We placed a small washer with three small supporting bumps (1x1 mm) on the center 

of the sample holder. One of the three supporting bumps was plated with silver, and 

connected to a wire out of the sample holder labeled “bottom electrode connect” in Fig. 4.8. 

This modification can be found in Fig. 4.10 a), and the electrical connection is isolated from 

the main portion of the RHK STM sample holder.  We placed the crystal onto the small 

washer with the bottom electrode in electrical contact with the “bottom electrode connect” 

wire, shown in Fig. 4.10 b). Then we placed a washer on the top of the crystal as shown in 

Fig. 4.10 c). We used a small clip sticking on the top electrode of the crystal to improve the 

electrical connection between top washer and upper electrode of the crystal. In addition, we 

used three small metal foils to push against the top washer, which were electrically connected 

to sample holder body as shown in Fig. 4.10 c). A wire named “top electrode connect” was 

electrically connected to the middle of the sample. In this way, we employed the two 

thermocouple connections in the original RHK design (shown in Fig. 4.9) to act as the two 

leads to the top and bottom electrodes of the QCM. 
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Fig. 4.10:  Pictures of sample mount process on the RHK holder. a) bottom 
 support washer. b)  crystal on the support washer. c) top washer and 

metal foils.

(c) 

(a) 

(b) 

Three metal foils.

Connect with top 
electrode wire 

Connect with bottom 
electrode wire on sliver layer.

Silver electrical layer.
Top and bottom electrode 
connections.
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The two QCM feedthroughs were connected to a Clapp oscillator circuit, Fig. 4.11, 

capable of driving the QCM oscillating in shear mode with 8 MHz frequency. The Clapp 

circuit enabled the imaged electrode to be maintained at the STM sample bias voltage, while 

an oscillating voltage was applied to the back electrode, causing the crystal to oscillate. By 

changing the voltage applied to the crystal from this Clapp oscillator circuit, the amplitude of 

vibration of the QCM oscillation amplitude could be controlled, and directly imaged [9]. 

  

 

 

 

Fig. 4.11: Schematic diagram of the Clapp oscillator circuit. 
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 4.4 Experimental method 

 The electrode deposition process will be discussed in Chapter 5. After both sides 

electrode were deposited in the ion-beam sputtering deposition system, the QCM samples 

were stored in crystal box from Colorado Crystal Corporation in air for weeks before put into 

vacuum chamber for further test. Before tip indentation test, QCM was placed into the 

customized sample holder described above, and the entire sample holder was then placed 

onto the sample stage inside the chamber.  

 After that, the whole STM chamber was pumped to 10-5 torr with oil-free mechanic 

pump and turbo pump in 5 hours first, and then pumped to 10-8 torr with ion pump in a day. 

The chamber pressure was kept at 10-8 torr during the tip indentation test with ion pump, 

even during sample heating with radiative heating method. Only when we studied the tip-

sample temperature difference described in Chapter 7, we baked the whole chamber with 

resistive heating strips, and the chamber pressure rose to ~5×10-6 torr.  

 STM works under bias of 0.5 V and tunneling current of 0.5-1 nA during the imaging 

process. With RHK’s software, we can use the current vs. height (I-Z) spectroscopy mode to 

lower the tip into contact with the QCM substrate. With this mode, we can control the depth 

and duration of the tip indentation. This brings a single asperity sliding contact between the 

tungsten tip and electrode of sample alloy. A digital frequency counter and oscilloscope were 

used to measure the QCM oscillation frequency and electronic amplitude in response to the 

tip contact. A program written in LabVIEW was used to read and record the data from those 

digital instruments. The amplitude of vibration of the voltage signal from the QCM displayed 
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on the oscilloscope was related to the actual amplitude of oscillation as determined from 

STM imaging during QCM oscillation [9] to calibrate the system, as discussed further in 

Chapter 6. 

 With the build-in heater discussed above, the sample could be heated to 400 °C with 

radiative heating method. A Resistance Temperature Detectors (RTD) from Omega 

Engineering, INC. was attached directly to the sample surface to measure the sample surface 

temperature directly during the sample heating process with an accuracy ~0.5 °C. But 

because the sample surface is small, the RTD could not be placed there during the tip 

indentation experiment itself. Hence we carefully recorded the radiative heating current and 

experimental time point after heating. After the tip indentation experiment, we attached the 

RTD onto the QCM electrode surface and repeated the heating process. During the second 

time heating, we employed LabVIEW and a Keithley multimeter to record the resistance of 

RTD to obtain a temperature calibration for the tip indentation experiment. 

 As mentioned above, friction and tribo-induced melting can be performed by means 

of a combined STM and QCM. With the QCM oscillating at a high lateral velocity relative to 

the static STM tip, a fundamental length scale of friction can be performed at nanometer 

length scales but macroscopic sliding speeds. At that nano-scale interface, the temperature 

rise due to the tribo-induced heating is able to melt and/or soften the material, thus changing 

the contact mechanics there. This special capability gives us a chance to compare the nano-

size surface melting and softening transitions on alloys with different surface features and 



 
 

70

compositions. An overview of how a QCM responds to contact with an asperity tip is 

presented in the following section. 

 

4.5 QCM response  

4.5.1 Solid-Solid Contact 

 The QCM is widely used as film thickness monitor in thin film deposition because it 

can measure the mass per unit area through changes in frequency. The relation between the 

mass of film deposited on the QCM and the frequency shift is given by Sauerbrey [10] as Eq. 

4.2. 

   2
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 where ρq is the density of quartz, vq is the speed of sound in quartz and A0 is the active 

area of the quartz crystal. 

 Dybwad reported a QCM positive frequency shift when a single micron-sized gold 

spheres with diameters of 10-50 μm was placed on the gold electrode of an AT-cut QCM 

[11]. All the experiments were carried out in air. He modeled the particle with the QCM 

resonator system mathematically as a pair of coupled oscillators system as shown in Fig. 

4.12. 
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By using Newton’s equations, the frequency of the coupled oscillator system was 

expressed in terms of k, m, K and M. 
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 Where K and M are the spring constant and mass of the QCM, and k and m are the 

adhesion constant and mass of the particle. 

 The system frequency is plotted as a function of the particle’s attachment force 

constant k in Fig. 4.13.  

 

Fig. 4.12: Equivalent mechanical model for a particle-QCM system. Reprinted 
from Ref. [11].  



 
 

72

 

 

  

From Dybwad’s model we can see if the attachment parameter is small, which means 

the particle is decoupled or lightly coupled on the QCM electrode, a positive frequency shift 

will be observed from QCM response. 

 Laschitsch and Johannsmann reported a solid-solid sliding contact between a sphere 

and QCM electrode film with positive frequency shift at 1999 [12], which is more like our 

case in this thesis. Their experimental setup is shown in Fig. 4.14. They approached a small 

Fig. 4.13: The ideal particle-QCM system frequency as a function of the 
particle’s attachment parameter. Reprinted from Ref. [11]. 
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sphere with a radius of 3.5 mm to the oscillating quartz surface in air and measuring the 

shifts in frequency and bandwidth as a function of the sphere-sample distance.  

 

 

 When the sphere went into the film surface on quartz crystal electrode with depth 

from 0 to 0.6 μm, and an elastic contact was established and frequency of quartz crystal 

increased during the indentation process as shown in Fig. 4.15. As the sphere went into the 

film, the frequency and amplitude show a discontinuity jump. The origin of the z scale was 

arbitrarily set to the onset of frequency changes. Negative distances in Fig. 4.15 correspond 

Fig. 4.14: Schematic of the experimental setup. Reprinted from Ref. [12]. 
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to the sphere pushing onto the quartz. When contact is established, the frequency increases, 

which is interpreted in terms of an increased stiffness of the quartz–sphere system [12]. 

 

 

 

Fig. 4.15: A typical set of data during the sphere indentation. Reprinted from Ref. 
 [12].  
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 Laschitsch and Johannsmann considered this positive frequency shift during a solid-

solid contact to be well described by an increased stiffness of the QCM –sphere system [12]. 

They also used an improved equivalent circuit from the classical Butterworth-van Dyke 

circuit to model the QCM-sphere system, and gave a quantitative analysis for the frequency 

shift for this solid-solid contact. For details information, please refer Ref. [12]. 

 For solid-solid contact, Borovsky et al. reported QCM frequency shift is positive and 

directly proportional to the contact area as inferred from the contact stiffness, through measuring 

the nanomechanical properties of a dynamic contact between an indenter probe and QCM [13].  

 

4.5.2 Solid-Liquid Contact 

 Flanigan et al. investigated the response of a gold-coated quartz crystal to a 

hemispherical, elastic gel pressed into the QCM’s electrode in 2000 [14]. The experimental 

setup is shown in Fig. 4.16. 

 

 

Fig. 4.16: Schematic representation of quartz crystal microbalance experiment 
 where a hemispherical gel cap is pressed against a quartz crystal. Reprinted 
 from Ref. [14].  
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 Flanigan et al. used a 5 MHz AT-cut circular quartz crystal with diameters of 1.37 cm 

in her experiment. The gel cap was aligned with the center of the electrode, and during the 

tests, a normal force was applied on the top rigid substrate to push the gel against the gold 

electrode of QCM. During this test, a negative resonant frequency shift with a linear 

relationship between the crystal’s resonant frequency and the gel/electrode contact area was 

observed. For small contact area, the frequency shift is linearly dependent on the contact 

area:  

   
0

00

)2/sin(2
)/(

A
AGfAAKf

qq

g

μρ
ρ

δπ
−

=Δ     (Eq. 4.4) 

 where f0: fundamental frequency, A: radius of the active area of the gel in contact with 

the QCM electrode, A0: area of the electrode, G: effective shear modulus of the interface, 

K(A/A0):  sensitivity factor, ρq:  density of quartz, ρg:density of the gel, μq: shear modulus of 

quartz, and δ: phase angle. 

 Hence if the contact area is known during the contact process, the contact material 

properties can be deduced from the frequency shift character. In this thesis, an expected 

negative frequency shift for a solid-liquid contact is an important criteria to track the contact 

mechanics. This experiment method to study the contact mechanism with QCM frequency 

shift is also validated by Dawson et al. on trobo-induced indium surface melting research 

[15]. 
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Chapter 5  

Sample Preparation and Characteristics 

 

5.1 Au-Ni and Au film preparation 

As mentioned in Chapter 3,  the work here focuses on studies of a  range of gold 

nickel alloys with varying compositional percentages, including pure gold,  and also different 

phases, including solid-solution and two-phase. The Au-Ni phase diagram is shown in Fig. 

5.1 

Both Au and Ni are FCC structures, and according to the phase diagram below, a 

two-phase mixture exists at relatively low temperatures under equilibrium conditions. A 

metastable single phase “solid solution” alloy may however also be produced at the low 

processing temperatures utilized for the film deposition. Thus, a comparison of the 

metastable solid-solutions and the two-phase mixtures with the same overall composition can 

be achieved.  These systems can also be readily examined for surface softening and melting 

attributes.  
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A solid solution is a solid-state solution of one or more solutes in a solvent. Such a 

mixture is considered a solution rather than a compound when the crystal structure of the 

solvent remains unchanged by addition of the solutes, and when the mixture remains in a 

single homogeneous phase [2]. The solute may incorporate into the solvent crystal lattice 

substitutionally, by replacing a solvent particle in the lattice, or interstitially, by fitting into 

the space between solvent particles. Both of these types of solid solution will alter the 

Fig. 5.1:  Au-Ni phase diagram. Reprinted from Ref. [1]. 
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properties of the material by distorting the crystal lattice and/or disrupting the physical and 

electrical homogeneity of the solvent material [3]. 

To prepare a pure metal of an alloy thin film, sputtering and evaporation are the usual 

methods employed.  It is difficult however to control the alloy composition using evaporation 

methods:  When just one source alloyed material is used as the evaporation source, the vapor 

pressure for different metals is fixed, and therefore the evaporation rate is fixed.  It is also 

hard to control the composition uniformity across the substrate in separate co-evaporation 

systems on account of the straight line atom transport patterns during the evaporation process 

[4].  For the present work, precise composition control and high composition uniformity are a 

necessity. A co-sputtering technique was therefore employed to achieve these goals, instead 

of evaporation. The setup of ion-beam sputtering deposition chamber is shown below: 
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All the gold nickel alloys with varying compositional percentages and pure gold 

electrode samples were prepared in this system as described next:  The system was first 

pumped to base pressure below 3 × 10-7 torr with oil-sealed mechanic pump and turbo pump 

and then xenon gas was admitted to the chamber by a gas-flow controller at a fixed speed. 

The turbo pumping rate was regulated so that the chamber deposition pressure remained 

close to 2.1 × 10-7 torr. Xenon gas was used here in the ion source because of its relatively 

large mass, which can reduce energetic bombardment of the growing film. As soon as the 

pressure of xenon gas was stabilized near 2.1 × 10-7 torr, the ion-beam controller was turned 

Fig. 5.2:  Ion-beam sputtering deposition chamber setup. 
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on. Deposition parameters were set up with the accelerating voltage for the beam of ion-

beam sputtering deposition system at 600V, and beam current was at 20 mA.  

Transverse-shear mode quartz crystals (8 MHz AT-cut) from Colorado Crystal 

Corporation were used as substrates for this work, shown on the left side in Fig. 4.6 of 

Chapter 4. On both sides, a 5 nm Chromium layer was firstly deposited as an adhesion layer, 

and then a 10 nm Molybdenum layer was deposited as a diffusion barrier layer, respectively. 

A 250 nm film of pure Au or gold nickel alloy was then deposited atop both sides of the 

QCM. Whole deposition process was carried out in the same deposition chamber, and 

deposition material can be chosen by rotating the target. The right side crystal in Fig. 4.6 of 

Chapter 4 is a typical QCM crystal after the electrodes have been deposited onto it.  Three 

blank crystals were held in sample holder covered by a mask and prepared alongside each 

other. With the mask, electrodes were deposited in the center of the crystal, and a convex part 

was deposited from center to the edge of the crystal on both sides. The convex parts were 

used as an electronic connection to our oscillation circuit, which was discussed in Chapter 4, 

so that wires could be attached to non oscillating portions of the QCM crystal. 

A rotating gold target covered by a piece of nickel was used for the alloy sample 

deposition, as shown in Fig. 5.3. In-situ rotation of the target ensured the uniformity of the 

alloy film composition. The atomic percentage of the alloy sample was determined by the 

fractional target area that the nickel and gold pieces comprised, in combination with the gold 

and nickel sputtering yields, described by Yang et al. [5]. 
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 where θ is the angle that gold or nickel occupies on the target , under the constraint 

that  o360=+ AuNi θθ . Y is the sputtering yield of gold and nickel under Xe ion bombardment 

taken from Ohring [6]. 

From Equation 5.1 and also o360=+ AuNi θθ , we can calculate the angle that nickel 

piece should cover on the rotating target as: 
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Fig. 5.3:  Rotating target comprised of gold and nickel portions. 
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 Alloy samples with 5, 10, 14 and 20 at. % Ni, as well as pure gold samples, were 

prepared for the work presented in this thesis.  The preparation method was identical to that 

reported earlier by Yang et al. [5]. 

In Yang et al.’s work [5], rapid thermal annealing (RTA) at 600 °C for 30 seconds to 

produce stable two-phase mixture structures. In this case, the films were deposited onto 

silicon wafers, which are more stable at high temperature than the quartz crystals we 

employed. We first attempted to prepare samples at 600 °C RTA, and then 500 °C, but our 

quartz samples shattered as a result of the high temperatures and rapid annealing. We next 

annealed our samples in a traditional furnace at 500 °C for 12min in forming gas (1%H2 in 

N2), a procedure did not destroy the samples. 

 X-ray diffraction spectra were recorded on the Au-Ni alloy samples: Au (1 1 1), Au 

(2 0 0), Ni (1 1 1) and Ni (2 0 0) peaks, if present can be clearly identified in these spectra. 

The precipitation of a nickel–rich phase that was not present before annealing is confirmed in 

the X-ray diffraction spectra. The X-ray diffraction spectra for the alloy samples with varying 

compositional percentages will be presented later in this chapter.  In the following section, 

we describe how the x-ray analysis was used to characterize the films. 

