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ABSTRACT  
   

This research focuses on the stress and structure evolution observed in-situ 

during the earliest stages of thin film growth in Cu/Au(111)- )322( × system. For 

the research, an ultra high vacuum-scanning tunneling microscopy (UHV-STM) 

system was modified to have the additional capabilities of in-situ deposition and 

in-situ stress evolution monitoring. The design and fabrication processes for the 

modifications are explained in detail. The deposition source enabled imaging 

during the deposition of Cu thin films, while also being columnar enough to avoid 

negatively impacting the function of the microscope. It was found that the stress-

induced changes in piezo voltage occurred over a substantially longer time scale 

and larger piezo scale than used during imaging, allowing for the deconvolution 

of the two sources of piezo voltage change.  

  The intrinsic stress evolution observed at the onset of Cu growth was 

tensile in character and reached a maximum of 0.19 N/m at approximately 0.8ML, 

with an average tensile slope of 1.0GPa.  As the film thickness increased beyond 

0.8 ML, the stress became less tensile as the observation of disordered stripe and 

trigon patterns of misfit dislocations began to appear. The transport of atoms from 

the surface of enlarged Cu islands into the strained layer played an important role 

in this stage, because they effectively reduce the activation barrier for the 

formation of the observed surface structures. A rich array of structures were 

observed in the work presented here including stripe, disordered stripe and trigon 

patterns co-existing in a single Cu layer. Heteroepitaxial systems in existing 

literature showed a uniform structure in the single layer. The non-uniform 
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structures in the single layer of this work may be attributed to the room 

temperature Cu growth, which can kinetically limit uniform pattern formation. 

The development of the UHV-STM system with additional capabilities for this 

work is expected to contribute to research for the stress and structure relationships 

of many other heteroepitaxial systems. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Stress and Structure in Heteroepitaxial Systems 

  Nanostructures are often found to have superior electronic, magnetic or 

mechanical properties compared to bulk structures. This attracts growing research 

interests due to the possibility of creating a new era of technology in sensors, 

catalysts, biomedical applications, nanoelectronics, optoelectronics, flexible 

electronics and the next generation of electronic devices [1-7]. The fabrication of 

many types of nanostructures involves growth processes for thin films in which 

growth stresses or intrinsic stresses are developed [8]. The evolution of intrinsic 

stress is closely related to structural changes in thin films. Others have 

investigated the effects of stress on structure in numerous thin and ultrathin films 

[9-15]. Identifying a mechanism that correctly defines the relationship between 

stress and structure can lead to more efficient fabrication of nanostructures with 

desired properties. 

  Excess stress in thin films can cause material failure by generating defects, 

resulting in deformation and fracture. However, the careful control of stress can 

result in proper structures with greater device performance. The strained metal 

oxide semiconductor field effect transistor (MOSFET), for example, benefited 

from stress-enhanced hole and electron mobilities that were first demonstrated by 

Bell Laboraties in 1954 [16, 17]. In  May 2011, Intel announced a new type of 

nanoscale transistor, called three dimensional tri-gate transistors, which utilized 

the beneficial effects of increased carrier mobility by the control of stress [18]. 
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Wong et al. summarized the stress effects on the carrier mobility that depends on 

the type of stress (i.e., tensile or compressive) [17]. The type of stress determines 

whether the conduction and valence bands will shift. If the conduction (valence) 

band that has light electrons (holes) shifts down (up), the effective mobility of the 

respective carrier is increased. As an example of carrier mobility enhancement by 

compressive stress, the mobility of holes in strained SiGe-pMOSFET was 

improved by 200% [19]. Ko et. al. fabricated an ultrathin compound 

semiconductor composed of indium arsenide (InAs) to use as a nanoscale 

transistor [4]. This research was motivated to find alternative ways to overcome 

the scaling limitation of Si-based devices. In the nanoscale devices that are 

fabricated based on ultrathin films of heteroepitaxial systems, one of the main 

sources of stress is from misfit strain at the interface. Understanding the 

relationship between stress evolution and the corresponding strained structure is 

of key importance for further research in such nanoscale devices. 

  Stress has significant effects on the reliability of interconnects [20, 21]. 

Electromigration builds a stress gradient that is associated with a flux of atoms 

driven by electron flow in interconnects. In the tensile region, voids are formed, 

causing an open circuit due to depletion of atoms. Hillocks form in the 

compressive region due to excess atoms and can incite a short circuit. 

Electromigration also sets up a gradient in vacancy concentration as the 

concentration of vacancies tends to be highly stress dependent [21]. Due to the 

vacancy concentration gradient, atoms migrate from the compressive to the tensile 

region of the interconnects, resulting in a steady state stress [20, 21]. This failure 
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mode can be prevented if the structure of the interconnects is made to sustain a 

steady state stress [20].  

  Graphene is another example of an ultrathin film whose properties can be 

affected by stress. Graphene has been an active research area since the successful 

isolation of the monolayer from graphite using scotch tape [22]. In order for 

electronic devices to benefit from its properties, it is necessary to find methods for 

large-scale pattern growth [3]. Graphene can be epitaxially grown on crystalline 

substrates such as SiC and Ru [23, 24]. By means of a growth and transfer 

method, Kim et. al. synthesized a large-scale patterned graphene layer [3]. This 

synthesis method produced a material with good optical, electrical and 

mechanical properties for flexible and stretchable electrodes. The structure of 

graphene can be affected by substrate crystallinity when the synthesis involves 

heteroepitaxial growth. The lattice mismatch between graphene and the crystalline 

substrate results in a strained heteroepitaxial structure that is associated with 

stress development in graphene. Therefore, the understanding of stress-structure 

relationships in graphene is expected to be important for large scale synthesis of 

graphene-based devices. 

  Finally, metastable structures are found in ultrathin metallic films that are 

heteroepitaxally grown [25]. Magnetic materials that adopt a metastable structure 

in ultrathin films have different magnetic properties than their bulk counterparts 

[25-27]. In the case of magnetic recording devices, as the density of data storage 

in ferromagnetic domains is increased, higher magnetic anisotropy energy is 

required. Spontaneous changes in magnetization direction can be prevented in 
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magnetic materials with higher magnetic anisotropy energy [1]. In the case of 

submonolayer Co on Pt(111), the magnetic anisotropy energy is remarkably 

improved, up to two orders of magnitude, as the dimension decreases to an atomic 

layer [1]. Metastable structures in ultrathin films result from intrinsic stress that 

develops during heteroepitaxial growth. It is important to understand stress 

evolution in ultrathin metallic films for the research of metastable structures and 

other effects that can be produced in devices through stress engineering. 

 

1.2 Synopsis 

It is evident from literatures [28-30] that combined methods of in-situ 

stress and electron diffraction technology can detect changes in the average 

surface structure but not local changes that are associated with stress evolution. 

The value of STM is that it provides direct observations of local details of surface 

structures. Combining STM with in-situ stress measurement makes it possible to 

study stress evolution and local surface structure development during growth of 

ultrathin films.  

The work reported here concentrates on ultrathin metal films that have a 

high atomic mobility on the surface. Thus, STM images of the surface structure at 

multiple locations are sufficient to be representative of the overall surface. In 

order to combine the imaging process with stress measurements in a STM system, 

a custom designed small deposition source was installed in the limited space of 

the STM stage. The design and modification processes are explained in Chapter 5. 

It was necessary to align the deposition source perfectly with the center of the 
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STM stage while simultaneously ensuring an appropriate deposition angle with 

respect to the STM head. If this painstakingly perfect alignment had not been 

performed, the deposition flux would have contaminated the STM system and 

caused it to malfunction. The sample holder was also modified to accept samples 

with two different geometries: membranes and cantilevers. 

The STM imaging process had to be done in extremely stable 

environments with minimal temperature variation and electrical or mechanical 

noise. The temperature requirement can be easily broken during deposition owing 

to heat generation in the deposition source. The bulk type substrate for STM 

imaging was replaced with membranes or cantilevers that can deflect during film 

growth. The deflection capability is another factor that negatively affects 

stabilization for the imaging process. To overcome these challenges, it was 

necessary to find suitable experimental conditions, including the proper 

dimension of the cantilever or membrane, an appropriate power setting for the 

small deposition source, and suitable STM scanning parameters such as scanning 

speed, time constant and tunneling current gain.  