 

5.2 X-Ray Diffraction Characterization 

X-Ray diffraction is a principal method for determining structure of condensed matter 

on the atomic scale, including the lattice parameter and microstructure of alloy films. The 

wavelength range employed for X-Ray diffraction varies from 0.01 to 10 nm, which is on the 
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order of the distance between molecules and crystal lattice constants. By comparing x-ray 

data with the well-established reference data sources, one can obtain a detailed 

crystallography and compositional profile. 

A simple approach to x-ray diffraction from a crystal is to treat it as interference of 

rays scattered by a multitude of equidistant lattice planes. When the path difference between 

the scattered waves is an integer multiple times the wavelength λ, there is a maximum in the 

intensity and constructive interference, described by Bragg’s law [7]:  

θλ sin2dm =                                                    (Eq. 5.3) 

where  λ is the incident ray wavelength, θ is the angle between incident ray and the 

scattering lattice planes, d is the distance between two lattice planes, m is an integer, and 

2dsin θ is the path difference between the incoming and the scattered ray. 



 
 

87

 

 

If the unit cell structure of crystal is known, with Miller indices (h, k, l), the lattice 

parameter, a, can then be defined by Equation 5.4 from the distance between atomic planes d 

as below: 

222 lkhda ++⋅=                                       (Eq. 5.4) 

 

From the theory discussed above, the individual peaks of reflected x-ray intensity 

provide information about elemental species and micro-structures of the samples studied. By 

comparing the measured data to those of well-calibrated data, the chemical composition and 

structure of the alloy films can be profiled. In the work reported here, we observed only one 

Fig. 5.4: Equivalence of Bragg (left) and Laue (right). Reprinted from Ref. [7]. 
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major set of peaks related to the single-phase solid solution structure in the XRD spectrum of 

Au-Ni solid solution samples, and two major sets of peaks respectively related to gold-rich 

phase and nickel-rich phase in the spectrum of a two-phase Au-Ni samples. We will present 

these results later in this chapter. 

In addition to the chemical information obtained from the X-Ray diffraction spectra, 

we can also estimate the grain particle diameters from the Debye-Scherrer relation [7,8] 

   
BB

KD
θ

λ
cos

=                                     (Eq. 5.5) 

where K is a dimensionless constant around 1, λ is the wave length, B is the full 

width at half maximum, denoted as FWHM, as Fig. 5.2 shows and Bθ  is the Bragg angle, i.e. 

the peak’s angle value. Both B and Bθ  are in unit of radians. 
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The value of K depends on the specific geometry of the scattering objects. A 

numerical calculation gives the lower bound of 0.89 for K for a perfect two dimensional 

lattice [9]. A cubic three dimension crystal usually has a K value of 0.94, and a perfectly 

spherical object yields a K value of 1.33 [10]. In this thesis we assume K=0.85, 0.9 and 0.95, 

to estimate the range of grain size diameters to compare with those measurement directly 

from STM images.  

Fig. 5.5: FWHM for a crystal of finite (left) and infinite (right) size. 
Reprinted from Ref. [8]. 
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For the X-ray diffraction characterizations, we used CuKa X-Rays, with average 

wavelength 1.5418 Å. In our grain size estimate, we also considered the standard instrument 

peak width adjustment, 0.25 degree, which we would subtract from the measured value of B. 

The true value of B is then obtained from: 

   222
sm BBB −=                                        (Eq. 5.6) 

where Bm is the measured value of the full width at half maximum, and Bs is the 

standard instrument peak width adjustment. 

With these equations, we can calculate the particle grain sizes for the various Au-Ni 

alloys with different compositional percentages and phases, and compare the results with 

STM images recorded on the samples. The results from the two different measurement 

methodologies match each other very well, as will be described later in this chapter. 

 

5.3 Surface Characterizations from STM 

Thin films deposited under nonequilibrium conditions are generally expected to have 

self-affine fractal surfaces [11]. The microstructure of the surface can influence the physical 

properties of film (electrical, mechanical, optical, etc.)  A self-affine surface differs from a 

self-similar fractal by the asymmetry in the scaling behavior perpendicular to the surface: in 

general this means that there are no surface overhangs [12]. Self-affine surfaces are 

characterized by fluctuations in height perpendicular to the surface whose width σ is defined 

as the height fluctuation over a length L parallel to the surface, usually denoted as rms 

roughness [13]. The height fluctuation over a length scale L is defined as Eq. 5.7. 
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 [ ] 2/12)()()( rhrhL −=σ                             (Eq. 5.7)                

where h is average height, and < > is the spatial average over position r in a planar 

reference surface. 

 

If a surface is termed self-affine, it should have σ increasing with the horizontal 

length L following Eq. 5.8. 

 
HL∝σ  (Eq. 5.8)   

where exponent H is indicative of the texture of the surface, normally ranges between 

0 and 1 and is generally referred to as the “roughness exponent”. 

We focus here on the impact of surface curvature on surface melting and softening 

temperatures. The roughness exponent is an important parameter to characterize the texture 

of the sample surface. To calculate roughness exponent, H, we use the method J. Krim et al. 

introduced in reference [12,13].  

With the imaging ability of Scanning Tunneling Microscopy, a variety of scans with 

scan size of L at random locations on the surface are recorded on the surface.  The σ values 

provided by the images through “RHK XPMPro” software were averaged. We repeated this 

procedure for a series of different scan sizes from 10 -20 nanometer to 5 micron. We can get 

a set of average σ values vs. scan size L. And from a log-log plot of σ value vs. scan size L 

we obtain the slope, which is H. We should notice that in the log-log plot, within the range of 

scaling, L, log(σ) and log(L) is linear relationship. If a scan size is smaller or larger than the 



 
 

92

range of scaling, we will not have the linear relationship but a relatively similar rms 

roughness value. We will show this result later in this chapter. 

From the STM images we can also directly observe the apparent grain sizes of 

different samples, and compare the result to XRD results. As discussed later, the two 

independent methods yield matching results. In addition, line profiles from the STM images 

of the sample surface can be obtained, which directly reflect the curvature characteristics.  

 

5.4 Sample Surface Characterizations  

 We will now present the surface characterizations obtained for the samples studied: 

These include pure gold as deposited, as well as 5, 14 and 20 atomic % Ni solid-solution and 

two-phase thin film samples. For solid-solution phase Au-Ni alloy samples, a XRD analysis 

was performed immediately after deposition. For the two-phase Au-Ni alloys, the XRD 

analyses were performed after annealing.   

  

5.4.1 Pure Gold Sample as Deposited 

 An X-ray diffraction spectrum of a pure gold film sample as deposited on the quartz 

crystal substrate is shown in Fig. 5.6. In the spectrum, Au(1 1 1) and Au(2 0 0) peaks can be 

clearly identified.  The structure of the gold sample from the ion beam sputtering system 

consists primarily of Au(1 1 1) and some Au(2 0 0). 
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Employing the Debye-Scherrer formula discussed in section 5.2, we estimate the 

grain size of the pure gold film sample as deposited on quartz crystal substrate. Here we consider 

the dimensionless constant K to fall between 0.85 to 0.99, with a midpoint of 0.9, i.e. that 

which is usually used to calculate grain size. The calculated Au (1 1 1) grain size from X-ray 

diffraction spectrum for the pure gold sample is 52 ± 2 nm. 

The STM images of this pure gold film sample as deposited on quartz crystal 

substrate at different scan sizes is shown in Fig. 5.7. From the STM images with scan size of 

500 nm, we can also infer the grain size of the pure gold film sample from inspection of the 

Fig. 5.6: XRD spectrum of pure gold film on quartz crystal as deposited. 
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image, as marked by the black circle. The particle grain size obtained from XRD data is 

compared to the STM image in Fig. 5.7 (b) and (c).  

 

 

Fig. 5.7: Top view of STM images on the pure gold film as deposited with quartz 
crystal substrate. The scan sizes, clockwise, starting in the upper left corner 
are (a) (3000 nm)2, (b) (1000 nm)2, (c) (500 nm)2,  and (d) (100 nm)2. The 
corresponding length scale bars are (a) 500 nm, (b) 100 nm, (c) 50 nm, and 
(d) 10 nm. The corresponding vertical scales are on the right side of each 
image. The circles in (b) and (c) depict the grain size obtained from 
analyzing the XRD data in Fig. 5.6. 
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From the image with scan size of 100 nm in Fig. 5.7, a gold stepped structure is also 

apparent. It is similar to that which is usually observed for Au (1 1 1) surfaces on mica. From 

Fig. 5.8 (b), we can see the gold step height along the line drawn on Fig. 5.8 (a) is ~0.24 nm, 

very close to the theoretical value, 0.236 nm. The topography of this gold film sample on the 

quartz crystal substrate at large scan size is not as flat as the Au(1 1 1) surface on mica, but 

we can still find the Au(1 1 1) stepped features on this sample. Base on our understanding, 

this is the first time report of observation of Au(1 1 1) step features on quartz crystal 

substrate. We also present a commercially obtained sample of the Au(1 1 1) surface on mica 

image from our STM in Fig. 5.9 for reference. The total height of three gold steps on Fig. 5.9 

(b) is 0.71 nm, which is exactly the same as the theoretical value, 0.236×3=0.708 nm. This 

procedure provides a calibration for the z-direction of the STM image measurements. 
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Fig. 5.8: (a) Top view of STM images on the pure gold film as deposited with 
quartz crystal substrate. (b) The height profile of line E in topography image 

(a) 

(b) 
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Fig. 5.9: (a) Top view of STM image on the Au(111) film with mica substrate.  
(b) The height profile of line D in topography image (a). 

(a) 

(b) 
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 A logarithmic plot of the root-mean-square (RMS) surface roughness with the length 

scale of the scan area for the pure gold film as deposited on the quartz crystal substrate is 

shown in Fig. 5.10.  Here the error bar’s length is still the absolute value of error, not the 

logarithmic value of error, because if the error is smaller than 1, there would be a negative 

value and that cannot be plotted on the chart. With the method we discussed in Chapter 5.3, 

the self-affine fractal roughness exponent, H, can be found from the slope of the best-fit line. 

Here for this pure gold sample, the roughness exponent was found to be 0.45±0.05. The 

range of scaling is from ~50 nm to ~1000 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10: A logarithmic plot of average root-mean-square roughness vs scan size for the 
pure gold film as deposited with quartz crystal substrate. Slope = 0.45±0.05. 
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For future surface roughness and curvature comparison between different samples, 

here we give an example STM image with scan size of 500 nm and its random line height 

profile in Fig. 5.11. With scan size of 500 nm, the root-mean-square roughness of Fig. 5.11 is 

0.414 nm. The random line height profile can give us the surface curvature characteristic of 

this pure gold sample. 
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Fig. 5.11: (a) Top view of STM images on the pure gold film as deposited with 
quartz crystal substrate with scan size of 500 nm. (b) The height profile of 
random line A in topography image (a). 

(a) 

(b) 
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5.4.2 Pure Gold Sample after Annealing 

To obtain two-phase Au-Ni alloys, we annealed Au-Ni alloy samples after deposition 

in a traditional furnace to 500 °C for 12min in forming gas (1%H2 in N2).  For comparison 

purposes, we performed the same procedure on the gold samples. 

An X-ray diffraction spectrum of a pure gold film sample after annealing on quartz 

crystal substrate is shown in Fig. 5.12. In the spectrum, both Au(1 1 1) and Au(2 0 0) peaks 

are higher and narrower compared with the sample before annealing, which indicates an 

increase in grain size.   

Base on the Debye-Scherrer formula we discussed in chapter 5.2, we can calculate 

the grain size of this pure gold film sample after annealing on quartz crystal substrate. Here 

we still consider the dimensionless constant K to range from 0.85 to 0.99.  Then the 

calculated Au (1 1 1) grain size from X-ray diffraction spectrum for pure gold sample is 220 

± 10 nm. 
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5.4.3 Au-Ni alloy with 5 at. % Ni as Deposited 

 An X-ray diffraction spectrum of Au-Ni alloy with 5 at. % Ni film on quartz crystal 

substrate as deposited is shown in Fig. 5.13. In the spectrum, Au(1 1 1) peaks can be clearly 

identified.  There is also a small Au(2 0 0) peak shown in the spectrum. There are no nickel 

peaks observed in the spectrum of this Au-Ni alloy with 5 at. % Ni sample as deposited, 

which indicates that this sample yields the metastable solid solution phase. 

 

Fig. 5.12: XRD spectrum of pure gold film on quartz crystal after annealing. 
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Au-Ni alloy as-deposited XRD 
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Based on Debye-Scherrer formula we discussed in chapter 5.2, we can calculate the 

grain size of this Au-Ni alloy with 5 at. % Ni film sample as deposited. Here we still consider 

the dimensionless constant K from 0.85 to 0.99.  The calculated Au (1 1 1) grain size from 

X-ray diffraction spectrum for this Au-Ni alloy with 5 at. % Ni film sample as deposited is 

20 ± 1 nm. 

 

Fig. 5.13: XRD spectrum of Au-Ni alloy with 5 at. % Ni film on quartz 
crystal as deposited. 
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5.4.4 Au-Ni alloy with 5 at. % Ni after Annealing 

To obtain two-phase Au-Ni alloys, we annealed these Au-Ni alloy samples after 

deposition in a traditional furnace to 500 ºC for 12min in forming gas (1%H2 in N2). After 

annealing, we did the XRD analysis on these Au-Ni alloy with 5 atomic % Ni film samples. 

An X-ray diffraction spectrum of this film after annealing is shown in Fig. 5.14. In the 

spectrum, we observe that both the Au(1 1 1) and Au(2 0 0) peaks become higher and 

narrower compared with the sample before annealing, which indicates some grain size 

increase. We did not obtain any nickel peaks from annealing the sample. Base on the Fig. 5.1, 

Au-Ni phase diagram, discussed earlier in this chapter, if nickel percentage of the alloy is at 

5%, the phase change temperature is lower than 500 ºC. Hence if we anneal samples to 500 

ºC, the sample phase will change from two phase region into solid solution region. After 

cooling, we can therefore only have solid solution samples. 

Base on Debye-Scherrer formula we discussed in chapter 5.2, we can calculate the 

grain size of this Au-Ni alloy with 5 at. % Ni film sample after annealing on quartz crystal 

substrate. Here we still consider the dimensionless constant K from 0.85 to 0.99.  Then the 

calculated Au (1 1 1) grain size from X-ray diffraction spectrum for this Au-Ni alloy with 5 

at. % Ni film sample after annealing is 43 ± 2 nm 
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5.4.5 Au-Ni alloy with 10 at. % Ni as Deposited 

 An X-ray diffraction spectrum of the Au-Ni alloy with 10 at. % Ni sample as 

deposited on the quartz crystal substrate is shown in Fig. 5.15. In the spectrum, the Au(1 1 1) 

peak can be clearly identified and there is also a very small Au(2 0 0) peak shown in the 

spectrum. There are no nickel peaks observed in the spectrum of this Au-Ni alloy with 10 

Fig. 5.14: XRD spectrum of Au-Ni alloy with 5 at. % Ni film on quartz 
crystal after annealing. 



 
 

106

at. % Ni sample as deposited, which indicates that this sample is in a metastable solid 

solution phase. 
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Base on the Debye-Scherrer formula we discussed in chapter 5.2, we can calculate 

the grain size of this Au-Ni alloy with 10 at. % Ni film on quartz crystal as deposited. Here 

we still consider the dimensionless constant K from 0.85 to 0.99. The calculated Au (1 1 1) 

grain size from X-ray diffraction spectrum for Au-Ni alloy with 10 at. % Ni film as deposited 

is found to be 18 ± 1 nm. 

Fig. 5.15: XRD spectrum of solid-solution Au-Ni alloy with 10 at. % Ni 
film on quartz crystal.  
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5.4.6 Au-Ni alloy with 10 at. % Ni after Annealing 

To obtain a two-phase Au-Ni alloy we annealed these Au-Ni alloy samples after 

deposition in a traditional furnace to 500 ºC for 12min in forming gas (1%H2 in N2). After 

annealing, we performed the XRD analysis on the 10 at. % Ni film samples. An X-ray 

diffraction spectrum of the film after annealing is shown in Fig. 5.16. In the spectrum, Au(1 1 

1) and Ni(1 1 1) peaks can be clearly identified. The precipitation of a nickel-rich phase is 

confirmed, which was not observed before the annealing. We can find the Au(1 1 1) peak to 

be higher and narrower compared to before annealing, which indicates some grain size 

increase.  