The modified STM system was used to study the Cu/Au(111)-

)3(22× system.  The result of this work shows correlations between stress 

evolution and strain-relief surface structure development in ultrathin Cu film. The 

results and discussion of stress and structure evolution for the current system are 

provided in Chapter 6. The results, also, allow for visualization of the 

development of a nano-scale misfit dislocation network, which forms upon 

deposition of a monolayer of Cu on Au(111)- )322( × . Finally, Chapter 7 covers 
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the summary and future work that propose an extended study for the Cu/Au(111) 

- )322( ×  system as well as further investigations for other heteroepitaxial 

systems using the modified STM system. 
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CHAPTER 2: SURFACE STRUCTURES 

 

At the surface of solids, the translational periodicity of bulk material 

terminates in the direction normal to the surface (z direction). The lateral 

periodicity along the x and y directions can be either maintained or changed at the 

surface. The surface structure is formed by the native bulk materials or 

adsorbates. According to Wood’s notation for surface structure definition, each 

side of the surface mesh is compared with that of bulk mesh in lateral directions. 

The notation for the surface structure is built by the ratio of each side of surface 

mesh to that of the bulk. For example, if the surface has adsorbates, the 

periodicity of the adsorbate’s mesh may differ from the bulk material’s. Then, the 

surface structure is named according to the ratio as shown in Fig. 2.1. In other 

cases, the periodicity of surface changes from that of the bulk material by a 

rearrangement of surface atoms, or via so-called surface reconstruction. Surface 

reconstruction occurs in clean solid surfaces or is manifested by the presence of 

adsorbates on the surface [7, 31]. While reconstruction is shown in surfaces of a 

few transition metals, most semiconductors display surface reconstruction [31, 

32] . Fig. 2.2 shows several examples of reconstructed surfaces, Si(100)-(2×1) 

[33], Si(111)-(7×7) [34] and Au(111)- )322( × [35].  

Strain relief patterns are another surface structure found on the surface of 

heteroepitaxial films. The heteroepitaxial film is grown on a substrate with similar 

symmetry but different lattice parameter. When the film is enough to maintain the 
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epitaxial condition at the film-substrate interface, the thin film follows the lateral 

periodicity of the substrate. In this case, the surface structure of the thin film is 

called a (1×1) pseudomorpic structure 

Fig. 2.1 Wood’s notation on different surfaces of FCC structure (a) (100) 

surface: b1/a1:b2/a2 → (3×1) structure, (b) (110) surface:  b1/a1: b2/a2 → (2×1) 

structure, (c) (111) surface: b1/a1:b2/a2 → ( 3 × 3 ) R30 structure (the unit 

cell of surface is rotated by 30º with respect to the substrate unit cell, which is 

indicated by R30). 

(a) 

(b) 

(c) 
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. 

Fig. 2.2 STM images for surface reconstruction of (a) Si(100)-(2×1) 

(120nm×120nm) [33], (b) Si(111)-(7×7) (19nm×19nm) [34] and (c) Au(111)-

)322( ×  (150nm×150nm) [35] structures. 

(c) 

(b) 

(a) 
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The lattice mismatch between the film and the substrate creates a condition of 

epitaxial strain. At a certain thickness, the epitaxial condition begins to erode, 

introducing misfit dislocations due to the lattice mismatch at the interface. The 

lines and networks of these misfit dislocations form distinct patterns with 

structures that differ from both the substrate and the bulk material of the film. 

These are called strain relief surface structures, because the strain is released as 

the bonding is disconnected at the interface. 

 

2.1 Surface Reconstruction  

When the surface is formed from the bulk in ultra high vacuum conditions, 

the surface atoms have less electron density and fewer bonds compared to the 

bulk. Surface reconstruction involves the rearrangement of surface atoms to 

compensate for the reduced electron density and atomic bonds. As a result, the 

structure of the reconstructed surface has different symmetry and periodicity from 

those of the bulk. Surface reconstruction of Si(100) and Si(111) reduces the 

density of “dangling” bonds. Each atom in unreconstructed Si(100) surface has 

two disconnected covalent bonds. Since Si is a diamond cubic structure, the 

dangling bonds are rotated 90° with respect to the covalent bonds below. Owing 

to this feature of the diamond cubic structure, each dangling bond links an 

adjacent dangling bond in either the [110] or the [ 101 ] direction. The linking of 

the adjacent two dangling bonds forms “dimers,” whose row looks like a line in 

STM topography in Fig. 2(a). The group of lines forms domains that are separated 

by atomic steps. As two orientations of dangling bonds exist, two domain 
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orientations, [ 101 ] and [110], are found in reconstructed surfaces of Si(100). 

Crossing the steps up or downward, the two domain orientations repeat each 

other. The ‘dimer’ formation results in reduction of the density of dangling bonds 

during the reconstruction process [7]. 

Si(111)-(7x7) is often described by the DAS model [36]. This model 

shows a diamond shaped unit cell with 12 adatoms. Fig. 2.3 illustrates the model.  

Fig. 2.3 Dimer Adatom Stacking Fault (DAS) model for Si(111)-(7×7) 

reconstruction [36]. 
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The stacking sequence of the left sub-unit cell shows a C/a fault, while the normal 

sequence of B/a is found in the right sub-unit cell. The unit cell is thus a 

combination of faulted and unfaulted regions. The number of total dangling bonds 

in the unit cell is 49, which is reduced to 19 by dimer formation of dangling 

bonds. The dangling bonds involving the dimer formation are marked with red 

solid lines. The remaining dangling bonds are located at 12 adatoms (solid 

circles), six rest atoms (marked with x) and four corner atoms. Because the corner 

atoms are shared with adjacent unit cells (so, 4×¼ =1), the total number of 

remaining dangling bonds is 12+6+1 = 19. This reduction of dangling bonds by 

dimer formation works as the driving force for the reconstruction of the Si(111) 

surface. 

The reconstruction mechanism for the metal surface is explained 

differently. Atomic density increase is involved in the reconstruction of transition 

metals such as, Ir(100), Pt(100), Au(100), Au(111) and Pt(111) [31, 32]. The loss 

of neighboring atoms causes the decrease in electron density of atoms at the 

surface. In order to compensate for the deficiency of electron density, surface 

atoms try to reduce the spacing of nearest neighbors. This induces tensile stress on 

the surface. The tensile stress can be reduced by compression associated with the 

increase of atomic density on the surface. However, the contraction involved in 

reconstruction requires an energy cost for the registry change between surface and 

bulk lattices. Fig. 2.4 shows a reconstructed Pt(100)-(6×30) surface [37]. The 

FCC(100) surface is a loosely packed structure compared to the FCC(111) 
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surface. The structure changes into a close-packed quasi-hexagonal structure by 

reconstruction, relaxing the large tensile stress of the unreconstructed surface. 

 A long-range modulation is observed in the direction of [011]. The reconstructed 

surface is 3.3% contracted with respect to the bulk, increasing the atomic density 

[37].  

  The reconstructed surface of Au(111) shows a unique structure, called 

)322( × structure (Fig.2.5) [38, 39]. This structure cannot be found in the bulk of 

Au. The reconstruction of Au(111) involves periodic transitions of two stacking 

regions, FCC and HCP, which are separated by corrugation lines. The corrugation 

Fig. 2.4 STM image of quasi-hexagonal structure of Pt(100)-(6×30) 

reconstruction (20nm×20nm). The thirteen unit cells are highlighted by the 

white lines [37]. 
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lines are incommensurate to the bulk lattice. The unit cell structure of 

reconstructed surface is in a rectangular shape. The reconstruction makes 23 

surface atoms in registry with 22 underlying bulk atoms. This results in a uniaxial 

contraction of ~4.3 % along < 011 > directions. As shown in the ball model in 

Fig. 2.5(a), along the compression direction in the unit cell, the stacking regions 

vary from the FCC to the HCP region and to another FCC region. The corrugation 

lines are in a pair and contain Shockley partial dislocations. The Shockley partial 

dislocations are running along < 121 > directions. The corrugation lines are 

periodically bent in a chevron shape. Edge dislocations are located at each elbow 

of the chevron, which is shown in the highlighted inset of Fig. 2.5(b). Due to this 

shape, the reconstruction of Au(111) is often called a herringbone structure. The 

STM topography of the reconstructed Au(111) surface shows that the FCC region 

is wider than the HCP region, implying that FCC stacking is energetically more 

favorable than HCP stacking [40]. The reconstructed surface is composed of three 

different rotational domains [40]. At the transitional region between domains, the 

parallel corrugation lines are bent by 120° as shown on the lower left in Fig 

2.5(b). Therefore, the reconstructed Au(111) surface is compressed by an 

effective isotropic contraction in a large scale, combining locally favorable 

uniaxial contractions. 

 Trimble et. al. described the driving force for Au(111) reconstruction by a 

thermodynamic model, which is reduction of surface free energy [31]. As the 

surface contraction of Au(111) reconstruction increases the electron density of 
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(b) 

(a) 

Fig. 2.5 STM images of Au(111)- )322( ×  reconstruction. (a) STM image for 

herringbone structure with the ball model for the unit cell (marked with the 

rectangle in the image) [38]. The unfaulted and faulted regions are separated 

by the corrugation lines, which are indicated by “BRIDGING” in the figure. 

The stacking sequence of the faulted and unfaulted regions is described by the 

ball model. The “BRIDGING” area is composed of the open balls in the 

model. (b) STM image (170nm×170nm) [39] shows the pair-wise corrugation 

lines of herringbone structure. The edge dislocations are described in the 

highlighted inset.  
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surface atoms, the surface free energy is reduced. However, the formation of 

Shockley partial dislocations results in energy expense due to disregistry between 

the surface and the underlying bulk lattice as well as to elastic energy of the 

uppermost Au layer, which is compressively strained. 

 

2.2 Growth Kinetics for Surface Structure Formation 

  Once the depositing atoms arrive on the surface, they become surface 

adatoms and participate in surface diffusion on the surface lattice of the substrate. 

The surface adatoms travel along terrace ledges or “cross the steps”, overcoming 

the corresponding diffusion barrier. Each adatom has a distinct lifetime for 

surface diffusion, which is called adatom life time. The square root of the product 

of adatom life time and surface diffusivity results in the mean diffusion length 

that determines the fate of surface adatoms [7] . When surface adatoms encounter 

nucleation sites or existing islands within the diffusion length, they can contribute 

to surface structure formation, Moreover, the competition between surface 

diffusion and deposition rate significantly affects surface structure formation. If 

the deposition rate is faster than the surface diffusion, the kinetically limited 

structures result. Conversely, if surface diffusion occurs more quickly than 

deposition, the traveling adatoms on the potential energy surface have a greater 

probability of finding minimal energy sites. This condition can produce a 

thermodynamically favorable structure compared to the previous case. Fig. 2.6 

shows the results of two growth conditions explained above. The Ag dendrites in 

Fig. 2.6(a) result from the kinetically limited growth condition at 110K [1, 41].  
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(a) 

(b) 

Fig. 2.6 The surface structures of Ag/Pt(111) resulted from two different 

growth conditions. (a) STM image of Ag dendrites, grown at 110K [1,41]. (b) 

STM image of misfit dislocation networks formed in 2ML of Ag, resulting 

from a 400~500K growth and a subsequent 800K annealing processes [42]. 

The 20nm-scale bars are located at bottom right corner of each STM image. 
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Because surface diffusion is a thermally activated process and surface diffusivity 

obeys Arrhenius’ law, if the growth temperature increases while fixing the 

deposition rate, the surface diffusion becomes dominant. The same system of 

Ag/Pt(111), grown and annealed at higher temperature, is shown in Fig. 2.6(b) 

[42] . This system belongs to the second growth condition with dominant surface 

diffusion. 

 

2.3 Surface Structures Formed by Strain Relaxation in Ultrathin Metal Films 

  A commonly observed sequence in the growth of heteroepitaxial systems 

that show strain relief structure development is (1) pseudomorphic, (2) stripe, (3) 

triangle shape or trigonal, and (4) moiré patterns [2, 43-45]. These structures 

generally all develop, but the coverage range in which they exist is specific to the 

system. There are two competing potential energies involved in the strain relief 

structure development in ultrathin films [42, 46]. One is a substrate based 

potential energy accounting for the effects of the substrate on the film atoms. The 

other is an interatomic potential energy between the nearest neighboring atoms in 

the film. These two potentials consist of the Frenkel-Kontorova (FK) model that 

was used to describe the commensurate-incommensurate transition of metal 

surfaces [42, 46, 47]. If the former is dominating the latter term, the 

commensurate phase will form in the film. As a result, the film will have a 

pseudomorphic structure. If it goes in the opposite way, the incommensurate 

phase will result, forming a moiré pattern in the film. If the two factors are in a 

certain balance, the film will display intermediate structures such as the stripe or 
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triangular pattern. Moreover, a kinetic limitation in the growth processes of films 

can affect the development of strain relief structures. Some of the structures may 

be missed or a mixed type of intermediate structure can be displayed.  

 

2.3.1 Cu/Ru(0001) [43] 

The Cu/Ru(0001) system displays four different strain relief structures in 

the stacking sequence of Cu layers [43]. As shown in Fig. 2.7, the first layer 

displays a fully strained pseudomorphic structure. In the 2 ML and 3 ML of Ag, 

partially relaxed structures - stripe pattern and triangular shape, respectively - are 

formed. The last structure is the moiré pattern in 4 ML of Ag. The strain induced 

by 6% misfit between Cu and Ru lattices is gradually relaxed in the series of the 

structure. These structures are thermodynamically favorable phases that are 

formed without kinetic limitations in the growth condition of the Cu layer [43]. 

 The stripe pattern in the second layer is similar to the reconstructed surface of 

Au(111)- )322( × except for the chevron-like shape. The stacking regions of 

FCC and HCP are separated by the corrugation lines. Three types of rotational 

domain are also found in 2ML of Cu as in Au(111) reconstruction. Additionally, 

the combinational mode of stress relaxation, the overall isotropic mode combining 

local uniaxial mode, is similar to that of the reconstructed surface of Au(111), 

explained in the previous chapter.  

  In the third layer of Cu, the corresponding strain relief structure is an 

isotropic pattern, where corrugation lines are formed in a triangular shape.  
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(b) 

(a) 

Fig. 2.7  STM images of Cu/Ru(0001) [43] (a) 1st Cu layer with 

pseudomorphic structure (7.7nm×40nm), (b) 2nd Cu layer with stripe pattern 

(top), 3rd Cu layer with triangular pattern (middle) and 4th Cu layer with moiré 

pattern (lower right corner) (193nm×115nm). 
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The important fact for 3 ML of Cu is that the isotropic pattern cannot be stacked 

on the uniaxial pattern in 2 ML of Cu [43]. This implies that the formation of the 

triangular shape in 3 ML of Cu involves rearrangement and mass transport of 

atoms between successive underlying layers.  

 

2.3.2 Ag/Ru(0001) [45] 

A pseudomorphic structure is not observed in the Ag/Ru(0001) system. 

The compressive misfit strain, 7% is partially relaxed, forming a herringbone 

structure in 1ML of Ag, which is similar to the Au(111) reconstruction.  