Based on the Debye-Scherrer formula we discussed in chapter 5.2, we can calculate 

the grain size of this two-phase Au-Ni alloy with 10 at. % Ni film sample on quartz crystal 

substrate. Here we still consider the dimensionless constant K from 0.85 to 0.99. The Au (1 1 

1) grain size is 170 ± 8 nm, and the Ni (1 1 1) grain size is 23 ± 2 nm, both calculated from 

X-ray diffraction spectrum for this two-phase Au-Ni alloy with 10 at. % Ni film sample. 
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5.4.7 Au-Ni alloy with 14 at. % Ni as Deposited 

An X-ray diffraction spectrum of the Au-Ni alloy with 14 at. % Ni sample as 

deposited on the quartz crystal substrate is shown in Fig. 5.17. In the spectrum, the Au(1 1 1) 

peak can be clearly identified, and there is also a small Au(2 0 0) peak shown in the spectrum. 

There are no nickel peaks observed in the spectrum of this Au-Ni alloy with 14 at. % Ni 

sample as deposited, which indicates that this sample is in the metastable solid solution phase. 

Fig. 5.16: XRD spectrum of two-phase Au-Ni alloy with 10 at. % Ni film 
on quartz crystal. 
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Base on the Debye-Scherrer formula we discussed in chapter 5.2, we can calculate 

the grain size of this solid-solution Au-Ni alloy with 14 at. % Ni film on quartz crystal. Here 

we still consider the dimensionless constant K from 0.85 to 0.99.  The calculated Au (1 1 1) 

grain size from X-ray diffraction spectrum for Au-Ni alloy with 14 at. % Ni film as deposited 

is 21 ± 1 nm. 

After the XRD analysis, we placed this solid-solution Au-Ni alloy with 14 at. % Ni 

film sample into RHK STM for surface topography analysis. The STM images of this solid-

solution Au-Ni alloy with 14 at. % Ni film sample on quartz crystal substrate at different 

scan sizes is shown in Fig. 5.18. From the STM images with scan size of 100 nm, Fig. 5.18 

(d), we can measure the grain size of solid-solution Au-Ni alloy with 14 at. % Ni film sample 

Fig. 5.17: XRD spectrum of solid-solution Au-Ni alloy with 14 at. % Ni 
film on quartz crystal.  
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directly. The particle grain size obtained from XRD data is compared to the STM image in 

Fig. 5.18 (c) and (d).  

 

 

Fig. 5.18: Top view of STM images on this solid-solution Au-Ni alloy with 14 
at. % Ni film sample on quartz crystal substrate. The scan sizes, clockwise, 
starting in the upper left corner are (a) (3500 nm)2, (b) (1000 nm)2, (c) (500 
nm)2,  and (d) (100 nm)2. The corresponding length scale bars are (a) 500 
nm, (b) 100 nm, (c) 50 nm, and (d) 10 nm. The corresponding vertical 
scales are on the right side of each image. The circles in (c) and (d) depict 
the grain size obtained from analyzing the XRD data in Fig. 5.17. 
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 A logarithmic plot of the root-mean-square (RMS) surface roughness with the length 

scale of the scan area for this solid-solution Au-Ni alloy with 14 at. % Ni film sample is 

shown in Fig. 5.19.  With the method we discussed in Chapter 5.3, the self-affine fractal 

roughness exponent, H, can be found from the slope of the best-fit line. Here for this solid-

solution Au-Ni alloy with 14 at. % Ni film sample, roughness exponent was found to be 

0.56±0.03. The range of scaling is from ~30 nm to ~1000 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.19: A logarithmic plot of average root-mean-square roughness vs scan 
size for this solid-solution Au-Ni alloy with 14 at. % Ni film sample.  
Slope = 0.56±0.03. 
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For future surface roughness and curvature comparison between different samples, 

here we give an example STM image with scan size of 500 nm and its random line height 

profile in Fig. 5.20. With scan size of 500 nm, the root-mean-square roughness of Fig. 5.20 is 

1.57 nm. The random line height profile can give us the surface curvature characteristic of 

this solid-solution Au-Ni alloy with 14 at. % Ni film sample. 
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Fig. 5.20: (a) Top view of STM images on solid-solution Au-Ni alloy with 14 
at. % Ni film sample with scan size of 500 nm. (b) The height profile of 
random line in topography image (a). 

(b) 

(a) 
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5.4.8 Au-Ni alloy with 14 at. % Ni after Annealing 

To obtain a two-phase Au-Ni alloy, we annealed these solid-solution Au-Ni alloy 

samples in a traditional furnace to 500 ºC for 12min in forming gas (1%H2 in N2). After 

annealing we performed XRD analysis on the Au-Ni alloy with 14 at. % Ni film samples. An 

X-ray diffraction spectrum of the film after annealing is shown in Fig. 5.21. In the spectrum, 

Au(1 1 1) and Ni(1 1 1) peaks can be clearly identified. And we observed small Au(2 0 0) 

and Ni(2 0 0) peaks in the spectrum. The precipitation of a nickel-rich phase is confirmed, 

which was not observed before the annealing. We can also find Au(1 1 1) peak gets higher 

and narrower comparing with the sample before annealing, which indicates some grain size 

increase.  

Base on the Debye-Scherrer formula we discussed in Chapter 5.2, we can calculate 

the grain size of this two-phase Au-Ni alloy with 14 at. % Ni film sample on quartz crystal 

substrate. Here we still consider the dimensionless constant K from 0.85 to 0.99, and mid 

point is 0.9.  The Au (1 1 1) grain size is 171 ± 8 nm, and the Ni (1 1 1) grain size is 18 ± 1 

nm, both calculated from X-ray diffraction spectrum for this two-phase Au-Ni alloy with 14 

at. % Ni film sample. 
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After the XRD analysis, we place the two-phase Au-Ni alloy with 14 at. % Ni film 

sample into RHK STM for surface topography analysis. The STM images of this two-phase 

Au-Ni alloy with 14 at. % Ni film sample on quartz crystal substrate at different scan sizes is 

shown in Fig. 5.22. From the STM images with scan size of 3000 nm and 1500 nm, Fig. 5.22 

(a) and (b), we can measure the grain size of this two-phase Au-Ni alloy with 14 at. % Ni 

film sample directly. The particle grain size obtained from XRD data is compared to the 

STM image in Fig. 5.22 (a), (b) and (c).  

Fig. 5.21: XRD spectrum of two-phase Au-Ni alloy with 14 at. % Ni film 
on quartz crystal. 
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Fig. 5.22: Top view of STM images on this two-phase Au-Ni alloy with 14 at. % 
Ni film sample on quartz crystal substrate. The scan sizes, clockwise, 
starting in the upper left corner are (a) (3000 nm)2, (b) (1500 nm)2, (c) 
(850 nm)2,  and (d) (500 nm)2. The corresponding length scale bars are (a) 
500 nm, (b) 200 nm, (c) 100 nm, and (d) 50 nm. The corresponding 
vertical scales are on the right side of each image. The circles in (a), (b) 
and (c) depict the grain size obtained from analyzing the XRD data in Fig. 
5.21.  
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A logarithmic plot of the root-mean-square (RMS) surface roughness with the length 

scale of the scan area for this two-phase Au-Ni alloy with 14 at. % Ni film sample is shown 

in Fig. 5.23.  With the method we discussed in Chapter 5.3, the two-phase fractal roughness 

exponent, H, can be found from the slope of the best-fit line. Here for this two-phase Au-Ni 

alloy with 14 at. % Ni film sample, roughness exponent was found to be 0.96±0.10. The 

range of scaling is from ~300 nm to ~2000 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.23: A logarithmic plot of average root-mean-square roughness vs scan size 
for this two-phase Au-Ni alloy with 14 at. % Ni film sample. Slope = 
0.96±0.10. 
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For future surface roughness and curvature comparison between different samples, 

here we give an example STM image with scan size of 500 nm and its random line height 

profile in Fig. 5.24. With scan size of 500 nm, root-mean-square roughness of Fig. 5.24 is 

1.38 nm. The random line height profile can give us the surface curvature characteristic of 

this two-phase Au-Ni alloy with 14 at. % Ni film sample. 
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Fig. 5.24: (a) Top view of STM images on two-phase Au-Ni alloy with 14 at. % 
Ni film sample with scan size of 500 nm. (b) The height profile of 
random line in topography image (a). 
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5.4.9 Au-Ni alloy with 20 at. % Ni as Deposited 

An X-ray diffraction spectrum of this Au-Ni alloy with 20 at. % Ni sample as 

deposited on the quartz crystal substrate is shown in Fig. 5.25. In the spectrum, the Au(1 1 1) 

peak can be clearly identified and there is also a small Au(2 0 0) peak shown in the spectrum. 

There are no nickel peaks observed in the spectrum of this Au-Ni alloy with 20 at. % Ni 

sample as deposited, which indicates that this sample is in the metastable solid solution phase. 
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Fig. 5.25: XRD spectrum of solid-solution Au-Ni alloy with 20 at. % Ni 
 film on quartz crystal.  
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Base on the Debye-Scherrer formula discussed in chapter 5.2, we can calculate the 

grain size of this solid-solution Au-Ni alloy with 14 at. % Ni film on quartz crystal. Here we 

still consider the dimensionless constant K from 0.85 to 0.99. Then the calculated Au (1 1 1) 

grain size from X-ray diffraction spectrum for Au-Ni alloy with 20 at. % Ni film as deposited 

is 18 ± 1 nm. 

After the XRD analysis, we placed this solid-solution Au-Ni alloy with 20 at. % Ni 

film sample into RHK STM for surface topography analysis. The STM images of this solid-

solution Au-Ni alloy with 20 at. % Ni film sample on quartz crystal substrate at different 

scan size is shown in Fig. 5.26. From the STM images with scan size of 100 nm, Fig. 5.26 (d), 

we can measure the grain size of solid-solution Au-Ni alloy with 20 at. % Ni film sample 

directly. The particle grain size obtained from XRD data is compared to the STM image in 

Fig. 5.26 (c) and (d).  
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Fig. 5.26: Top view of STM images on this solid-solution Au-Ni alloy with 20 
at. % Ni film sample on quartz crystal substrate. The scan sizes, clockwise, 
starting in the upper left corner are (a) (3000 nm)2, (b) (1000 nm)2, (c) (500 
nm)2,  and (d) (100 nm)2. The corresponding length scale bars are (a) 500 
nm, (b) 100 nm, (c) 50 nm, and (d) 10 nm. The corresponding vertical 
scales are on the right side of each image. The circles in (c) and (d) depict 
the grain size obtained from analyzing the XRD data in Fig. 5.25. 
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A logarithmic plot of the root-mean-square (RMS) surface roughness with the length 

scale of the scan area for this solid-solution Au-Ni alloy with 20 at. % Ni film sample is 

shown in Fig. 5.27.  With the method we discussed in Chapter 5.3, the self-affine fractal 

roughness exponent, H, can be found from the slope of the best-fit line. Here for this solid-

solution Au-Ni alloy with 20 at. % Ni film sample, roughness exponent was found to be 

0.37±0.03. The range of scaling is from ~20 nm to ~1000 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.27: A logarithmic plot of average root-mean-square roughness vs scan 
 size for this solid-solution Au-Ni alloy with 14 at. % Ni film sample.  
 Slope = 0.37±0.03. 
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For future surface roughness and curvature comparison between different samples, 

here we give an example STM image with scan size of 500 nm and its random line height 

profile in Fig. 5.28. With scan size of 500 nm, root-mean-square roughness of Fig. 5.28 is 

0.72 nm. The random line height profile can give us the surface curvature characteristic of 

this solid-solution Au-Ni alloy with 20 at. % Ni film sample. 
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Fig. 5.28: (a) Top view of STM images on solid-solution Au-Ni alloy with 20 
at. % Ni film sample with scan size of 500 nm. (b) The height profile of 
random line in topography image (a). 
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5.4.10 Au-Ni alloy with 20 at. % Ni after Annealing 

To obtain a two-phase Au-Ni alloy we annealed these solid-solution Au-Ni alloy 

samples in a traditional furnace to 500 ºC for 12min in forming gas (1%H2 in N2). After 

annealing we did XRD analysis on these Au-Ni alloy with 20 at. % Ni film samples. An X-

ray diffraction spectrum of this film after annealing is shown in Fig. 5.29. In the spectrum, 

Au(1 1 1), Au(2 0 0) and Ni(1 1 1) peaks can be clearly identified, and we can also find a 

small Ni(2 0 0) peak in the spectrum. The precipitation of a nickel-rich phase is confirmed, 

which was not observed before the annealing. We can also find Au(1 1 1) peak gets higher 

and narrower comparing with the sample before annealing, which indicates some grain size 

increase.  

Base on the Debye-Scherrer formula we discussed in Chapter 5.2, we can calculate 

the grain size of this two-phase Au-Ni alloy with 20 at. % Ni film sample on quartz crystal 

substrate. Here we still consider the dimensionless constant K from 0.85 to 0.99, and mid 

point is 0.9. Then the Au (1 1 1) grain size is 136 ± 6 nm, and Ni (1 1 1) grain size is 12 ± 1 

nm calculated from X-ray diffraction spectrum for this two-phase Au-Ni alloy with 20 at. % 

Ni film sample. Here the Ni grain size of this two-phase Au-Ni alloy with 20 at. % Ni film 

sample may not be accurate because Au (2 0 0) peak is too close to Ni (1 1 1), and hence we 

don't have exact half Ni(111) peak width value from XRD but can only estimate it. 
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After the XRD analysis, we placed this two-phase Au-Ni alloy with 20 at. % Ni film 

sample into RHK STM for surface topography analysis. The STM images of this two-phase 

Au-Ni alloy with 20 at. % Ni film sample on quartz crystal substrate at different scan size is 

shown in Fig. 5.30. From the STM image with scan size of 1000 nm, Fig. 5.30 (b), we can 

measure the grain size of this two-phase Au-Ni alloy with 20 at. % Ni film sample directly. 

The particle grain size obtained from XRD data is compared to the STM image in Fig. 5.30 

(b) and (c).  

Fig. 5.29: XRD spectrum of two-phase Au-Ni alloy with 20 at. % Ni film 
on quartz crystal. 
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Fig. 5.30: Top view of STM images on this two-phase Au-Ni alloy with 20 at. % 
Ni film sample on quartz crystal substrate. The scan sizes, clockwise, 
starting in the upper left corner are (a) (3000 nm)2, (b) (1000 nm)2, (c) (500 
nm)2,  and (d) (100 nm)2. The corresponding length scale bars are (a) 500 
nm, (b) 100 nm, (c) 50 nm, and (d) 10 nm. The corresponding vertical 
scales are on the right side of each image. The circles in (b) and (c) depict 
the grain size obtained from analyzing the XRD data in Fig. 5.29. 
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 A logarithmic plot of the root-mean-square (RMS) surface roughness with the length 

scale of the scan area for this two-phase Au-Ni alloy with 20 at. % Ni film sample is shown 

in Fig. 5.31.  With the method we discussed in Chapter 5.3, the self-affine fractal roughness 

exponent, H, can be found from the slope of the best-fit line. Here for this two-phase Au-Ni 

alloy with 20 at. % Ni film sample, roughness exponent was found to be 0.59±0.08. The 

range of scaling is from ~200 nm to ~2000 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.31: A logarithmic plot of average root-mean-square roughness vs scan 
 size for this solid-solution Au-Ni alloy with 14 at. % Ni film sample.  
 Slope = 0.59±0.08. 
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For future surface roughness and curvature comparison between different samples, 

here we give an example STM image with scan size of 500 nm and its random line height 

profile in Fig. 5.32. With scan size of 500 nm, root-mean-square roughness of Fig. 5.32 is 

0.65 nm. The random line height profile can give us the surface curvature characteristic of 

this two-phase Au-Ni alloy with 20 at. % Ni film sample. 