Further relaxation occurs in 2ML of Ag, forming a complicated network of 

trigonal structures. The herringbone structure of 1ML Ag/Ru(0001) has two 

different phases, short period and long period herringbone structures, as shown in 

Fig. 2.8. The sub-monolayer of Ag displays short period herringbone, in which 

elbows of the chevron shape are located in every 5.4nm. A longer period, ~20nm, 

between elbows is found in the full monolayer of Ag. The herringbone structure 

with a long periodicity especially shows first order transition to short period 

herringbone at 205°C [45]. The temperature-driven transition of the herringbone 

structure is a reversible process. Also, the transition decreases the atomic density 

in the unit cell of the herringbone structure, from 0.928 (of Ru atomic density) for 

long period herringbone to 0.915 for short period herringbone. While Au(111) 

reconstruction shows a wider FCC than HCP region, the width of FCC and HCP 

regions in the stripe pattern of Ag/Ru(0001) [45] is almost equivalent.  
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(a) (b) 

(c) 

Fig. 2.8 Herringbone structure of Ag/Ru(0001) [45]  (a) STM image of short 

period herringbone structure at the coverage of sub-monolayer of Ag. The unit 

cell is marked with the red box. (b) Cartoon model for short period 

herringbone structure. The box with the dotted line corresponds to the red box 

in Fig 2.8(a). The arrows correspond to the Burgers vectors of Shockley partial 

dislocation. The threading edge dislocations are located at the ‘elbows’ marked 

with “T”. (c) STM image of long period herringbone structure at full 

monolayer. 
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According to first principle calculations, the energy of FCC sites is almost the 

same as that of HCP sites for Ag on Ru(0001) [45]. The formation of the trigonal 

structure in 2ML Ag on Ru(0001) involves the restructuring of Ag atoms in 1ML.  

Ling et.al. explained, with STM topography and a schematic diagram 

showing the stacking sequence of Ag layers (Fig. 2.9), that the trigonal structure 

is constructed by interwoven dislocation networks[44, 45]. The interwoven 

network is composed of edge dislocations and Shockley partial dislocations. 

Shockley partial dislocations form networks of the trigonal pattern in the two 

interfaces, the second/first Ag layer and the first Ag layer/Ru(0001). The 

Shockley partial dislocations are confined in the first Ag layer. As shown in the 

cartoon model, no dislocations are extended into the second Ag layer [44]. The 

edge dislocation of which location appears as a ‘black line’ in the STM image 

connects each ‘trigon’ in two different interfaces. As opposed to the STM image 

of the herringbone structure in Fig. 2.8, the lines of dislocations appear darker in 

the STM topography of 2ML Ag/Ru(0001) as shown in Fig. 2.9. The authors 

explained that the second layer of Ag buried the networks of Shockley partial 

dislocation and edge dislocation. The contrast of the “black line” is possibly 

resulted from the electronic effect of dislocation structure in the underlying layer  

[44]. In the first layer, the trigonal structure with HCP stacking is surrounded by 

FCC-stacked regions. The second layer of Ag has a nearly hexagonal structure 

without dislocations threaded from the underlying layer. Thereby, the first layer 

of Ag works as an intermediate for the Ru layer and the second Ag layer, which 
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(b) (a) 

Fig. 2.9 STM image of 2ML Ag/Ru(0001) and a cartoon model for the 

complicated networks of dislocations [44]. (a) The unit cell is highlighted by 

the red diamond shape. The three fold symmetry feature is shown in green 

lines. Each black line corresponds to the location of edge threading dislocation. 

Inset shows the height modulation of EAM calculation for the trigonal 

structure. (b) The cartoon model for the trigonal structure describes the 

complicated network of Shockley partial dislocations and edge dislocations. 

The curbed lines represent the Shockley partial dislocations at two interfaces of 

2nd layer Ag / 1st layer Ag and 1st layer Ag / Ru. Edge dislocation is displayed 

by the vertical segment. The complicated network resulted from the 

interweaving of three sets of equivalent dislocation networks, which are shown 

in three different colors, yellow, magenta and cyan.  
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 have different lattice coefficients. The atomic density of the first Ag layer is also 

in an intermediate value between the densities of the Ru layer and the second Ag 

layer (Ru>1st Ag layer>2nd Ag layer) [44]. 

 

2.3.3 Ag/Pt(111) [42] 

The STM topography of Fig. 2.10 shows the surface structures of 1.5ML 

Ag/Pt(111). The first layer displays a pseudomorphic structure. The stripe pattern 

is formed in the second layer. Those structures resulted from Ag deposition at 

300~340K. By a subsequent annealing process at 800K, the stripe pattern in the 

second layer changes into a trigonal pattern in which the crossing of domain walls 

forms a triangular shape of networks. The pseudomorphic Ag layer is attached to 

Pt(111) with a compressive misfit strain of 4.3%. The formation of the stripe 

pattern is associated with the relaxation of the compressive misfit strain in 

uniaxial directions along < 011 >. The pair-wise corrugation lines run along 

< 121 > directions and work as domain walls, separating the FCC and HCP 

stacking regions. As in the case of Au(111) reconstruction, the FCC regions 

appear wider than HCP regions. In contrast to Cu/Ru(0001), the stripe pattern of 

Ag/Pt(111) is not a thermodynamically stable structure.  The annealing process 

changes the stripe pattern into a trigonal structure in the existing second layer of 

Ag. In this way, the uniaxial relaxation of compressive strain turns to an isotropic 

mode. The unit cell is composed of two triangles and one hexagon shape. The 

domain walls that form each shape are oriented along < 011 > directions.  
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The hexagon consists of three long and three short domain walls. The two types 

of domain walls are alternatively located, connecting each other’s ends. 

Fig. 2.10 STM images 1.5ML Ag/Pt(111) (52nm×52nm) [42] (a) Stripe pattern 

in the second layer and pseudomorphic structure in the first layer (lower left) 

(b) Trigonal pattern in the second layer resulted from a subsequent annealing. 

(b) 

(a) 



  27 

 The two triangles, one large and one small, share one vertex together. Also, the 

two triangles share each one of their domain walls with the hexagon. While the 

hexagon has the FCC stacking, the triangles have the HCP stacking sequence.  

The expansion associated with the transition of surface structure reduces the 

atomic density of Ag. According to Brune et. al.’s atomic model, the atomic 

densities of the stripe pattern and the trigonal pattern are reduced by 7.1% and 

7.0%, respectively, compared to the pseudomorphic first layer [42].  

 

2.3.4 Cu/Au(111) [48] 

Trimble et. al. carried out molecular dynamic (MD) simulations to 

investigate the change of surface structure and the corresponding stress relaxation 

in Cu/Au(111) [48]. The MD simulations performed Cu growth on the bulk 

terminated surface of Au(111). The misfit strain of the system is 12%, imposing a 

tensile stress in the heteroepitaxial layer of Cu on Au(111). As Cu islands grow, a 

trigon structure is formed in the Cu adlayer, which is associated with the tensile 

stress relaxation. The MD results of stress evolution are in agreement with 

experimental results obtained by other research groups [48]. Fig.2.11 shows 

results of surface structure change and stress evolution of the Cu/Au(111) system. 

According to the MD simulations, a pseudomorphic structure is formed in a small 

island, in which the shape is hexagonal. The dimension of one of the hexagon 

island’s sides is up to eight nearest-neighbor spacings. The tensile stress is 

partially relaxed as Shockley partial dislocations are injected from “A” steps of  
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(a) 

(b) (c) 

(d) 

Fig. 2.11 Evolution of stress and surface structure in Cu/Au(111) system [48]. 

(a) Stress evolution during Cu growth on Au(111). Line 1 corresponds to the 

pseudomorphic structure, and line 2 is a result of formation of a Shockley 

partial dislocation. (b) The trigon structure, which is composed of a Shockley 

partial dislocation, is observed by MD simulations (c) MD results show the 

island on the first layer at the coverage of greater than 1/2ML. The enlarged 

image shows the island. (d) The Cu adlayer of on Au(111) shows additional 

ledge injection of dislocations at 500K, which is enabled by overcoming the 

activation energy at the high temperature. 
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the island. The Shockley partial dislocations form the trigonal structure in the 

growing islands. A further relaxation follows as the Cu coverage reaches 0.5ML. 

Around this coverage, the second layer islands start to nucleate on top of the first 

adlayer. The second layer islands play an important role in strain-relief in this 

stage, providing a source for interlayer transport of atoms. The atoms inside of the 

top islands funnel into the strained underlying layer. They participate in forming 

misfit dislocations in the bottom islands. Due to this ‘funneling’ process, the 

density of misfit dislocations increases more effectively, resulting in slope-change 

of the stress evolution plot, into the compressive direction. As the growing islands 

coalescence each other, the slope changes into the positive tensile direction again 

at around 1.5ML of Cu, resulted from a tensile stress increase. 
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CHAPTER 3: SURFACE AND INTERFACE 

 

3.1 Surface Free Energy and Surface Stress 

When the surface is created from the solid bulk, there is an energy cost to 

separate bulk atoms to expose them to the surface (i.e. breaking the bonds of 

atoms). The reversible work  required to create a new surface is called surface 

free energy (γ ) [49]. Once the atoms are exposed to vacuum, they have a lower 

electron density and fewer bonds compared to the bulk. In order to compensate 

for the loss of bonding and increase the electron density at the surface, surface 

atoms try to reduce the nearest neighbor spacing. This requires an elastic energy 

to adjust the lattice spacing at the surface. Thus, surface stress (f) is defined as a 

reversible work involved in the elastic deformation at the existing surface [49]. 

Both of the two reversible works are considered with respect to the unit area. The 

typical units of the surface stress (N/m) and the surface free energy (J/m2) are the 

same. The relation between surface free energy and surface stress is described by 

the Shuttleworth equation [49, 50], 

ij
ijij

f
ε
γ

γδ
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∂

+= , Eq. 3.1 

where 
ij

f is  surface stress tensor, 
ij

δ is the Kronecker delta, and 
ij

ε  is surface 

elastic tensor for elastic deformation of a solid surface. For surface symmetries 

greater than three-fold, the surface stress can be considered as a scalar. In this 

case, the Shuttleworth equation can be expressed in scalar form, 
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ε
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+=f .   Eq.  3.2 

 

3.2 Interfacial Free Energy and Interface Stress 

The interface of film and substrate is formed at the boundary where those 

two phases adhere to each other. The interfacial free energy σ  is the reversible 

work required to form the interface. An interface, for example, can be formed by 

attaching two clean crystal surfaces with the same crystal structure that are 

composed of an identical material after rotating one with respect to the other. The 

interfacial free energy increases as the rotation reduces the coherency between 

two phases. It is the same way in the case of the clean surface, as less coordinated 

surfaces have higher surface free energy. Interface stress is a reversible work per 

unit area to elastically deform the existing interface. The elastic deformation can 

be considered as stretching of the interface in two ways [49]. One is to stretch the 

film relative to the substrate. Its corresponding strain is denoted by ije . This 

method consists of stretching only the film while fixing the original dimension of 

substrate, resulting in a change in the density of misfit dislocations at the film-

substrate interface. The other method is to stretch both the film and the substrate, 

inducing a strain denoted by ijε . Therefore, two different methods of elastic 

deformation lead to two types of interface stress. The first interface stress is ijg  

and corresponds to the strain ije . The second one is ijh , corresponding to the 

strain ijε . The relation between the interfacial free energy and each surface stress 
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can be described in the analogous way for surface free energy and surface stress 

[49]. 

ij
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σδ  Eq. 3.3 
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+=  Eq. 3.4 

For the interface that displays higher than three-fold symmetry, the equations can 

be expressed in scalar terms. 
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When the surface structure of the heteroepitaxial film is changed by introducing 

misfit dislocations at the interface, the interfacial free energy σ  is described by 

the coherency strain e . As this paper continues to discuss the strain relief 

mechanism of misfit dislocation formation, only e is to be considered from this 

point on. Cammarata et. al. expressed σ  as in Eq. 7, assuming that the major 

source for σ  is formation of misfit dislocation at the interface [49]. 

)/2me(e1σσ 22110 +−=      Eq. 3.7 

The in-plane strain components, 11e  and 22e , are equal to the coherency strain e .  

m  is the misfit strain between film and substrate, ffs aaam /)( −= , where sa  is 

the lattice parameter of the substrate and fa  is that of film.  Eq. 8 explains )0(σ , 

the interfacial free energy for the fully relaxed film, 0=e . 
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Mbασ =)0( ,   Eq. 3.8 

In this equation, b is the magnitude of the Burgers vector, M is an effective elastic 

modulus that is equal to 1/2 [ ] 111 −−+− ssff µνµν /)(/)( , and 

α is [ ] /2πem 1ln(R/b) −+ . In those sub equations, fµ and sµ are the shear moduli 

of the film and the substrate, fν and sν are Poisson’s ratios of the film and the 

substrate, and R is an effective dislocation stress-field radius[49, 51]. According 

to eq. 3.8, when e = m for the coherent film, )(mσ is equal to zero, resulting from 

ignoring chemical differences between two phases that contribute to the 

interfacial free energy, which is nonzero. However, the chemical contribution is 

expected to be significantly small compared to the contribution of misfit 

dislocation to interface energy [49]. Therefore, the change of interfacial free 

energy for a fully relaxed interface is 

Mbm ασσσ =≅− )0()()0( .  Eq. 3.9 

 

3.3 Stress in Ultrathin Film associated with the Misfit Strain 

  While the film is growing on the substrate, stress in films is developed by 

several mechanisms such as surface stress, interface stress, grain growth, vacancy 

annihilation and so on [8]. The major source for stress in the heteroepitaxial 

system is misfit strain, owing to epitaxy at the interface. The misfit stress ( mσ , σ  

was used as interfacial free energy in the previous chapter but not in this chapter) 

is associated with the misfit strain. In the case of the isotropic stress in the 

perfectly coherent film [8], the misfit stress is 
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mM fm =σ ,  Eq. 3.10 

where fM is biaxial modulus of film. If the misfit strain is positive (or negative), 

a tensile (or compressive) tress is induced in the film. According to the type of 

stress in the film, atoms attract or repulse each other. When the atoms in the film 

tend to attract each other, the film is in tensile stress. On the other hand, when the 

atoms are repulsive to each other, the film is in compressive stress. The elastic 

energy in the strained film that is associated with the misfit stress is [8, 51] 

tmMtm fm

2=××σ ,  Eq. 3.11 

where t  is the thickness of the film. This elastic energy is reduced as the ultrathin 

film becomes less strained during commensurate – incommensurate transition in 

the film. If the misfit stress is multiplied by the thickness of the film, the value 

corresponds to f , isotropic ‘stress-thickness’ or ‘membrane force’ at the 

thickness. The membrane force is a force acting on the film in the lateral 

directions [8]. Its physical dimensions are force/length (N/m), which is the same 

as that of the surface stress. 
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Chapter 4: SCANNING TUNNELING MICROSCOPY FOR STRESS 

MEASUREMENTS 

 

4.1 Scanning Tunneling Microscopy (STM) 

  Since STM imaged the Si(111)-(7x7) structure for the first time in 1983 

[52], various surfaces of semiconductors and metals have been revealed in nano 

or atomic scale images of STM topography. STM is a powerful tool for 

visualization of individual atoms in real space. Its imaging process is 

nondestructive for the sample, because the STM topography is obtained by a 

probe tip that maintains a very small distance from the surface as it scans the 

sample surface. The principle of STM resides in the quantum tunneling effect that 

occurs in the “tiny” distance between two electrically conducting materials. 

 The quantum tunneling effect enables electrical current to flow through a 

forbidden region of a potential barrier, through which no particles can pass by 

means of classical physics. STM utilizes the tunneling current between a metallic 

probe tip and electrically conductive samples.  

  The tunneling current of STM is exponentially varied with the distance 

between the probe tip and sample, which is the key feature to obtain atomic 

resolution in STM images. As long as the probe tip is sharp enough, STM can 

provide images in atomic resolution.  For example, if the tip radius is less than 

10nm, the lateral and the vertical resolutions can be up to 0.1nm and 0.01nm, 

respectively [53].  
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4.1.1 Tunneling Current 

Fig. 4.1 shows the exponential relation of the tunneling current (I) and the 

distance between the probe tip and sample (d) [54].  Although the inset equation 

in Fig 4.1 effectively explains the basic concept of STM, it does not clearly show 

that the tunneling current is related to not only the separation but also the density 

of state (DOS) of the substrate, a central feature of the technique. 