 
 

131

 

 

 

Fig. 5.32: (a) Top view of STM images on two-phase Au-Ni alloy with 20 at. % 
Ni film sample with scan size of 500 nm. (b) The height profile of 
random line A in topography image (a). 
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5.5 Summary 

 In this chapter, we introduced the method and process we applied to deposit the series  

of pure gold and Au-Ni alloy samples. We also introduced surface characterization of each 

sample in detail, including X-ray diffraction and STM topological analyses. The surface 

characterization information will be used in our analysis of the surface curvature effects on 

surface melting temperature. For easy comparison, some information of the sample is listed 

in Table 5.1 as below. 



 
 

133

Table 5.1 Surface characterization of pure Au and Au-Ni alloy samples. 

 

Au(111) 
Grain size 
from XRD 
analysis(nm) 

Ni(111) 
Grain size 
from XRD 
analysis(nm)

RMS 
roughness at 
(500 nm)2 
area 

Roughness 
exponent 
H  

Range of 
scaling 
(nm) 

Pure Au sample 52 ± 2  0.414 0.45±0.05 50-1000 

Solid-solution 
Au-Ni alloy 
with 14 at. % 
Ni 

21 ±1  1.57 0.56±0.03 30-1000 

Two-phase Au-
Ni alloy with14 
at. % Ni 

171 ± 8 18 ± 1 1.38 0.96±0.10 300-2000 

Solid-solution 
Au-Ni alloy 
with 20 at. % 
Ni 

18 ± 1  0.72 0.37±0.03 20-1000 

Two-phase Au-
Ni alloy with 
20 at. % Ni 

136 ± 6 12 ± 1 0.65 0.59±0.08 200-2000 
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Chapter 6  

Surface Melting Behavior Comparison for Different Alloy 

Samples 

 

6.1 Introduction 

 In this thesis, we are examining factors that impact surface melting and softening 

temperatures for materials of interest to RFMEMS. Chapter 2 introduced some factors that 

will impact surface melting, softening and wear behaviors, including interfacial energy, grain 

size and surface curvature. Chapter 5 provided a phase analysis and surface characterization 

for the range of gold nickel alloys studied here with varying compositional percentages, 

phases, grain size, roughness exponent and surface curvature information. In this chapter, the 

surface melting/softening behaviors of these samples will be reported, as probed by the STM-

QCM technique. The heat applied to the samples’ surface is tribo-induced, from the single 

asperity sliding contact between STM tungsten tip and the oscillating QCM sample. After 

presenting the data we will examine and discuss the factors that most impact the surface 

melting and softening characteristics.  

 Section 6.2 gives a sample oscillation velocity calibration, as measured by the 

elongated surface features at increasing crystal drive voltages. Section 6.3 gives a 

preliminary frequency shift analysis for the Indium sample. Section 6.4 shows the 

temperature dependent transition velocities of different alloy samples, recorded at 
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sufficiently high chamber temperatures. Section 6.5 presents the wear images after single 

asperity sliding contact. Section 6.7 analyzes the energy dissipation of the STM-QCM system, 

and approximates the temperature rise at the single asperity sliding contact area. Section 6.8 

discusses the various factors that impact the observed phenomena. 

 

6.2 Oscillation Velocity Calibration 

 QCM has been employed for decades as deposition rate monitors and frequency 

control devices. We use QCM to make our sample alloy deposited as electrode to oscillate in 

the shear mode under a Clapp oscillator circuit. Hence, we need a precise knowledge of the 

amplitude of vibration of the QCM, which can give a heat approximation at single asperity 

sliding contact area. The first report of in-plane vibration investigation of a quartz oscillator 

was given by Sauerbrey [1] in 1967. Borovsky et al. were the first to perform a highly 

accurate measurement of the oscillation amplitude of a transverse shear mode quartz 

resonator by means of a scanning tunneling microscopy measurement of the vibration [2].  

 The ability to image a vibrating surface with STM is due to the three widely separated 

time scales in the STM-QCM system. The characteristic frequency of the STM tip during 

imaging is at the magnitude of 1 Hz, and the feed back loop is at magnitude order of 1 kHz, 

and the quartz crystal oscillates at 8 Mkz. In Fig. 6.1, we show images of the surface particle 

grain elongations at increasing drive voltages. Fig. 6.1 a) is sample surface taken by STM 

when QCM is stationary, and b), c) and d) is taken with increasing drive voltages. The height 
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ranges of z axis on these images were modified in order to highlight the particle grain for 

measurement and show a clearer comparison of the surfaces at different drive voltages. 

 

 

 

Fig. 6.1: (a) QCM electrode surface image with the crystal stationary. (b), (c) and 
(d) QCM electrode surface image while the crystal is oscillating at 
increasing drive voltages. The scale bar is 20 nm. 

a) b) 

c) d) 
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 The crystal drive voltage was measured by digital oscilloscope. Then the oscillation 

velocity amplitude of the crystal can be calibrated by the drive voltage applied on it. The 

velocity amplitude value in this thesis is the maximum velocity amplitude during the 

oscillation, and given by  

 

    Av ⋅= ω      (Eq. 6.1) 

 where ω is the angular frequency of the crystal and A is the physical crystal amplitude. 

 The velocity vs. drive voltage calibration was given by Fig. 6.2. With this calibration, 

the QCM oscillation velocity amplitude can be measured and calibrated from oscilloscope 

even when the STM tip is in sliding contact with QCM electrode surface. 

  

 

 

 

 

 

 

 

 

 
Fig. 6.2: Velocity amplitude vs. drive voltage calibration curve.  
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6.3 Surface Melting/Softening Detection with QCM Frequency Shift 

Response 

 As we introduced in Chapter 4, QCM frequency will shift as a response to the tip 

indentation. In this thesis, with RHK’s software, we can use the current vs. height (I-Z) 

spectroscopy mode to lower the tip into contact with the QCM substrate. With this mode, we 

can control the depth and duration of the tip indentation. During the indentation, the RHK 

software would have multiple I-Z curves, and we can also preset the sampling time for each 

curve.  

 We obtain the total indentation time by multiplying the sampling time for each curve 

and total sample curves number. The tip indentation depth is preset in the range of 2 nm to 5 

nm, which means after the tip lower to that depth it will stay at that position and the 

indentation depth won’t change during the process. We can call this “constant depth” 

indentation, and this is the technique most commonly used in this thesis. Or we can set an 

initial and final depth, and the tip will move from initial depth to final depth during the 

indentation process. We can call this “variable depth” indentation. With different 

indentations, the frequency shift and amplitude shift of QCM would be different. We obtain 

larger frequency and amplitude shift with deeper indentation.  Since it takes time for an 

equilibrium state to be obtained for the tip-sample system, we usually set the indentation time 

to 80 or 90 seconds. 

 Indium is a typical material used in surface melting research because of its low 

melting and positive interfacial energy difference, Δγ = γsg  - γsl - γlg > 0. In 1996, A.M. 
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Molenbroek et al. [3] reported different surface melting temperatures of In(110) and In(011). 

Dawson et al. [4] gave a tribo-induced indium surface melting result in 2009. In his 

experiment, QCM will have a positive frequency shift response to a solid to solid contact. 

And if surface melting happened at the single asperity contact area, there would be a critical 

thickness of liquid presenting there, and QCM will have a negative frequency shift response. 

Hence indium is a good choice to first test our experiment setup’s capability to detect surface 

melting. 

 The indium sample was deposited as follows: A 5-10 nm thick titanium layer was 

thermally deposited on the bare quartz in a separate vacuum chamber at a base pressure of 

<5x10-6 Torr as an adhesion layer, with a 50 nm thick layer of copper deposited onto the 

titanium to form the electrodes in a “keyhole” shape. A ~10 nm indium film was deposited in 

situ on the 50nm thick copper electrode in the vacuum chamber where the Dawson et al. [4] 

data were recorded.  It was transferred in air to the modified RHK STM sample holder, as 

described in Chapter 4. We transferred it in air and did tip indentation test at room 

temperature first and then heated it to 37 o C, 39 °C and 44.5 °C with radiative heating 

method.  Measurements were performed at ~3×10-8 torr. 

 Electrochemically etched tungsten tips were employed for both imaging and sliding 

contact tests, and the measurements were performed in the “constant depth” mode, as 

described above. At room temperature, 24 °C, we observed positive frequency shift response 

of the QCM, as shown in Fig. 6.3. At room temperature, we did not observe a negative 
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frequency shift response during the tip indentation test because we could not increase the 

QCM velocity amplitude to a large enough value to obtain a phase transition. 

With the built-in radiative heater, we could heat our sample from room temperature, 

24 °C, to 150 °C.  With the heat from either the environment or sufficiently high friction at 

single asperity contact, a change in the contact mechanics can be observed. Here we also 

define the “transition velocity”, vt, as the average of the fastest positive frequency shift 

velocity with the slowest negative shift velocity, or we can say at transition velocity, the 

frequency shift is zero during tip indentation.  
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 We observed that the frequency shift changed from positive with lower QCM 

oscillation velocity amplitude, ~87 cm/sec, to negative with higher QCM oscillation velocity 

amplitude, ~105 cm/sec, at an environment temperature of 37 °C. Hence we estimated that 

transition velocity to be 37 °C is 96 cm/sec. With rising environment temperature, from 39 

Fig. 6.3: Frequency shift versus time at room temperature with same tip 
indentation depth but different indentation time. The shade parts represent 
the process that tip is in contact with sample surface. Frequency of quartz 
crystal is ~7980871Hz with out tip indentation, and shift is ~20Hz during 
tip indentation. QCM velocity amplitude is ~80cm/sec. 
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°C to 44.5 °C, the transition velocity decreased, from ~86 cm/sec at 39 °C to ~64 cm/sec at 

44.5 °C, which matches Dawson et al.’s result [4]. Fig. 6.4 displays typical frequency shift 

data during the tip indentation as oscillation velocity is lower than transition velocity or 

higher than transition velocity.  The left shaded part is QCM frequency response during tip 

indentation when QCM oscillation velocity amplitude is lower than transition velocity. Right 

shade part is QCM frequency response during tip indentation when QCM oscillation velocity 

amplitude is higher than transition velocity. With a higher QCM oscillation velocity, there is 

more heat generated from the single asperity sliding contact between tungsten tip and sample 

surface. Hence at certain value, we call it transition velocity, the contact mechanics changed 

from solid-solid contact to solid-“liquid like” contact, which we believe a surface melting 

behavior happened at the contact area. And with higher environment temperature, the heat 

needed from single asperity sliding contact will smaller, and transition velocity will be 

smaller correspondingly. 
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 The same process was employed to study a range of gold nickel alloys with varying 

compositional percentages and also different phases that we discussed in Chapter 5. The 

built-in radiative heater was employed to heat the sample at different temperatures with 

Fig. 6.4: Frequency shift vs. time at different QCM oscillation velocity amplitude 
at environment temperature 37 °C. Left shade part is QCM frequency 
response during tip indentation when QCM oscillation velocity amplitude 
is ~87 cm/sec, lower than transition velocity. Right shade part is QCM 
frequency response during tip indentation when QCM oscillation velocity 
amplitude is ~105 cm/sec, higher than transition velocity, ~96 cm/sec. 
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varying current. Each time, we heated the sample with a constant current, and after 

approximately 1 hour of heating, the sample surface temperature was stable and the system 

reached thermal equilibrium. We could take clear images after the system reached 

equilibrium. Measurements were repeated at the same sample temperature with increasing 

QCM oscillation velocity amplitude. Fig. 6.5 shows the frequency shift response of the 14% 

Au-Ni alloy at 62 ± 0.5 °C during tip indentation. The tip depth is 3 nm and the oscillation 

velocity amplitude was 111.5 cm/sec. The frequency did not increase to a stable shift after 

the tip crash on the sample surface, but jumped first and then decreased to a stable value 

gradually. And after the tip was retracted, the frequency did not go to normal value 

immediately, but also dropped to a lower value first and then rose to the normal value 

gradually, as shown inside the red circle in Fig. 6.5. We will discuss this issue in Chapter 7. 

Briefly speaking, this initial jump is QCM frequency response to a sudden thermal shock due 

to the temperature difference between the tip and sample surface. This phenomenon was not 

observed at room temperature during single asperity sliding contact, and was not obvious in 

the indium experiment because the temperature difference between the tip and indium sample 

surface was much lower during the heating process.  
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Because of this initial frequency jump, we measured the true frequency shift during 

the indentation when the QCM frequency was stabilized. We therefore calculated the average 

frequency shift with the flat part data during tip contact, which is inside the blue circle on 

Fig. 6.5.  If the sample temperature was not high enough, we could only observe a positive 

frequency shift during tip indentation even with the maximum QCM oscillation velocity 

Fig. 6.5: Frequency shift vs. time of 14% Au-Ni alloy at sample temperature 62 ± 
 0.5 °C. Tip depth is 3.0nm and oscillation velocity is 111.5 cm/sec. 
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amplitude. On the other hand, at a very high environment temperature, we could only 

observe a negative frequency shift even with the minimum QCM oscillation velocity 

amplitude, because the surface was always melted or softened. Only at a proper sample 

temperature, we can observe the frequency change from positive to negative with increasing 

QCM oscillation velocity amplitude. And we were able to locate the transition velocity when 

surface softening starts on sample film at that environment temperature. Fig. 6.6 shows 14% 

gold-nickel solid solution phase frequency shift response to different QCM oscillation 

velocity amplitudes at environment temperature 70.5 ± 0.5 °C. We observed the transition 

velocity is ~130 cm/sec from Fig 6.6. 
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6.4 Au-Ni Alloy Samples Surface Softening Transition Velocities at 

Different Environment Temperatures 

 In last section, we introduced the methodology to get sample surface soften transition 

velocity at certain environment temperature. Simply we heat one gold-nickel sample to a 

certain temperature, and applied the tip indentation experiment after the sample surface 

Fig. 6.6: Frequency shift vs. velocity amplitude of 14% Au-Ni alloy at 
 environment temperature 70.5 ± 0.5 °C. Tip depth is 2.0nm.  
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temperature was stable. We kept the tip indentation depth at same level, and increased the 

QCM oscillation velocity amplitude. During the STM tip indentation process, we monitored 

QCM frequency and amplitude response. If we still observed a positive frequency shift at the 

maximum oscillation velocity amplitude, we cooled down the system to room temperature 

and repeated the experiment again at a higher environment temperature.  

 Indium exhibits broad sample environment temperature rage, from 37 °C to 44.5 °C, 

where the transition velocities probed at each temperature were ~96 cm/sec at 37 °C, ~86 

cm/sec at 39 ºC and ~64 cm/sec at 44.5 °C.  The gold-nickel alloy samples meanwhile 

exhibited a narrower environment temperature range, so we were only able get observed a 

transition velocity at a limited range of sample temperatures. This implies that if we raise the 

sample temperature to 100ºC for certain Au-Ni alloys, either solid-solution phase or two-

phase ones, we only observe a negative frequency shift with minimum QCM velocity 

amplitude, usually ~8-10 cm/sec. If we keep turning down the driving voltage of the QCM, 

and try to get an even smaller velocity amplitude, the QCM would lose the oscillation signal.  

We measured pure gold sample from ion beam sputtering system, both solid-solution and 2-

phase Au-Ni alloy with 14 at. % Ni samples and both solid-solution and 2-phase Au-Ni alloy 

with 20 at. % Ni samples. The results are shown in Table 6.1 below. We also heat the whole 

chamber with resistive heating strips and heat the sample up to 150 ºC with radiative heating 

method at the same time for test QCM frequency response to ambient temperature gradient 

due to the temperature difference between STM tip and QCM electrode. This would explain 

the initial and final frequency jump in Fig. 6.5. The details of the experiment and result 
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would be in Chapter 7. Here we only show the transition velocity information for during 

anneal process and after that. 

 In row 6, the transition surface temperature and transition oscillation velocity for the 

two-phase Au-Ni alloy with 14 at. % Ni exhibits the highest transition temperature, 

exceeding both the 80.5 °C and 145 cm/sec temperature-velocity range. This means that even 

when we heated the sample to 80.5 °C, and applied the maximum voltage to produce 

maximum oscillation velocity, we still obtained a positive frequency shift only. But with 

sample surface temperature at 150 °C, we obtained only negative frequency shifts during tip 

indentation. Since this temperature is above the softening temperature of gold, but below the 

surface melting temperature of gold, we associate the negative frequency shifts observed for 

these samples with surface softening of the gold.  The reason we missed the critical transition 

surface temperature is that gold-nickel alloy samples have narrower environment temperature 

range as we discussed above. While the sample temperature is controlled by radiative 

heating, which is easy to control at relatively low heating temperature with low heating 

current, it is difficult to control at high heating temperatures. The heating temperature 

increases much faster with increasing heating current in a nonlinear fashion. 
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Table 6.1 Pure gold and Au-Ni alloy samples surface softening transition velocity and 

corresponding environment temperatures at pressure of 10-8 Torr. Only pure gold sample 

during anneal data was taken under chamber pressure of 8×10-6 Torr. 

 
Sample 

temperature 
(°C) 

Transition 
velocity 
(cm/sec) 

Au(111) 
Grain size 
from XRD 

analysis 
(nm) 

Ni(111) 
Grain size 
from XRD 

analysis 
(nm) 

RMS 
roughness 

at (500 nm)2 
area 

Roughness 
exponent 

H 

Pure Au 
sample 
without 
anneal 

75.5 ± 0.5 79.8 52 ± 2  0.414 0.45±0.05 

Pure Au 
sample 
during anneal 

150 ± 0.5 60     

Pure Au 
sample 
after anneal 

80 ± 0.5 79     

Solid-
solution Au-
Ni alloy with 
14 at. % Ni 

70.5 ± 0.5 130.0 21 ±1  1.57 0.56±0.03 

Solid-
solution Au-
Ni alloy with 
20 at. % Ni 

70.5 ± 0.5 98.9 18 ± 1  0.72 0.37±0.03 

Two-phase 
Au-Ni alloy 
with 14 at. % 
Ni 

> 80.5 ± 0.5 > 145 171 ± 8 18 ± 1 1.38 0.96±0.10 

Two-phase 
Au-Ni alloy 
with 20 at. % 
Ni 

80.5 ± 0.5 116.8 136 ± 6 12 ± 1 0.65 0.59±0.08 
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6.5 Sample Surface Wear after Tip Indentation 

 With the STM image capability, we can take image of wear part on the sample 

surface due to the tip indentation. We can observe a hole in the center, and bump circle 

around the hole, which is from the sample surface material pushed by the tip during 

oscillation, as shown in Fig. 6.7 a). We found the hole is always longer along the oscillation 

direction and narrower along the perpendicular direction, as displayed in the section view 

shown in Fig 6.7 b) and c).  We did not observe a discernible difference between the wear 

regions of melted indentations (negative frequency shift response) and non-melted 

indentations (positive frequency shift response). We give the same percentage Au-Ni alloy 

sample surface wear images in Fig. 6.8 as Fig. 6.7, but a negative frequency shift during 

indentation. This is because the sample surface softening transition only happened in the 

contact area between tungsten tip and sample surface. The wear indentation appears to be 

more closely related to the tip shape and oscillation amplitude, both of which determine the 

wear. With a smaller oscillation amplitude in Fig. 6.8, the hole’s width difference along line 

A and B is smaller than in Fig. 6.7. 
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Fig. 6.7: STM image of solid-solution Au-Ni alloy 14 at. % Ni, after indentation 
with a positive frequency shift. a) is surface topography image. b) is line 
view of line A, parallel to oscillation direction. c) is line view of line B, 
perpendicular to  oscillation direction.

a) b) 

c) 
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 We nonetheless did observe a discernible difference between the solid-solution phase 

Au-Ni alloy and 2 phase Au-Ni alloy. In Fig. 6.9, we show the wear hole of 2 phase Au-Ni 

alloy with 14 at. % Ni after tip indentation. We know the grain size increased after we 

annealed the Au-Ni alloy sample, which is discussed in Chapter 5. We can see the bump part 

around the center hole is higher and more regular on 2 phase Au-Ni alloy than solid-solution 

Au-Ni alloy. We also observe the same phenomenon on the pure gold sample before 

annealing of Fig. 6.10. This might be because Ni atoms stayed averagely in Au crystal lattice 

in the solid-solution phase Au-Ni alloy, which makes sample surface harder and more 

difficult to deform. But after annealing, we observe a Ni phase existing in XRD data, which 

Fig. 6.8: STM image of solid-solution Au-Ni alloy 14 at. % Ni, after indentation 
with a negative frequency shift. a) is surface topography image. b) is line 
view of line A, parallel to oscillation direction. c) is line view of line B, 
perpendicular to  oscillation direction.

a) b) 

c) 
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means we have some gold rich parts and some nickel rich parts. Gold is softer and hence is 

easier to deform plastically.  

According to these results, we would conclude that the wear resistance of the solid-

solution is better than that of the two-phase material, in the sense that the two-phase material 

appears to be more ductile. This ductility evidently does not inhibit the lifetimes of the 

switches for RFMEMS applications, where the contact pressures are lower than those applied 

here. There however is a clear correlation between a shift in the surface melting/softening to 

higher temperature and an increase in device lifetime. 

 

 

 

Fig. 6.9: STM image of 2 phase Au-Ni alloy 14 at. % Ni, after indentation with a 
negative frequency shift. a) is surface topography image. b) is line view of 
line A, parallel to oscillation direction. c) is line view of line B, 
perpendicular to  oscillation direction. 

a) b) 

c) 
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 For pure gold sample, after the surface softening experiment with radiative heating 

only, we heated the sample with radiative heating up to 150 ºC with whole chamber heated 

with resistive heating strips to study QCM frequency response to ambient temperature 

gradient due to the temperature difference between STM tip and QCM electrode. After 

anneal, we repeated the surface softening temperature research again with tip indentation test. 

After indentation, we did not get a clear image of wear part on the sample surface due to the 

tip indentation, as Fig. 6.11. After chamber baking process, a contamination layer formed on 

top of gold surface. When STM tip crashed on the surface, some of the contamination stuff 

Fig. 6.10: STM image of pure gold sample before anneal, after indentation with a 
negative frequency shift. a) is surface topography image. b) is line view of 
line A, parallel to oscillation direction. c) is line view of line B, 
perpendicular to  oscillation direction. 

a) b) 

c) 
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would stick to the tip ending part, which limited the capability of STM on surface imaging. 

The baking and annealing process will be introduced in detail in Chapter 7. 

 

 

 

 

6.6 Discussion 

 We have studied a single asperity sliding contact by means of combing STM-QCM to 

research nanosize surface melting and softening phenomenon, and reported the observed 

transition velocity-temperature combinations in the preceding section. We now examine the 

heat generated in the sliding contact, to estimate whether sufficient heat is generated to melt 

and/or soften the contacts. 

Fig. 6.11: STM image of pure gold sample after annealing, after indentation with a 
negative frequency shift. a) is surface topography image. b) is line view of 
line A, parallel to oscillation direction. c) is line view of line B, 
perpendicular to  oscillation direction.

a) b) 

c) 
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 To estimate the heat flux supplied to the contact area, we will approximate the energy 

dissipated during the tip indentation. When the tip crashed on the sample surface, the QCM 

oscillation amplitude would decrease, which means the kinetic energy of the system reduced 

and can give us the heating power if we multiplied the lost kinetic energy by oscillation 

frequency [4]. Through measuring the voltage signal and comparing it with the oscillation 

velocity calibration Fig. 6.2, we obtain the oscillation velocity maximum amplitude. The 

velocity distribution [5] is given as below: 

   2

2
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=
λ

πωω    (Eq. 6.2) 

 where z going from –dq/2 to +dq/2, dq is the thickness of the crystal, A0 is the 

amplitude of oscillation at the center of the electrode, λ is the wavelength of the sound in 

quartz, ω is the angular frequency, R is the electrode radius and b is a constant, around 2.84. 

  

 The kinetic energy of the system then can be calculated by  

    ∫= 32),(
2
1 drzrVK ρ     (Eq. 6.3) 

 For the QCM system, we have the quartz crystal, 5 nm Chromium layer, 10 nm 

Molybdenum layer, and 250 nm Au-Ni alloy film on both sides of the crystal. We can 

calculate the kinetic energy for these parts separately. From Dawson et al.’s result, we can 

see that the kinetic energy for the quartz crystal is 3 orders of magnitude higher than the 

other film parts. In our experiment, even though our Au-Ni alloy film is five times thicker 

than Dawson et al.’s Cu and In film, it is still 2 orders of magnitude lower than the quartz 
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crystal in kinetic energy. In our experiment, the calculated heat current density is around 

5×1011 W/m2, which is more than three orders of magnitude higher than the heat current 

density in an arc welder. Hence this trobo-induced heat from a single asperity sliding contact 

is in fact large enough to soften the material at the contact area. We will have a more detailed 

research on the thermal equilibrium analysis of the tip-sample system in next chapter. And 

we should notice that this high heat current is only applied to a very small contact area, 

~500×300 nm2, which can be used as a nano heating application for future applications.   

 From Table 6.1 it is clear that there are two parameters that combine to produce the 

surface softening transition. First we heated the sample surface to a certain temperature and 

second, we applied tip indentation experiment and monitored the frequency shift response of 

the QCM. At a particular oscillation velocity, which we called transition velocity, we 

observed the phase transition by means of the frequency shift response. At lower surface 

temperatures we did not observe the surface melting effects, even at the maximum oscillation 

velocity. The oscillation velocity therefore results in only a small increase in the temperature 

above the initial sample temperature. A tribo-induced phase transition at the nanoscale 

contact is therefore only observed when the sample temperature is very close, and just below, 

the surface melting temperature of the sample. Therefore, the surface softening transition 

should be considered primarily as that of the sample surface temperature listed in table 6.1, 

with the sample oscillation speed taken as a secondary reference. A full surface softening 

transition temperature ranking is given by Table 6.2.  
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We should notice that before we found the surface transition velocity, the last surface 

temperature point at which we did the tip indentation test, is only 5-10 °C lower. That means 

the effect of tribo-induced heat from single asperity sliding contact, is less than 5-10 °C on 

temperature rise at contact region. Otherwise, we would have observed the transition velocity 

at last surface temperature point instead of moving on the current surface temperature point. 

 

Table 6.2 Pure gold and Au-Ni alloy samples surface softening temperature ranking, from 

low to high. 

Surface Softening Transition Temperature 

LOW                                                                                                           HIGH 

Solid-solution 
Au-Ni alloy 

with 20 at. % 
Ni 

Solid-solution 
Au-Ni alloy 

with 14 at. % 
Ni 

Pure Au sample 
without anneal 

Two-phase 
Au-Ni alloy 

with 20 at. % 
Ni 

Two-phase 
Au-Ni alloy 

with 14 at. % 
Ni 

 

 From the results in Table 6.1, we observe that the sample temperature sets which we 

observed the phase transition of solid solution phase Au-Ni alloy with14 and 20 at. % Ni are 

close. The transition velocity of Au-Ni alloy with14 at. % Ni is also higher than Au-Ni alloy 

with 20 at. % Ni, which matches the Au-Ni phase diagram, Fig. 5.1 in Chapter 5. From this 

Au-Ni phase diagram we can see the phase transition line slope down from 0% Ni to 30% Ni. 

Hence the pure gold sample has even higher surface softening temperature those two solid 

solution alloy samples.   
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Two phase Au-Ni alloy with 20 at. % Ni sample has much higher surface softening 

temperature than solid solution sample. We observed phase transition of this sample at 80.5 ± 

0.5 °C with 116.8 cm/sec oscillation velocity, which is ~10 °C higher than solid solution 

20% Ni sample. Although we did not find the transition velocity of two phase Au-Ni alloy 

with 14 at. % Ni sample, we still confirm that when we heated that sample surface from 70.5 

°C to 80.5 °C, we did not observe a negative frequency shift even with maximum oscillation 

velocity. Hence the phase transition surface temperature of two phase Au-Ni alloy with 14 at. 

% Ni sample is also higher than solid solution Au-Ni alloy with 14 at. % Ni sample. For both 

14 at. % and 20 at. % Ni alloy samples, two phase samples’ phase transition temperatures are 

higher than solid solution samples’. 

The tunneling current from the STM was preset at 0.5-1 nA before tip indentation 

tests occurred. During tip indentation, the current would increase some, but was still very 

small. The gold film electrical resistivity is very low. Dawson [4] has estimated the impact of 

this effect on tribo-induced melting and concluded that the heat from the STM current is so 

small that it would not have much effect on the surface softening transition process. 

We do not observed significant difference in the wear images depicted in Figures 6.7 

and 6.8. We interpret this as due to the fact that the single asperity sliding the softening 

transition happened at the bottom of the hole, where the tip scratched against sample surface. 

And the bump around the hole is formed due to Au-Ni alloy (of pure Au) surface material 

pushed away by STM tip along oscillation direction. Hence we could not find difference 

between the wear images with positive and negative frequency shift. 
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The biggest difference between two phase samples and solid solution samples are the 

topological characterizations. The grain sizes of solid solution samples are ~20 nm, while the 

grain sizes of two phase samples are ~150 to 200 nm. This means the surface curvature 

decreased after annealing the solid solution samples. Besides, these surface characterizations 

are also confirmed by the roughness exponent H. Both two phase Au-Ni alloy samples, with 

14 at. % and 20 at. % Ni, have a larger roughness exponent value comparing their solid 

solution alloy samples respectively. 

A self-affine surface with roughness exponents from 0.3 to 0.7 are shown in Fig. 

6.12. We can see that from lower value to higher value at roughness exponent, the sample 

surface would be flatter, which also means surface curvature decrease. As the surface 

curvature decreases, the number of nearest neighbors becomes bigger, which means there 

would be less atoms exposure on the surface, more atoms considering as inside bulk with 

more bond connecting to them. This is surface atoms structure difference due to the different 

topography characterizations between two phase alloy samples and solid solution alloy 

samples. 
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From the XRD analysis in Chapter 5, we know there is some Ni peak showing on the 

XRD data, but Au peak is still the highest one, which means the major phase of that sample 

is still Au and Ni mixture structure. Hence the lattice structure difference between two phase 

samples and solid solution samples is secondary compared to the surface topography 

difference due to the grain size increase, in our consideration of effects on the surface 

melting temperature.  

Fig. 6.12:  Self-affine samples surface features with roughness 
exponents H ranging from 0.3 to 0.7. Reprinted from 
Reference [7] 
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Hence in this thesis we obtain an experiment result that supports the conclusion that 

the surface softening temperature for a similar component material would be higher with an 

increasing roughness exponent, i.e. decreasing surface curvature.   

To our best knowledge, this work constitutes the first time that surface melting and 

softening characterizations have been performed on Au-Ni alloy materials. This work would 

be predictive for the future surface melting research, and also useful for MEMS contact 

material choice. There is a clear correlation between a shift in the surface melting/softening 

to higher temperature and an increase in device lifetime. 
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Chapter 7  

Thermal Equilibrium Analysis of Sliding Asperity Friction 

 

7.1 Introduction 

 The physics of temperature rise in a sliding asperity contact is a topic of great 

fundamental and applied importance, whose impact includes the MEMS applications 

discussed throughout this thesis [1]. There are however very few experimental studies of the 

topic that focus on single asperity contacts. This arises from the difficulty of analyzing a 

buried interface and also from the difficulty of tracking the thermal currents through sliding 

boundaries. 

 Single asperity friction coefficients are highly related to local contact temperatures, 

which are difficult to define if the asperity is not at the same initial temperature as the surface 

it comes into contact with [2]. It is therefore very important to address the temperature rise in 

single asperity contact, as well as the thermal flux associated with temperature differences in 

the counter face materials. This topic addressed in this chapter. 

  Recent single asperity contact tribology studies have mostly been performed by 

means of atomic force microscopy [3-5]. The frictional force is tractable by analyzing the 

twist of an AFM cantilever when the AFM tip slides across a sample surface. The technique 

is also known as friction force microscopy or lateral force microscopy. Compared to such 

scanning probe techniques, our experimental setup of combing STM and QCM has 
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significant advantages in terms of both sliding speed and sliding length scale. The 

experiments were nonetheless performed in a commercial system from RHK, which is very 

similar to some of the AFM reports in terms of the substrate-tip geometry arrangements. The 

work we report here involving a thermal flux analysis on sample and tip temperature 

gradients therefore provides a good reference for future research with similar commercial 

systems. In particular we focus on systems where the sample temperature is varied, but the 

tip remains at room temperature until contact with the substrate occurs. 