Fig. 4.1 The exponential relation between tunneling current (I) and tip-sample 

separation (d) is expressed by the curve and the corresponding inset tunneling 

current equation [54]. On the left hand side of the vertically dotted line, the 

tunneling current (I) is extremely sensitive to the tip-sample separation (d). 

Only very slight changes in “d”, in a sub-nanometer range, result in a 

significant change of “I”. Thus, the tunneling current can resolve a single atom 

in the sample. 
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Binnig and Rohrer [55] explained the tunneling current in terms of tunnel 

barrier height and the separation between tip and sample of Eq. 4.1,  

)exp()( sVfI ×Φ−=  ,          Eq. 4.1  

where f(V) is the joint local density of states of the tip and the sample, Φ is the 

averaged-potential barrier height in eV, and s  is the separation between two 

metals. In the equation, f(V) represents the central relation of the tunneling current 

and the sample DOS. Thus, the tunneling current is determined by applied bias, 

local density of states of the tip and the sample, and the Fermi function, as well as 

tip-sample distance. The tunnel barrier is a forbidden region between tip and 

sample in ultra high vacuum (UHV), where the current cannot flow in the way of 

classical physics. To express STM’s characteristic more exactly, it is necessary to 

access several approaches in the field of quantum physics, i.e. Bardeen’s 

formalism, Fermi’s golden rule and WKB [56]. The major terms in specific 

tunneling current equations are the probability that the state of each side is empty 

or occupied and a matrix element between states of tip and sample. Wiesendanger 

[56] derived the tunneling current within the Bardeen’s formalism as shown 

below, 

)()]}(1)[()](1)[({
2 2

,
µνµνµνν

νµ
µ δ

π
EEMEfeVEfeVEfEf

e
I −−+−+−= ∑

h
 

          Eq. 4.2 

where f(E), V, and Mµν are Fermi function, applied voltage, and a tunneling matrix 

element between the unperturbed electronic states of the tip (Ψµ) and the sample 

surface (Ψν) respectively. Also, Eµ  and Eν are the energy of state Ψµ and the 
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energy of state Ψν. In order to obtain tunneling current information from Eq. 4.2, 

the tunneling matrix element Mµν should be solved. The evaluated form of Mµν is 

given below [56-58], 

)ΨΨΨ(ΨdS
2m

M *
µνν

*
µ

2

µν ∇−∇⋅= ∫
h

    Eq. 4.3   

where dS, Ψµ and Ψν  are unit area in the surface, the electronic state of the tip, and 

the electronic state of the sample, respectively. The integral term is to be 

calculated over tip and sample surfaces. The current density results from 

calculation of ( *
µνν

*
µ ΨΨΨΨ ∇−∇ ) in Eq. 4.3. Once Ψµ is solved, the DOS for 

sample can be calculated. The tip structure should be clarified in order to solve 

the tip state wave function Ψµ.  

Tersoff and Hamann suggested a tip model as shown in Fig. 4.2.  After 

expanding the tip wave function, they expressed Eq. 4.1 in terms of the sample 

wave function [58], 

)()(r)( 0 F
R

Ft EEeREDVeI −Ψ⋅= ∑−−
ν

ν
ν

κ δκφπ 2242221332 h    Eq. 4.4  

where Φ, Dt, R, and r0, are the work function, density of states per unit volume of 

the tip, the tip radius of curvature, and the vector at the center of the tip, 

respectively. Also, 
h

φ
κ

m2
=  , and )Eδ(E)(rΨ Fν

ν

2
0ν −∑  is equivalent to the 

local density of state for sample surface at the point r0 , which is ),(r0 FEρ  at EF.  

Eq. 4.4 stands on assumptions of low applied bias and temperature, homogeneous 

density of states at the tip, consideration of only the s wave function (s-wave 
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approximation), and equal tip and sample work functions [58, 59]. Tersoff and 

Hamann calculated ),(r0 Eρ for (2×1) and (3×1) structures of Au(110). The 

results were consistent with Binnig’s high resolution STM measurements [58]. 

The tunneling current equations explain that the scanned STM image 

contains mixed information about both local DOS of surface and surface 

topography. The image does not always represent real features of the surface. For 

example, Fig. 4.3 shows how the probe tip responds to the foreign atom which is 

Fig. 4.2 The simple structure of the tip for the spherical-tip approximation 

suggested by Terosff and Hamann [58] (R: the radius of curvature, r0: the 

vector for center location, d: the separation between tip and the sample). 
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surrounded by native atoms . In order to reveal the actual surface features, the 

density of states of the sample structure needs to be clarified. 

Fig. 4.3 A cartoon model to show the tunneling current (It) results from the 

combination of the sample topography and the density of state of the sample 

surface. The electrons tunnel into the empty state of the sample, which is 

positively biased. The sample has a foreign atom and an atomic step. The trace 

of the probe tip (blue line) goes down at the foreign atom due to the different 

density of state even though the sample height does not change. The trace goes 

down again at the step where the sample surface height decreases.  

STM Probe Tip 

Scanning  
Direction 

Sample Substrate 

It 
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Therefore, STM images of surface structures composed of misfit dislocation lines, 

as explained in Chapter 2, result from combination of the local DOS and the 

misfit dislocation height. The STM topography expresses the lower (higher) parts 

of the sample surface with the darker (lighter) colors, providing a fine contrast for 

surface features. However, the local DOS of the sample may make the topography 

unclear as is the case at the “black line” of the edge dislocation in 2ML 

Ag/Ru(0001) (Fig. 2.9). 

 

 4.1.2 STM Topography 

The probe tip is attached to a scanning tube that consists of piezoelectric 

materials. Three dimensional tip motion is driven by x, y and z components of 

piezoelectric materials in the scanning tube. The dimensions of the piezoelectric 

materials change according to an applied voltage and range from a few to 

hundreds picometers per volt [53]. Thereby, the probe tip can move along the 

sample surface in three dimensions and distinguish each atom on the surface. A 

bias voltage, applied on the sample for the tunneling process, is typically between 

1mV and 4V [56]. Depending on the polarity of the sample bias, + or -, electrons 

tunnel into the empty state of the sample or into the tip from the occupied state of 

the sample. When the tip approaches the sample surface, the process typically 

involves two steps, a coarse approach and a fine approach. In the coarse approach, 

the tip is brought to the sample within a millimeter range, which may be 

monitored through an optical microscope. In the fine approach, an electric feed-

back system monitors the tip approach to prevent the probe tip from crashing into 
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the sample. The electric feed-back loop contains a current amplifier that converts 

the tunneling current into voltage with a gain of 610 ~ 910 V/A [56]. Comparing 

the voltage with the reference, the fine approach continues until the designated 

tunneling current is obtained, i.e. typically between 10pA and 10nA [56]. 

Two scanning modes are generally used for the STM imaging process. 

One is constant current mode. The electric feed-back loop adjusts the tip height to 

maintain the designated value of the tunneling current. In this mode, the tip moves 

up and down according to the topography of the sample surface. The change of 

the applied voltage on the z piezoelement is used to produce the surface 

topographical image. The scan speed and the data acquisition in the constant 

current mode are limited by the finite response time of the feed-back loop to 

control the tip height. The second scanning mode is constant height mode, where 

the electric feed-back loop only monitors the variation of tunneling current 

without changing the tip height. The change of the tunneling current is used to 

produce the surface topographical image. In this way, scanning can be 

accomplished much more quickly than in the constant current mode. Because the 

tip moves without changing its height, the sample surface must be atomically flat 

in order to prevent crashing the tip into steps or other defects higher than atomic 

step height in constant height mode. 

 

4.2 Deflection of Cantilever [60] 

Consider a cantilever with one side clamped. Now, the cantilever is 

deflected by biaxial bending as shown in Fig. 4.4. The curvature of the cantilever,  
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K , can be taken as equal to
2

2

dr

ud z  [61]. The bending of the cantilever due to the 

biaxial bending moment ( M ) is [60] 

32

2 12)1(
t

M

E
K

dr

ud z ν−
−==  . Eq. 4.2 

Integrating with respect to r  gives 

1CKr
dr

duz +=  . Eq. 4.3 

Since 
dr

duz is equal to 0 at 0=r , 1C  is equivalent to 0. Further integration gives 

2

2

2
C

Kr
uz +=  . Eq. 4.4 

Fig. 4.4 Cantilever bending results in deflection, uz. The left hand side of the 

cantilever is clamped. ts and L are the thickness and the length of the 

cantilever, respectively. 