 The frequency of a quartz crystal is relatively stable under same driving voltage and 

environment temperature. Its temperature dependence is described by the curves in Fig. 7.1, 

where the different curves represent different AT cut angles.  
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Fig. 7.1: AT cut quartz crystal: Theoretical Frequency vs Temperature. Image is
 from Colorado Crystal Corporation. 
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In addition to the steady state response of a quartz crystal to ambient temperatures, a 

quartz crystal also exhibits a characteristic response to rapid changes in temperature in a very 

sensitive manner. The effect was first reported by Warner and White [6] in 1959. The typical 

frequency response to a temperature step function is shown in Fig. 7.2. This sensitivity to 

thermal shock is very high, and a sudden changes in temperature as small as 0.001 °C can be 

detected. This temperature gradient effect is related to a transient temperature gradient within 

the quartz which alters the elastic constant. [6-8]  

 

 

 

 

Fig. 7.2: Typical frequency response to an ambient temperature step function. 
Reprinted from Ref. [8]. 
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 This sensitivity to temperature gradients provides an excellent opportunity to study 

the temperature increase and thermal flux between the single asperity contact objects (i.e. the 

STM tip and the quartz crystal electrode film) as described in the following sections. 

 

7.2 Experimental Procedure 

 The RHK UHV300 STM was used to image the QCM sample electrode and perform 

single asperity sliding contact measurements. Transverse shear mode 8 MHz AT cut blank 

quartz crystals from Colorado Crystal Corporation with pure gold electrodes were employed 

as sample here. The pure gold sample as deposited surface topography and grain size were 

described in Chapter 5, section 5.4.1. The temperature dependence of the frequency of this 

particular AT cut is displayed in Fig. 7.3, and the cut angle of this crystal is 35º 13΄ +/- 1΄. 
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The gold electrode film was deposited in an ion beam sputtering deposition system as 

discussed in Chapter 5. And this sample is as deposited, without annealing. The sample was 

mounted on a modified RHK sample holder as discussed in Chapter 4, and driven by an 

external Clapp oscillator circuit. The tungsten tips were prepared by an electrochemical 

Fig. 7.3: Frequency vs. Temperature of AT cut quartz crystal from Colorado 
Crystal Corporation. Image is from Colorado Crystal Corporation. 
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etching method used for both imaging and sliding contact. The chamber was evacuated to 

3×10-8 Torr.  

 The whole chamber can be heated with resistive heating strips wrapped around the 

vacuum chamber during our studies as the standard bakeout procedure for UHV systems. The 

resistive heating strips were connected to a variable power supply, which allowed the 

temperature of the entire system to be regulated. In addition to this general heating system, 

the RHK UHV300 chamber housed a movable heater right below the sample holder. The 

heater consisted of a W filament on the top which was connected to an external power supply 

by the RHK built-in power feedthrough as shown in Chapter 4. When the sample holder is on 

the sample stage, a rotatory feedthrough can be used to approach the heater to be near to the 

back of the sample, where it can be radiatively heated. There is a thermocouple connected to 

the heating/cooling stage for temperature measurement during the heating process. When we 

heated the chamber with only the external resistive heating strips, we could assume that the 

sample temperature was very close to that of the stage, as they were both enclosed in an 

oven-like arrangement. We also performed a temperature calibration with as resistance 

temperature device (RTD) to assure that this was the case. For the calibration, we mounted 

the RTD directly on the top of the sample stage and repeated the heating process.  We 

obtained similar temperatures as those obtained with the thermocouple. 

 With the STM imaging capability we can image the surface of the sample and obtain 

the roughness and topography characteristics. We reported the pure gold sample’s surface 

data in Chapter 5, section 5.4.1. Also, with RHK’s software, we used the current vs. height 
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(I-Z) spectroscopy mode to lower the tip into contact with the QCM substrate. With this 

mode, we could control the depth and duration of the tip indentation. During the indentation, 

the RHK software would have multiple I-Z curves, and we could preset the sampling time for 

each curve.  

 At room temperature, when the tip was brought to contact the oscillating sample 

surface, we obtained a positive frequency shift, which was reproducible. In Fig. 7.4, we show 

the frequency versus time data as the tip is brought into and out of contact with the sample.  

The shaded parts show where the tip is in contact with sample surface. The frequency shift 

during sliding contact is ~+30Hz. 
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 We next employed resistive heating strips to heat the chamber at 70% of a Variac full 

power setting for two days, and allowed the temperature in the chamber to become stable. 

Through a thermometer connecting to chamber wall we measured the temperature of the 

Fig. 7.4: Frequency shift versus time at room temperature on gold sample as 
deposited. The shaded regions correspond to times when the tip is in 
contact with sample surface. The frequency of the quartz crystal is 
~7980949Hz when the tip is not in contact, and shift is ~+30Hz during tip 
indentation. 
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chamber to be ~100.8 °C, so the sample was clearly being slowly annealed in this process. 

While baking, the chamber pressure rose to 5×10-6 Torr. The sample stage temperature was 

measured to be ~66.5 oC according to the thermal couple connecting to sample stage which is 

at the center inside the chamber. We brought the tip into contact with the sample surface and 

recorded the frequency shift of the quartz crystal, and repeated the measurements at different 

locations close the center of the sample. And we also repeated the measurements with 

different tip indentations and quartz crystal driving voltages, which changed the QCM’s 

amplitude of oscillation, allowing further comparisons.  

 We next heated the chamber to higher temperatures by raising the Variac output to 

80% 90% and 100% of its maximum setting, and during this process the chamber pressure 

rose from 5×10-6 to 8×10-6 Torr. The measurements as described above were repeated at each 

of these settings after the temperature of the chamber had reached a stable valued, which 

required two days of baking at each percentage of Variac output. 

 Maintaining the resistive heating strips at 100% Variac output, we next employed the 

internal heater to heat the sample directly with radiative heat. We varied the heater current 

between 0.5 A to 3.0 A, a range that  heats the sample to 140 °C when the chamber walls 

were at temperature, while  maintaining  the other part of the chamber, especially the tip, at 

the original temperatures associated with the 100% Variac setting. During this heating 

process with both resistive heating strips and RHK build-in heater, we also repeated the 

frequency measurement process w/ and w/o sliding asperity contact. 
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7.3 Results and Discussion 

 At room temperature, when the tip was brought into contact with the oscillating 

sample surface, we observed a stable positive frequency shift, as observed in Fig. 7.4. There 

is no initial jump at the beginning of the frequency shift, and no large frequency difference 

when the tip was retracted. During and after the sliding asperity contact, the frequency of 

quartz crystal is almost a flat line, which means the tip-sample system obtained equilibrium 

status instantly when we approached and retracted tip: They were at the same temperature 

when the contact occurred. 

 When the STM tip was in a sliding asperity contact with sample surface only heated 

by the STM built-in heater, the experiment setup we discussed in Chapter 6, we usually 

observed an initial frequency jump followed by a decreasing trend and then a stable 

frequency shift at the beginning of the sliding asperity contact. And when we retracted the 

tip, the frequency of quartz crystal would dive to a relatively lower value and then increase 

back to the stable value gradually, as shown in Fig. 6.5 of Chapter 6, section 6.3. At this 

moment, the sample was heated to ~62 °C, while the tip was still at around room temperature 

before sliding contact.  

 When we heated the whole chamber with resistive heating strips only, we observed an 

opposite frequency initial jump situation. In Fig. 7.5, when the chamber wall is heated to 

101±0.5 °C and chamber pressure rose to 5×10-6 Torr, we observed a relatively low initial 

frequency shift, and then the frequency shift would rise to a stable value during the sliding 
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contact process. After retracting the tip, the frequency would drop to a value slight higher 

than normal frequency, and then decrease to the normal frequency gradually. 

 

 

  

Fig. 7.5: Frequency shift versus time at high temperature for the wall hotter than 
the sample.  Sample temperature is 68.5±2 °C and chamber wall 
temperature is 101±0.5 °C. Tip depth is 2.0nm and oscillation velocity is 
143.5 cm/sec. The shaded part corresponds to times when the tip is in 
contact with the sample surface. The frequency shift is ~+70Hz during tip 
indentation. 
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In order to interpret these results,  we define the first frequency value when tip starts 

sliding asperity contact with sample surface as finitial w/ contact , the average value of frequency 

when frequency is stable during the tip contact with sample surface as fstable w/ contact , the first 

frequency value when tip retracts and gets away from sample surface as finitial w/o contact , and 

the average value of frequency is fstable w/o contact when frequency is stable if tip is away from 

the sample surface. Then the initial and final frequency jump values are defined as below:  

 contactstable w/  contactinitial w/mpinitial ju ffΔf −=
  (Eq. 7.1) 

  contactstable w/oo contactinitial w/final jump ffΔf −=   (Eq. 7.2) 

 

 The initial frequency jumps during sliding contact with the resistive heating strips are 

totally different from the ones observed with radiative heating. All the measurements of 

frequency shift with only resistive heating strips had similar initial and final jumps as those 

in Fig. 7.5, up to 100% Variac output, 145.5±0.5 °C at the chamber wall and 96±0.5 °C at the 

sample stage. To analyze this initial frequency shift during a sliding asperity contact, we 

focus on the thermal flux between the sample and STM tip. 

 Inside the vacuum chamber, the heat can only be transported by radiation or 

conduction through solids [2,9]. Dai et al.’s [9] calculation proved that radiation in vacuum is 

negligible. Hence to analyze the thermal conduction through solids inside our vacuum 

chamber, we first describe the construction of the sample stage and tip manipulator.  
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 The sample stage of RHK UHV300 STM consists of a stainless steel ring with a 

copper center stage. The stainless steel ring is supported by three Viton gaskets, which sit on 

a stainless steel adjusting plate and provides fine lateral adjustment to align the sample with 

the scan head. Viton is a brand of synthetic rubber and fluoropolymer elastomer, which has 

lower thermal conductivity than stainless steel or most metals. The sample stage is designed 

to have some thermal isolation from the chamber; hence the sample stage temperature was 

much lower than the temperature of chamber wall. If we waited an extremely long time, the 

sample stage might reach the same temperature of the wall. However, after two days baking 

with each baking power put, evidently the isolation was sufficient for this to be much longer 

than our measurement time on the tip indentation test, which usually takes 3-4 hours. 

 The STM scan head is held by the scan head manipulator which is inserted into the 

chamber from the top and points down toward the sample stage. A linear motion feedthrough 

moves the manipulator tube up and down inside the chamber. Both the scan head 

manipulator and linear motion feedthrough are mostly made of stainless steel and some other 

metals, which have good thermal conductivity. There is a temperature gradient distribution 

from the top of the scan head manipulator connecting to the chamber wall to the bottom of 

the scan head manipulator, the lowermost portion of which is the tip. We believe that the tip 

temperature is lower than the chamber wall when we only use resistive heating strips to heat 

the chamber, but not far away from it. But due to all the structures of RHK UHV300 STM 

sample stage we described above, the sample stage temperature is much lower than the 
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chamber wall, which was proven by the measurement from the thermal couple during the 

heating process.   

 To narrow the temperature difference between the tip and sample surface, we heated 

the sample with the radiative heater, which could only increase the sample temperature. 

Before the radiative heating, the STM chamber wall was at 145.5±0.5 °C and the sample 

stage measured to be 96±0.5 °C. The frequency shift during the sliding asperity contact is 

shown in Fig. 7.6. 
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 We tried the heating current from 0.5 A to 3.0 A during the radiative heating, and 

heated the sample from the original stage temperature, 96±0.5 °C, to 140±0.5 °C. When we 

heated the sample to 105±0.5 °C, we have the frequency shift during the sliding contact as 

Fig. 7.6: Frequency shift versus time at high temperature. Sample temperature is 
96±0.5 °C and chamber wall temperature is 145.5±0.5 °C. Tip depth is 
3.0nm and oscillation velocity is 143.5 cm/sec. The shade parts represent 
the process that tip is in contact with sample surface. Frequency shift is 
~+72Hz during tip indentation. 
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Fig. 7.7. The initial frequency jump got smaller. At that time, the chamber wall was still 

145.5±0.5 °C, which means the tip temperature did not change.  

 

 

Fig. 7.7: Frequency shift versus time at high temperature. Sample temperature is 
105±0.5 °C and chamber wall temperature is 145.5±0.5 °C. Tip depth is 
3.0nm and oscillation velocity is 143.5 cm/sec. The shaded parts 
correspond to times when the tip is in contact with sample surface. The 
frequency shift is ~+48Hz during tip indentation. 
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 When we heated the sample to 118.5±0.5 °C with radiative heating, we could get a 

frequency shift during sliding contact like Fig. 7.8 where we did not observe any initial and 

final jump with the frequency shift. 

 

 

  

Fig. 7.8: Frequency shift versus time at high temperature. Sample temperature is 
118.5±0.5 °C and chamber wall temperature is 145.5±0.5 °C. Tip depth is 
3.0nm and oscillation velocity is 143.5 cm/sec. The shades parts 
correspond to times where the tip is in contact with sample surface. The 
frequency shift is ~+70Hz during tip indentation. 
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 We continued to heat the sample to 128.5±0.5 °C with radiative heating, which 

resulted in a reverse frequency shift trend during sliding contact, as depicted in 7.10. This is 

the trend observed when we used radiative heating only. We observed a positive value initial 

frequency jump. 

 

 

  

Fig. 7.9: Frequency shift versus time at high temperature. Sample temperature is 
128.5±0.5 °C and chamber wall temperature is 145.5±0.5 °C. Tip depth is 
3.0nm and oscillation velocity is 143.5 cm/sec. The shaded parts 
correspond to times when the tip is in contact with sample surface. The 
frequency shift is ~+37Hz during tip indentation. 
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 When the sample was further heated to 150 ºC, with a chamber pressure of 8×10-6 

Torr, we observed the surface softening transition with transition velocity at 60 cm/sec. And 

after that,  the power of both resistive heating strips and radiative tungsten wire were turned 

off and the chamber was left to cool down for 3 days until the temperature of sample stage 

and chamber reach room temperature and pressure decreased to 3×10-8 Torr again. Then we 

repeat the tip indentation test with radiative heating only and chamber pressure was kept at 

3×10-8 Torr. This time we observed a surface softening transition at sample temperature 80.5 

ºC with transition velocity of 56 cm/sec. During the chamber baking process with resistive 

heating strips, the chamber pressure rose to 5×10-6-8×10-6 Torr and there would be a 

contaminant layer constructing on top of gold surface [10]. This contaminant coating 

evidently performed as a lubricant during the single asperity sliding contact, just like the 

pentanol and ethanol in silicon MEMS test [11-13]. And because the pressure kept at a 

relatively high level, the contaminant coating kept forming at the contact area during tip 

indentation test. This lubricating action evidently reduced the friction and energy dissipation 

at the sliding contact area, and therefore the sliding contact area did not get as hot as the test 

carried out at chamber pressure of 3×10-8 Torr. Hence we observed a gold surface softening 

transition at much higher sample temperature. After baking, when we pump down the 

chamber to normal pressure, and repeated the tip indentation test, we observed a surface 

softening transition at similar temperature as we had in Chapter 6, which validates our 

assumption.   
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 We observed the initial frequency jump value change from negative to positive, as the 

sample temperature was increased from a value that was lower than the tip to a value that 

was greater than the tip. When the substrate temperature was at ~118.5 °C, we observed the 

frequency shift to be similar to that recorded at room temperature, where the tip and substrate 

were at the same temperature when brought into contact. We are sure the temperatures of 

sample and tip are both at the same room temperature before tip indentation when we kept 

the whole STM chamber in room temperature. Hence we conclude that the tip was also 

around the same temperature as sample surface before the tip indentation was performed on 

the ~118.5 °C sample.  During the varying radiative heating experiment described above, we 

kept the STM wall at the same temperature.  We therefore conclude that the tip temperature 

was ~118.5 °C during this test. The relationship between the initial frequency jump and the 

temperature difference between the tip and sample surface, under this assumption, is shown 

in Fig. 7.10, with the temperature difference defined as sampleheadscan TTT −=Δ  . 
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 We can see from Fig. 7.10 that when the temperature difference is positive, which 

means the sample temperature is lower than the tip, we get negative values of initial 

frequency jump. And with larger temperature differences, we obtain larger absolute values of 

initial frequency jumps. When we rose the sample temperature to the same point with tip, we 
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Fig. 7.10: Initial frequency jump versus temperature difference between the tip 
and sample surface. Tip indentations were repeated at different positions 
with depth ~2 nm and oscillation driving voltage ~ 3.0V. Frequency shifts 
were averaged values for different measurements.  
Linear fit: F = A + B ×T with A = 2.45 ± 0.81 and B = -0.79 ± 0.05 
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got zero initial frequency jump. Finally we obtain a positive value of initial frequency jump 

when the sample temperature is higher than tip. The linear fit of this frequency response is  

F = A + B ×T with A = 2.45 ± 0.81 and B = -0.79 ± 0.05. 

 Base on the discussion above, we believe the reason for the initial frequency jump 

when tip makes sliding contact with the sample surface is due to the temperature between the 

sample surface and tip. When the tip crashes into sample surface, there would be a thermal 

flux transferring through the boundary between the tip and sample surface. The quartz’s 

response to a thermal shock is the likely explanation. We next analyze whether this thermal 

flux would change both tip and sample surface temperature or whether it is only a thermal 

shock and would not change the temperature significantly of tip and surface. 

 

7.4 Quantitative thermal model analysis 

 We employ the thermal conduction model given by Dunckle et al. [2] here to analyze 

the conduction process between the STM tip and sample surface. We ignore the heat flux 

generated by the sliding asperity contact between the tip and sample surface, and instead 

focus on the flux due to the temperature difference between the tip and sample surface. We 

divide the total temperature drop ΔT from the STM scan head at temperature Tscan head to the 

sample surface Tsample into physically distinct pieces. Here we suppose the tip contacts with 

sample surface in a geometry depicted in Fig. 7.11.  
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 ΔTtip body is the temperature drop along the length of tip body cylinder part. The tip 

end is considered to be a truncated cone with half angle α in contact with the sample surface 

with contact radius R. ΔTtip is the temperature drop from the end of the tip body to the 

Fig. 7.11: Schematic diagram of a STM tip with contact radius R in contact with a 
sample surface below it. The tip is comprised of two parts. The upper part, 
the tip body, is a cylinder, and the lower part is a truncated cone with half 
angle α.  
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contact point with the sample surface across the truncated cone. The interface between the tip 

and the sample surface produces a thermal impedance, which is characterized by a Kapitza 

resistance [14,15]. The thermal impedance originates in phonon scattering at the interface 

and can give a rise to a temperature discontinuity at the boundary of magnitude ΔTboundary. 

There is also a temperature drop from the contact point to a distant point on the sample 

surface where we suppose that the temperature stays the same, Tsample, after contact. The 

various temperature changes are related by  

  
sampleboundarytiptip body

sampleheadscan

TTTT

TTT

Δ+Δ+Δ+Δ=

−=Δ

      
 

                            (Eq.7.3) 

  boundarysamplesampletip TTTT Δ+Δ+=         (Eq.7.4) 

 

 In this case there would be a thermal current q with units of watts associated with 

each temperature drop. For the tip body part, there is a simple cylinder geometry with a cross 

sectional area A and a length L and thermal conductivity κtip. Then the thermal current is  

qtip body= κtipAΔTtip body/L. The temperature inside the tip end portion follows Laplace’s 

equation with a zero flux condition on the side walls. The temperature distribution with this 

boundary conditions is T(r)=Tscan head - ΔTtip body - R/rΔTtipcsc(α), where r is a spherical polar 

coordinate with origin at the apex of the cone. The heat current inside tip end portion is  

qtip=4αcsc(α) κtipRΔTtip.  For a given boundary conductance σ, the thermal current across the 

tip-sample boundary is   qboundary=πR2σΔTboundary.  The temperature distribution of the sample 

during the tip indentation into sample surface is simplified  to be that of  a constant uniform 



 
 

192

heat current, distributed over a disk area of radius R on the a semi-infinite solid space. This 

topic has been investigated by a number of physicists, including H.S. Carslaw, J.C. Jaeger, 

P.H. Thomas, Adrian Bejan and Allan Kraus [16-18]. The equation of heat conduction, when 

expressed in cylindrical coordinates [16], can be written as: 

t
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2                               (Eq. 7.5) 

 where r, θ and z are cylindrical coordinates with the origin at the center of the disk.  

 

 If the there is a constant uniform heat current distributed over a disk area of radius R 

on the surface of z=0, the steady temperature distribution in a semi-infinite solid space with 

T=0 at ∞ is  

λ
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∞ −=     (Eq. 7.6) 

 where J0 and J1 are the Bessel function of the first kind of zero and fist order 

respectively [17,18]. 

 

 At the surface, z=0, Eq. 7.6 reduces to  
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 where E and K are the complete elliptic integrals of the first and second kinds 

respectively [17]. 

 

 The maximum temperature at the centre (r = 0) is qsample/πRκsample and the average 

temperature shift over the disk on the sample surface (0 < r < R and z = 0) is  

ΔTsample=8qsample/(3π2Rκsample). The temperature on the z axis due to this thermal flux is  

)/()()( 222
samplesample RzRzqzT κπ++−= . 

 The temperature distribution on the sample surface under this thermal current is 

shown in Fig. 7.12 

  

 

 

 

Fig. 7.12: Temperatures distribution on a sample surface under a thermal current 
over 0 < r < R. The y value is proportion to the maximum temperature at 
the center. Reprinted from Ref. [17]. 
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 To summarize, the heat current through the tip body, tip end, boundary and sample 

are given by: 

 

   qtip body= κtipAΔTtip body/L 

   qtip=4αcsc(α) κtipRΔTtip 

   qboundary=πR2σΔTboundary 

   qsample=3π2RκsampleΔTsample/8     (Eq. 7.8) 

  

In steady state, the heat current through each part from the tip to the sample surface 

should be the same. Hence to solve the Eq. 7.3 and Eq. 7.8 we obtain an expression for the 

common heat current q in terms of the overall temperature difference between the scan head 

and the sample ΔT 

  1
22 )

)csc4
1

3
81 −+++=

Rκ(ααRκπAκ
L

σπR
ΔT(q

tipsampletip

      (Eq. 7.9) 

 

 Hence when the heat current is known, the temperature difference of each part can be 

calculated by Eq.7.8. With different temperature differences between the scan head and the 

sample, we can calculate the sample temperatures for the tip in sliding contact with the 

sample surface, and compare this with the initial frequency jump. 

 When we increase the radiative heating current to heat the sample to different 

temperatures, the STM chamber was maintained at a constant heating level by heating strips 
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at constant power output. Hence the tip is assumed to be at a constant temperature, ~118.5 

°C, with the substrate temperature varied from 96 °C to 128.5 °C. We define the temperature 

difference as sampleheadscan TTT −=Δ  , and assume α = 35°, and R=0.5 μm, as an approximate 

estimate based on the STM image after tip indentation. Thermal conductivity values for gold 

and tungsten are κgold = 318 W/m K and κtungsten = 173 W/m K. The boundary conductance σ 

has been evaluated by Stoner and Maris [14] and is ~108 W/K m2 for a number of material 

combinations. Employing these parameters, the calculation results are presented in Table 7.1.  

 

Table 7.1 Temperature changes of different part of the system due to various temperature 

differences between the tip and sample surface. These results are obtained from Eq. 7.8 and 

7.9 with the parameters described in text.  The temperature is in °C.    

Tsubstrate 
q  

(mW) ΔTtip body ΔTtip end ΔTboundary 

Average 
ΔTsample 

(r<0.5 μm)

ΔTsample 

(r=10 um) 

ΔTsample 

(r=1 mm) 
ΔTsample 

(r=5 mm) 
Ttip end 

96 1.3 0.10 3.54 16.64 2.22 0.065 6.5×10-4 1.3×10-4 114.86

99 1.1 0.08 3.07 14.42 1.93 0.055 5.5×10-4 1.1×10-4 115.35

105 0.78 0.06 2.12 9.99 1.33 0.039 3.9×10-4 7.9×10-5 116.32

118.5 0 0 0 0 0 0 0 0 118.5 

128.5 -0.58 -0.04 -1.57 -7.40 -0.99 -0.029 -2.9×10-4 -5.8×10-5 120.12
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 From the table, we can see the heat current magnitude through the tip is on the order 

of mW, but the current density is around 109 W/m2, which is very high. Usually the 

temperature discontinuity is proportional to the heat flux and exists at any junction which 

carries a thermal current. The temperature discontinuity is negligibly small in most cases, so 

that the temperature can be considered as continuous. If there is a highly localized thermal 

junction, however, the heat flux in our case is extraordinarily high generating an unusually 

large temperature jump at the interface, compared to temperature change in other parts. Due 

to this heat current, the temperature of tip end portion has changed by 2 to 3 °C, but the tip 

upper body temperature did not change much, because the tip body has a relatively large 

scale compared to other parts of the system and the heat flux would be quickly lost to the 

scan head. 

 The temperature change on the sample surface due to the heat current decays from the 

center to the boundary.  Inside the contact area, r < R, the temperature changed by 1 to 2 °C, 

and at 1 mm away from the center, the temperature change decreases to the order of 10-4. So 

this means it cannot change the whole quartz crystal temperature due to the tip indentation. 

Hence the frequency initial jump is not because the temperature changes along the curve in 

Fig. 7.3. But there is a temperature gradient appearing on the 5 mm radius quartz crystal 

electrode. Base on the observation of Warner and White [6,7], the quartz crystal can response 

to the temperature change as small as 0.001 °C. So this temperature gradient on the quartz 

crystal electrode would lead to the frequency initial jump during tip indentation.  
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 Base on our calculation in Chapter 6, we know the heat current due to the sliding 

asperity contact is around 100 times larger than the heat current due to the temperature 

difference between the tip and quartz crystal electrode. But during the tip indentation, we did 

not observe the frequency initial jump at room temperature, which means there is no 

temperature difference at that time. This confirms that the quartz crystal has a response time 

to the change of the ambient situation. The heat from sliding asperity contact will change the 

crystal temperature gradually, and hence there is no initial frequency jump, even during 

indentation under room temperature. But the temperature between tip and electrode will form 

a temperature gradient on the electrode surface instantly, which is more like a thermal shock 

and shorter than quartz crystal response time. Hence we observe the initial frequency jump 

during tip indentation.  In addition, we also observe both positive and negative values of the 

initial frequency jump due to two different thermal shocks, warmer or cooler, consistent with 

the quartz crystal response reported by Warner and White [6,7]. 

 This frequency response of QCM is very sensitive to ambient temperature gradient, 

which can be used to determine the temperature difference between the microscope tip and 

sample surface research. Based on the calibration of Fig. 7.10, we can approximate the value 

of temperature difference.  

 

7.5 Summary 

 We recorded the QCM frequency response to ambient temperature gradient due to the 

temperature difference between STM tip and QCM electrode. A relationship between the 
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temperature difference and initial frequency jump was reported. With this frequency response 

of a QCM to an ambient temperature gradient, we can approximate the value of temperature 

difference between the microscope tip and sample surface, which is useful for future 

experiments performed in geometries similar to ours.  Thermal current moreover is an 

important overall parameter to be characterized in studies of single sliding asperity contact 

friction. 
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Chapter 8  

Summary and Suggested Future Work  

 

 In this thesis, tribo-induced nanoscale surface softening/melting mechanisms have 

been investigated by means of a combined QCM-STM technique for a range of Au-Ni alloys 

with varying compositional percentages and phases (including pure Au phases).  A transition 

from solid- solid to solid-softened solid- like contact was observed for each sample at 

sufficiently high asperity sliding speeds. From the comparison of pure gold, solid-solution 

and two-phase Au-Ni (14 and 20 at. %), we conclude that the surface softening temperature 

for same component material would be higher with an increasing roughness exponent, i.e. 

increasing surface curvature.  We also observe that adsorbed film surface contaminants tend 

to lubricate the surfaces, and delay the onset of the transition to higher temperatures. 

Base on our results, we can suggest further experiments that can deepen our understanding of 

the effects studied:  

1. The relation between material lattice structure and surface curvature could be 

studied that focused on the influence of material surface melting temperature. A 

theoretical model or simulation could be constructed to explain or simulate the 

process of surface melting base on the lattice bond energy and interfacial energy. 

2. In this thesis we used a combined QCM-STM technique to study the surface 

melting method. If the sample size and temperature could be controlled more 
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accurately, there would be a more advance and detailed comparison of the factors 

that impact surface melting and softening temperatures. 

3. With more accurate temperature measurements to track the QCM electrode 

surface temperature and STM tip or tip holder temperature, more accurate 

modeling of the temperature gradients could be performed.  

4.  Today alcohols are considered as a potential lubricants for silicon MEMS to 

extend MEMS switches operating life time [1,2,3]. Both pentanol and ethanol 

have zero, or very short slip times for the metals reported in Miller and Krim’s 

experiment [2]. We believe that the energy dissipation would be very different 

with such pentanol and ethanol lubricants on the Au-Ni alloy electrode of QCM, a 

topic that is discussed in Chapter 7. Much work could be performed to investigate 

the effect of thin molecularly thin layer mobility on the single asperity sliding 

contact between STM tip and QCM electrode, rather than relying on the 

contaminants outgassed from chamber walls during bakeout. 

5. It would be interest to study the contact mechanism at single sliding asperity 

contact at cryogenic temperatures. We performed one preliminary study of this 

topic: The sample was cooled down to ~80K but the STM could not record a clear 

image or perform a stable indentation test because of the vibration and noise from 

the liquid nitrogen bubbles, a result of RHK's cooling cryostat design.  

Nonetheless, we observed only a positive frequency response from QCM when 

we performed tip indentations immediately after stopping liquid nitrogen supply. 
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Much work could be performed on this contact mechanism study at single sliding 

asperity contact at cryogenic temperature if alternate design for the cryostat STM 

could be used with less noise at low temperature. 
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Appendix A: Nanoscale design of tribologically adaptive gold-
yttrium stabilized zirconia based nanocomposites 

*published in Tribology – Materials, Surfaces and Interfaces 3, 145-150 (2009).

Jacqueline Krim1, Benjamin D. Dawson1, Kyle Barefoot1, Colin C. Baker2, Liming Pan1, 
James Pearson3, Mohammed Zikry3, and Andrey Vovoedin4

1North Carolina State University, Department of Physics,  
Raleigh, NC 27695  

2Naval Research Laboratory, Washington, D. C. 20375  

3North Carolina State University, Department of Mechanical and Aerospace Engineering 

 4Wright Patterson Air Force Research Laboratory, Dayton, OH 
  

Nanocomposites hold great promise for space and ambient applications on account of 
their ability to adapt to and exhibit low friction and wear rates in constantly varying 
environmental conditions. In order to explore the impact of nanocrystalline grain size and 
fractal scaling properties on tribological performance, the authors have performed 
experimental and theoretical studies examining the nanotribological properties of gold–
ytrium based nanocomposites. These include modeling the impact of grain size on film 
stress and wear attributes and the documentation of surface region grain size 
distributions. The authors’ modeling results associate smaller grain sizes with lower 
wear, consistent with experimental observations for the range of grain sizes studied. The 
findings show promise for nanoscale customization of coatings so as to tailor them at the 
nanoscale in an application specific manner. 
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Introduction 

 Gold-yttria stabilized zirconia (YSZ) based nanocomposites have great potential 

for aerospace tribological applications owing to their ability to adapt to changing 

environmental conditions by maintaining low friction and wear rates.  In particular, these 

coatings have been shown to withstand continuously variable conditions that range 

between the extremes of dry nitrogen, humid air, and high temperature oxidizing 

environments1.  The internal granular structure of selected nanocomposites has been 

reported in past literature1-4.  The overall impact of grain size and microstructure on 

mechanical properties, particularly tribological performance, meanwhile, remains a 

matter of great interest for these and other materials5-13.  One possibility that has been 

suggested is that the fractal scaling properties of a materials microstructure are related to 

the manner in which it wears13.   