L 

r 

z 
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Again, according to the boundary condition, zu is equal to 0 at 0=r , making 

2C equal to 0. As a result, the deflection equation becomes 

3

22 6)1(
2

s

z
t

Mr

E

Kr
u

ν−
−==  . Eq. 4.5 

Now, if the biaxial bending is associated with stress evolution during film growth 

on the cantilever, the biaxial bending moment along edge is 

2
s

ff

t
tM σ−=  , Eq. 4.6 

where fσ  is stress in the film and ft  is the film thickness. Finally, the deflection 

equation at r=L is 
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  Based on the relation between zu and fσ in the equation, if the deflection 

zu  can be measured and other variables are known, the value of stress in the film 

can be calculated. The assumption in this relation is that the cantilever bends into 

the shape of a spherical shell [60]. To use this relation, the cantilever’s length is at 

least more than three times of its width. Also, the thickness of the cantilever is 

significantly smaller than either dimension and also is less than substrate 

thickness. 
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4.3 Stress Measurements by STM 

If the cantilever is used as the substrate for STM work, the height of the 

probe tip is affected by the deflection of the cantilever due to stress evolution in 

the film. Moreover, the vertical resolution of STM is good enough to detect 

cantilever deflection on a nanometer scale, giving the STM the capability of 

measuring stress evolution in the film while simultaneously visualizing changes in 

surface structure. The estimated resolution for the surface stress measurement is 

0.1 ~ 0.01N/m due to natural oscillation of the cantilever [62], although the 

vertical resolution is ~0.01nm. In the case of the capacitance sensor, the 

resolution of displacement measurement is less than 1nm. This corresponds to a 

surface stress resolution of order 0.001N/m [28, 63].  

  Recently, Kinahan et. al. investigated oxidation of Si(111)-(7×7) surface 

using in-situ STM and surface stress measurement [64]. The cantilever of n-type 

Si (111) single crystal (60×5×0.3mm3) was used as a substrate. With the aid of the 

capacitance sensor equipped in the STM system, they were able to show the 

change of (7×7) structure and the stress evolution during oxidation. Fig. 4.5 

depicts the experimental setup with the cantilever and the capacitance sensor. 

Only one side of the cantilever was polished. This was to ensure the stress 

contribution on the unpolished side was negligible compared to the polished side 

[64]. The oxidation relaxes the tensile stress on the surface of Si(111)-(7×7). The 

results specifically explain that the oxidation at faulted subcells of the (7×7) 

structure relax the tensile stress to a greater extent than at unfaulted subcells.  
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Fig. 4.5 Schematic of experiment setup [64]. The cantilever is clamped at side 

A. The free end of the cantilever is positioned between capacitance electrodes 

B and B'. One of the electrodes acts as a reference. The STM tip is engaged at 

the area marked with ‘D’ where the (7×7) structure is formed. 
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Chapter 5: EXPERIMENTAL PROCEDURE 

 

5.1 Equipment Setup 

5.1.1 Heating element  

Both ring and coil type heating elements were designed for film growth at 

elevated temperatures as shown in Fig. 5.1. The temperature increase was better 

performed by the coil type element. In the ring design, the heating element 

consists of a tungsten filament wound in a ring shape and enclosed in two donut-

shaped machineable glass-ceramic (MACOR) disks. These MACOR disks take on 

two roles. One role is to mechanically secure the tungsten filament; the other role 

is to occlude the ramp area of the STM sample holder from deposition.  

The ramp area must remain clean because the ramp surface is used for the probe 

tip approach to the sample surface. Occlusion is achieved by allowing only the 

deposition flux to pass through the open area of the MACOR disks.  

However, the amount of heat produced in this design is not enough to increase the 

sample temperature up to 400°C due to the spacing between the sample surface 

and the disk.  

The second design incorporates a tungsten wire inside the sample holder 

as shown in Fig. 5.1(b). In this design, the filament’s location just behind the 

sample permits effective heat transfer, thereby allowing the substrate to reach 

temperatures in excess of 400°C. However, this design cannot protect the ramp 

surface of the STM sample holder. 
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The deposited material should be removed from the ramp surface whenever the 

STM sample holder is removed from the chambers. 

 

5.1.2 Design for the Small Deposition Source 

Fig. 5.2 shows a schematic of the small deposition source and the range of 

deposition coverage on the substrate.  The source material is attached to a 

tungsten filament. A deposition flux is generated by applying power to the 

filament, heating the source and causing it to evaporate. The deposition flux 

passes through two front pinholes made in the titanium foils, whose diameters are 

r1 and r2. Assuming that the deposition flux comes from a point source behind the 

(b) 

Fig. 5.1 Schematics of heating elements for elevated temperatures growth. (a) 

The ring type tungsten filament (red color) is enclosed in the Macor disks. (b) 

The cross-sectional view of the sample holder with the heating filament. In the 

drawing, the coil type tungsten filament (red color) is located behind the 

sample (blue color). 

(a) 
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hole r1, the areal coverage of deposition on the sample surface (related to R1 and 

R2) is manipulated by adjusting the parameters, r1, r2, d and D [7]. D and d are the 

distances from the first pinhole (r1) to the sample surface, and from the first 

pinhole (r1) to the second pinhole (r2), respectively. R1 corresponds to the area of 

the uniform deposition. R2 is the radius of the maximum coverage. R1 and R2 are 

defined by Eq. 5.1 and 5.2, respectively [7] . 

R1 = (r1 × D) / d  +  r1  Eq. 5.1 

R2 = [(r1 + r2) × D] / d –  r1  Eq. 5.2 

R1 must cover the entire surface area of the sample. The size of R2 must be limited 

in order to avoid depositing on important functioning parts of the STM such as 

electrical wires, the piezo legs, and the center piezo tube that holds the probe tip.  

Fig. 5.2 The deposition source is inserted in the cylinder type enclosure made 

of stainless steel. Two titanium foils with center holes are located in front of 

the source material. 
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The second pinhole (r2) has an oval shape that is elongated in the x direction to 

give the deposition flux a large area in the lateral direction of the cantilever and a 

small area in the vertical direction. The oval shape satisfies geometrical 

constraints, allowing the deposition to cover both cantilever and membrane 

substrates in lateral directions without spreading the flux too widely in the vertical 

direction, thereby protecting the STM’s functioning parts. Because the deposition 

source is diagonally installed at an angle of 22.5° with respect to the stage, the 

projected deposition flux can cover the entire surface of the sample, even though 

the size of r2 in the y direction is small. The determined parameters are explained 

in Table 5.1.  

 

 

 

The source material is initially attached to the filament by bending a wire 

around the filament into a ribbon shape as seen in Fig. 5.3(a). The source is more 

securely attached by resistively heating the tungsten wire, melting the source 

material so that it forms a ball (Fig. 5.3(b)).

r1 
r2 

d D 
R1 R2 

x y x y x y 

0.33 1.52 0.38 29.97 46.48 2.17 1.07 2.52 2.02 

Table 5.1 The dimensions of parameters in Eq. 5.1 and Eq. 5.2 (unit: mm) 
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As shown in Fig. 5.4, the deposition source was inserted into a cylinder type 

enclosure. The enclosure was aligned to target the center of the STM with the use 

of a laser. For the alignment process, the laser was attached to the back side of the 

enclosure instead of the deposition source unit. 

Fig. 5.3 (a) Initial attachment of source material (in a ribbon shape) to the 

tungsten filament. (b) Ball shape of the source material after resistive heating 

the tungsten filament.  