 The authors report here a joint experimental-theoretical study, modeling the 

impact of grain size on film stress and wear attributes for zirconia based nanocomposites. 

The authors document experimentally both the surface region morphology through 

scanning tunneling microscopy (STM) measurements of self-affine fractal scaling 

properties5, as well as internal granular structure.  The authors’ studies focus on the 

properties of two samples with differing gold content (“high” and “low”) and grain size.  

Friction measurements and wear rate computations have been performed and compared 

to the grain sizes and morphological features, as deduced from high resolution 

transmission electron microscopy (HRTEM), STM and X-ray diffraction (XRD) data.  

The information gathered from the authors’ combined experimental and computational 

work facilitates a fundamental understanding of nanocomposite coatings and furthers a 
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basic understanding of how the nanoscale mechanical properties of the coatings impact 

macroscopic tribological behavior. 

Sample preparation and tribological characteristics

 The authors examined two nanocomposite coatings, of compositions 

(YSZ)0.42Au0.31(MoS2)0.16C0.11 and (YSZ)0.33Au0.14(MoS2)0.15C0.36, denoted as H1 and L3, 

respectively,  for consistency with earlier terminology (which labeled the “high” gold 

content as the H series and the “low” gold content as the L series2,3).  The authors 

prepared the films by depositing them onto a steel substrate, with a titanium interlayer, in 

the same ultra high vacuum system employed for earlier studies using a magnetron 

assisted pulsed laser deposition process4.  Briefly, a rotating target composed of YSZ, 

MoS2 and graphite is ablated with a laser pulsed at 40 Hz and 2.5 W/cm2 power; the 

relative compositions of the YSZ, MoS2 and Carbon in the coating were controlled by 

their relative fraction in the target.  Au was deposited via magnetron sputtering 

simultaneously with the laser ablation, resulting in YSZ/Au/diamond-like carbon 

(DLC)/MoS2 coatings.  The films reported here are 1.73 �m (H1) and 1.65 �m (L3) thick.  

Compositional analysis was performed by X-ray photoelectron spectroscopy as described 

previously2.  

We determined the wear rates for these samples from reciprocating pin-on flat 

sliding tests with sapphire ball counterfaces in both humid air (35-45% RH) and dry 

nitrogen (3-5% RH) conditions according to the procedures given by Chromik et al3.  

Measurements were made for tracks that had been run for both 1100 and 1500 sliding 

cycles.  Wear cross-sections (in µm2) of the tracks were measured by stylus profilometry.  

The volume of wear was then calculated by multiplying the wear cross section by the 
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9length of the wear track3.  The wear rate was determined by dividing the total wear 

volume by the product of the total sliding distance in (m) over which the wear test was 

performed and the applied normal load in (N).  The values are given in Table 1, alongside 

previously reported friction coefficients2. While the friction coefficients vary little 

between the samples, the wear rate is significantly lower for L3 in both humid and dry 

conditions. 

HRTEM, X-ray diffraction, and STM determinations of grain size 

 Baker et al.2 have presented XRD data for H1 in a prior publication, as well as a 

HRTEM image of L3.  They concluded that only gold is present in nanocrystalline form, 

while the other constituents exist in a mostly amorphous state.  Figure 1 presents 

comparable XRD data recorded for the L3 sample. 

Figure B.1: XRD patterns for H1 and L3.  L3 gold 
peaks are broader, reflecting the smaller gold grain 
size.  The Molybdenum peaks are due to occasional 
large droplets of Molybdenum from the laser 
deposition process 
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 Applying the Scherrer formula14 to the XRD measurements for both samples 

gives gold grain sizes of ~6.0 nm for H1 and ~3.1 nm for L3.  Mo peaks are also present 

and correspond to small quantities of large Mo particles that are greater than 100 nm in 

extent1.  

 A HRTEM image for the H1 sample is depicted in Fig. 2 alongside the 

corresponding image of the L3 sample from Ref. 2.  The HRTEM images show dark 

Figure 2.  TEM image of (a) H1 and (b) L3 
(Ref. [2]) with typical gold grains outlined.   
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regions of gold nanocrystals that range from about 5 to 20 nm in diameter for H1 and 

about 2-5 nm in diameter for L3.   

STM measurements of surface topology 

Self-affine fractal surfaces are often present for films grown under non-

equilibrium conditions15-18.  A self-affine surface is distinguished from a self-similar 

Figure B.3: Images (STM) of (a) H1 and (b) L3 
with typical morphological features outlined 
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fractal by an asymmetry in the scaling behavior perpendicular to the surface, generally 

manifested by an absence of surface overhangs.  For scales smaller than a correlation 

length, the root mean square (RMS) roughness scales as HL∝σ , where L is the length 

scale and the scaling exponent H is indicative of the texture of the surface and ranges 

between 0 and 119.  The slope of a log-log plot of the averaged RMS roughness versus 

image length thus determines the scaling exponent H.20  At length scales greater than the 

correlation length, σ  reaches a saturation value.   

For the present studies, STM measurements were performed on both newly 

deposited and worn surface regions.   Worn surfaces were created by rubbing a sapphire 

sphere of diameter 0.318 cm back and forth on the samples with an applied load of ~0.2 

Figure B.4: RMS roughness vs. length scale for the unworn 
region of the adaptive coatings.  Square plot with solid line shows 
H1, and open circle with dashed line shows L3.  0.69H =  for H1 
and 1.0H = for L3.



214

N.  The STM measurements were recorded in ambient conditions using a NanoScope II 

STM and a platinum-rhodium tip that was prepared by cutting.  Scanning was performed 

in constant current mode, with voltage bias ranging from 18.3-87.3 mV and tunneling 

current ranging from 1.5-5.5 nA.  Root mean square roughness was determined using 

NanoScope II software and was used to produce a log-log plot of the averaged RMS 

roughness versus length scale.  The slope of this plot is the self-affine scaling exponent 

H, which reflects surface texture and thus depends on whether the surface is worn or 

undisturbed.19  The STM images show grain-like features of approximately 15-40 nm in 

diameter for H1 and about 5-20 nm in diameter for L3 (Fig. 3) 

Figure B.5: RMS roughness vs. length scale for the worn 
region of the coatings.  Square plot with solid line shows H1 
and open circle with dashed line shows L3. 1H =  for both 
samples, within experimental error. 
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 Figures 4 and 5 show plots of RMS roughness versus L for the unworn and worn 

regions of H1 and L3 and give H for the different plots.  Each data point in the graph 

represents an average of three to four scans at different areas of the surface.  In the 

unworn region, 0.69H =  for H1 and ~1 for L3.  In the worn region, H is ~1 for both H1 

and L3.  As would be expected, the worn region has a smoother texture than the unworn 

region19.  The unworn fractal scaling behavior may, however, be more indicative of the 

internal microstructure that may impact tribological performance.  Arrows in Figure 4 

correspond to the grain sizes observed in the STM images presented in Figure 3.  For H1, 

in the unworn region there is a leveling off at length scales of about 15-40 nm, which 

correlates to the grains visually observed in the images.  No such feature was found in the 

graph of L3, but this could be due to the smaller scales of the grains.  For both films, the 

correlation length appears to be ~3000nm. 

Wear rate and friction coefficients 
The authors determined the wear rates for these samples from reciprocating pin-on flat 

sliding tests with sapphire ball counterfaces in both humid air (35-45% RH) and dry 

nitrogen (3-5% RH) conditions according to the procedures given by Chromik et al3.  In 

particular, a sapphire hemisphere (6.35 mm diameter) was loaded against coated  

specimens via a dead load, cantilevered geometry. The mean initial Hertzian contact 

stress, using a 200 g mass, was 0.9 GPa. Low speed sliding (1 mm s–1) tests were 

conducted in two room temperature environments: dry nitrogen (3–5% RH) and humid 

air (35–45% RH). Both average and spatially resolved friction force were measured along 

the track for each cycle, with a total of 500–1500 cycles performed. Steady state friction 

coefficients were obtained by averaging the last 100 cycles of a test segment. 
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Measurements were made for tracks that had been run for both 1100 and 1500 

sliding cycles.  Wear cross-sections (in µm2) of the tracks were measured by stylus 

profilometry.  The volume of wear was then calculated by multiplying the wear cross 

section by the length of the wear track3.  The wear rate was determined by dividing the 

total wear volume by the product of the total sliding distance in (m) over which the wear 

test was performed and the applied normal load in (N).  The values are given in Table 1, 

alongside previously reported friction coefficients2,3. While the friction coefficients vary 

little between the samples, the wear rate is significantly lower for L3 in both humid and 

dry conditions.  The authors note that some wear induced MoO3 is present for these 

materials1.  A solid lubricant is considered to have moderate wear resistance if it 

demonstrates a wear rate between 10-6 and 10-5 mm3/(N·M),21 and wear rates approaching 

10-7 mm3/(N·M) have been reported for this class of materials.22  The best wear rates 

reported here are thus moderate to good. 

Grain behavior and local stresses: computational analysis 

From the HRTEM characterization, it was shown that the size of grains depended 

on the concentration and makeup of the different constituents of the adaptive coating.  To 

understand how this range of grain sizes would impact coating behavior and the 

Table B.1: Wear properties and grain size of adaptive coatings
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interfacial stress interaction between different collective grains, a computational study 

was performed.  These local stresses have a direct impact on coating strength and wear 

response, since lower yield or flow stresses are directly related to a higher wear rate, as 

the film can more easily shear or peel away during contact.  Previous experimental work 

with different material systems has shown that, for the same coating and material, smaller 

grain sizes have, in general, comparatively lower wear rates.2,3   In particular, 

nanocomposites high in gold content exhibited larger Au grains and, on average, 300% 

(humid air) and 25% (dry nitrogen) higher wear rates, respectively, than low Au content 

nanocomposites. 

Figure B.6:  Finite element model.  (a) Model dimensions and 
loadings and (b) coating microstructure quadrilateral mesh.  Inset 
shows matrix material located in the ‘interface’ and the ‘matrix’.  



218

To further understand how grain size would affect behavior for the 

nanocomposite coatings, specialized finite element (FE) techniques23-25  were employed 

to represent the coating microstructure using two-dimensional Voronoi tessellations of 

the Au, MoS2, and YSZ constituents in the form of inclusions separated by the DLC 

matrix phase (Fig. 6).  The simulations were two-dimensional, quasi-static plane strain 

analyses using bulk material properties for each material constituent.  A J2 kinematic 

plasticity formulation was used for the ductile elements (Au and MoS2), and the tangent 

modulus was assumed as ¼ of the original modulus.  Additional details related to the 

finite-element formulation and models can be found in references 23-25.   

The average grain diameter of the Au, MoS2, and YSZ constituents was varied 

from 27 nm to 270 nm.  The authors modeled different grain diameters to show how 

stress and grain interfaces are significantly affected by variations in grain sizes.  The 

authors did not specifically model down to the experimentally observed grain sizes that 

were on the order of ~3 nm.  These would have required an untenable number of 

elements, approximately on the order of millions of elements, and these grain-sizes would 

be beyond continuum level computations.  Atomistic simulation techniques, which would 

be capable of modeling the experimental grain size, are currently limited to representing 

too few grains to obtain meaningful results for grain to grain interactions on time scales 

that may not be physically realistic.  Furthermore, these techniques are incapable of 

modeling the experimental thickness and size of the nanocomposite coatings due to the 1 

μm of coating thickness.  The major objective of the computational analysis is to 

understand how variations in grain sizes, grain interfaces, and grain interactions affect 

local stress behavior, and how this is related to wear response.  The trends evident from 
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16these simulations will be used to bridge the difference in scales between atomistic and 

continuum results, and to further elucidate the experimental observations and 

measurements. 

A uniform pressure of 38 MPa was applied to the surface of the coating, and a 

continuum von Mises plasticity formulation was used for the Au and MoS2 inclusions, 

and isotropic elasticity was used for the YSZ and DLC constituents. 

 The maximum von Mises stresses are given by 
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where 1σ , 2σ , and 3σ  are the principal stresses.  These stresses were obtained from the 

interfacial stresses between neighboring crystals.  The interfacial stresses are strongly 

influenced by the DLC orientations with respect to loading, which we characterized as 

either ‘vertical’ or ‘horizontal’ to delineate how interfacial stresses are influenced by 

these orientations. 

 Figure 7 presents results for the maximum interfacial stresses for the Au and 

MoS2 grains.  The effects of crystal size on the von Mises stress are clearly evident.  An 

Increased stress response, for decreasing grain size, is generally evident for grain 

diameters larger than ~100 nm, which is reminiscent with the Hall-Petch effect26,27, 

d

k y
y += 0σσ

where yk  is a constant of the material, 0σ  is a materials constant for the threshold stress 

for dislocation movement, d is the grain diameter, and yσ  is the yield stress.  The Hall–

Petch relation26,27 predicts that, as the grain size decreases, the yield strength increases, a 
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phenomenon referred to as grain boundary strengthening. If the average grain size could 

be decreased to nanometer dimensions, which are smaller than that treated by the Hall–

Petch relation (1 mm to 1 mm), the yield strength might be expected to continue to 

increase. However, experiments on many nanocrystalline materials have demonstrated 

that if the grains reached a small enough size (typically ,100 nm), the yield strength either 

remains constant or decreases with decreasing grain size.28,29 This phenomenon is 

Figure B.7:  Von Mises stress at the ‘interface’ and within the 
‘matrix’ for DLC matrix material oriented ‘horizontal’ and 
‘vertical’ between (a) two Au grains and (b) two MoS2 grains 
versus grain size.    
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referred to as ‘grain size softening’, or an inverse Hall–Petch effect. The results presented 

here exhibit decreases in the stresses, potentially comparable to an inverse Hall–Petch 

effect for grain diameters between 50 and 100 nm. Below 50 nm, the stress once again 

increases with decreasing grain size. This may be due to the stress accommodation, 

which arises from the increase in grain boundary interfacial regions between the Au and 

MoS2 grains and the DLC matrix. It should be noted that these computations only 

account for thermomechanical effects and not any chemical or constituent interactions, 

which would affect interfacial behavior.  

 The modeling results are consistent with less wear for smaller grain sizes2,3 and 

clearly indicate how strength evolves as a function of grain diameter. The authors expect 

that the strength should increase, as the grain size decreases from 27 nm to the 

experimental 3 nm, because there was no grain boundary sliding from the wear 

experiments, which could signify an inverse Hall–Petch effect.   

Discussion 

 For all three experimental techniques, the observed grain size for the lower gold 

content coating L3 was smaller than the grain size for the higher gold content coating, 

H1. The theoretical stress analysis agrees with the experimental observation that a 

smaller grain size results in a tougher material by correlating the maximum interfacial 

stress with the ability of the coating to withstand wear. These results show that the ability 

to control grain size is a design parameter that would allow one to customize the wear 

properties and stress distributions in the microstructure of the coating. The grain-like 

features observed via STM show a correlation between grain sizes measured from XRD 

and HRTEM and the topographical features of the coating. The fractal analysis of the 
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surface shows how the coatings evolve after wear. As would be expected, the scaling 

exponent for both coatings in the worn region was y1, which is characteristic of a smooth 

surface texture. Likewise, the value of the RMS roughness decreased from the worn to 

the unworn region. These results can be used for future computational studies on 

interfacial sliding of these nanocomposite coatings.  

Summary 

 Using both computational and experimental methods, a relationship between grain 

size and wear in gold–YSZ coatings was studied along with coating topography and 

fractal scaling behavior. The following conclusions are made. 

 1. The coating with lower gold composition was observed to have smaller grains 

 and lower wear rates. 

 2. Scanning tunneling microscopy studies show that these coatings are fractal in 

 nature, with the same fractal scaling exponents after wear and that the surface 

 texture becomes smoother after wear, consistent with expectation. The fractal 

 scaling exponents are however within experimental error of the standard 

 geometric value of 1, with the exception of the unworn surface of the H1 sample. 

 3. Computational studies on the local stresses of the grains are consistent with the 

 finding that smaller grain sizes are associated with lower wear rates for grains <50 

 nm in diameter. 
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