(a) 

(b) 
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5.1.3 STM system (RHK Technology) 

The STM stage consists of a STM head and sample holder from RHK 

technology and was modified to perform advanced capabilities of in-situ 

deposition, a shuttering system for “on/off” switching of the deposition flux as 

well as stress measurement. Fig. 5.5 shows the modified STM system. The Beetle 

type STM head (top) and sample holder (down) are shown on the right hand side 

of the picture. The STM head has a center piezoelectric tube that holds the probe 

Fig. 5.4 A cylinder type enclosure of the deposition source is aiming to the 

center of the STM stage. The deposition source unit is inserted into the back 

side of the enclosure. The STM sample holder is not shown in the picture. 
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tip and three piezoelectric legs with sapphire spears at the ends. The piezoelectric 

legs can “walk” along the ramp surface of the sample holder. The “walking” 

process is realized by bending and straightening of the piezoelectric legs, which 

results in shifting their positions due to the moment of inertia of the STM head. 

By “walking” the legs in a rotational mode, the center piezoelectric tube can 

approach the sample or retreat from it. The sample is located in the center of the 

sample holder. The cylinder type enclosure of the small deposition source is 

shown in the upper middle of the picture. 

Fig. 5.5 The completed setup of STM system for the advanced capabilities that 

are used to measure the stress evolution and obtain the STM topographies of 

sample surfaces during the deposition of the films. 



  54 

The deposition flux shutter is located between the deposition source and the STM 

stage, which is shown in the center of Fig. 5.5. The shutter is made of 0.05mm 

thick Ti foil and slides in (out) to stop (start) the deposition flux. During the 

deposition, the shutter also serves to minimize the amount of heat transferred 

from the deposition source to the sample. This was accomplished via an oval 

shaped hole made in the center. Deposition starts when the hole is aligned with 

the deposition flux while radiative heating from the deposition source is 

minimized.  

 

5.1.4 UHV Chambers 

  As described in Fig. 5.6, two main chambers, the preparation chamber and 

the STM chamber, are connected as one experimental system. In order to isolate 

the STM system from mechanical vibration, miniature sleeve style air springs 

support both UHV chambers. The chambers are always maintained in ultra high 

vacuum conditions except for during occasional maintenances. They are equipped 

with commercially available apparatuses as well as various custom designed 

experimental tools. A load lock system was installed next to the preparation 

chamber. Once the load lock system accepts a sample, a mechanical pump brings 

the load lock to a high vacuum condition of 2×103torr. The load arm transfers the  

sample from the load lock system through the preparation chamber to the STM 

chamber. The sample and probe tip transfer mechanism relies on the use of a fork-

style transfer unit attached to the end of the load arm so that holders of either the  
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sample or the probe tip can be transferred at the same time. The UHV condition of 

~ 6×109 torr in the preparation chamber is obtained by a turbo molecular pump 

(Pfeiffer Vacuum). The e-gun system (Thermionics Vacuum Products, 3kW) 

provides the deposition flux of thermally evaporated source material that is 

contained in a graphite crucible (1.5cc). 

Fig. 5.6 The UHV chambers are composed of the preparation chamber for 

cleaning and depositing of samples and the STM chamber that is involved in 

surface imaging and measuring stress during film growth. The two chambers 

are separated by the gate valve so that the prepared sample can be transferred 

by the load arm to the STM chamber without exposing the sample to the 

atmosphere. The load lock system, on the left hand side of the figure, protects 

the preparation chamber from an atmospheric contamination when the sample 

is inserted from outside. 
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The heating filament is made of the 0.006" tungsten wire and connected to the 

electrical feedthrough system (MDC vacuum). The filament is attached to a linear 

motion feedthrough (MDC vacuum) so that the filament can be either lowered and 

located behind the sample for film growth or raised up to allow the load arm to 

transfer the sample.  

  The STM chamber has a combined titanium sublimation pump and ion 

pump which can maintain a base pressure of 5x10-10torr. The remaining gas 

species were monitored by the residual gas analyzer (RGA) system (Stanford 

Research Systems, RGA200). A wobble stick was installed in the STM chamber 

to transfer the sample or the probe tip from the load arm to the STM stage. The 

wobble stick has a duplicate of the fork style transfer units that are attached to the 

load arm. Extra samples or probe tips can be stored in a carousel type storage 

which was custom designed and located near the STM stage. The sample and the 

probe tip can either be used immediately or stored in the carousel which is 

capable of holding up to five sample or probe tip holders. 

 

5.2 Experimental Details 

5.2.1 Tip Preparation 

0.01" tungsten (W) or platinum-iridium (PtIr) wires are generally used to 

make probe tips. Both kinds of wire are electrochemically etched to obtain 

atomically sharp tip ends. The W wire is 2~3mm dipped into 1M NaOH aqueous 

solution. Adding 150µl of ethanol to 80ml of NaOH solution increases the quality 

of the tip. A stainless steel wire is used as the counter electrode. The W wire itself 
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act as the working electrode. An AC ~ 6.5V potential is applied to the circuit. The 

electrical circuit opens when etching is completed. The PtIr tip is made in a 

similar way using a diluted CaCl2 solution with applied AC potential of ~19V. 

The diluted CaC2 solution is prepared by mixing a saturated solution of CaCl2 

with water in a ratio of 1:2. 

The surface of the W tip has a naturally formed oxide layer (WO3) that 

should be removed to acquire atomic resolution STM images. A “flash annealing” 

process, involving resistive heating by a W filament, is used to remove the oxide 

layer. The tip is spot welded on a W filament that is connected to two electrodes. 

A metal plate is located in front of the tip, where the spacing between the tip and 

the plate is ~5mm. After the flash anneal, a high voltage (200 ~ 900 V) is applied 

between the tip and the plate. If the current between them is 20nA in the 

200~300V range, the tip condition is estimated to be sufficient for atomic 

resolution STM images. The oxide removing system is put into a high vacuum 

condition up to 1x106torr. A DC power is applied to increase the temperature of 

the tip to around 800°C. If the temperature is too low, the oxide layer is not 

completely removed. On the other hand, if the temperature is too high, the tip 

becomes blunt. Because of this, the time for applying power to the tip needs to be 

carefully controlled. The tip annealing time is around several seconds. Once the 

oxide layer is completely removed, the tip is removed from the vacuum chamber 

and detached from the W filament. The oxide-free tip must be quickly transferred 

to the UHV- STM system in ~20min to prevent oxide layer regeneration. At room 
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temperature, WO3 is thermodynamically stable. However, at higher temperatures 

(more than 725°C) the following reaction occurs [53]: 

↑→+  23 WO3WWO2 .   

Since WO2 sublimes at about 800°C [53], “flash annealing” at high temperatures 

leaves an oxide free W surface. 

 

5.2.2 Sample Preparation 

 Reconstruction of the Au(111) surface occurs during Au growth carried 

out at elevated temperatures of 250~430°C. The Au films were grown on three 

types of deflectable substrates: SiN membrane, glass cantilever and mica 

cantilever.  

  

5.2.2.1 Au on SiN Membrane 

The dimensions of a commercial SiN substrate (Norcada) are 5mm×5mm, 

with a 1mm×1mm square window in the center. The thickness of the SiN 

membrane is 100µm. The Au growth process consisted of seed layer growth 

(20nm) at room temperature followed by the first main layer deposition (130nm) 

and the second main layer (150nm) deposition at 430°C. The deposition rate for 

all of the Au growth processes was 1.0Å/s. After the first main layer growth, the 

sample is removed from the chamber to build an electrical contact between the 

STM sample holder and the grown Au surface. This step is necessary for the STM 

system to obtain the tunneling current between the probe tip and the sample 

surface in the STM sample holder. The deposit thickness was monitored by a 
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quartz crystal microbalance (QCM) that is calibrated via atomic force microscopy 

(AFM). 

 

5.2.2.2 Au on Glass Cantilever 

A 30 µm-thick borosilicate glass (SCHOTT D 263TM T) was used as the 

cantilever substrate. The glass slides were cut into the cantilever with a diamond-

tipped scriber (Lunzer, Inc. Omniscribe).  The dimensions of the cut-out glass 

cantilever were approximately 0.5mm×4mm.  The Au(111)- )322( ×  film was 

grown on the clean glass cantilever that was clamped in the STM sample holder.  

The grown film layer was composed of a Cr adhesion layer (10nm), a Au seed 

layer (50nm), the first Au (200nm) and the second Au main (200nm) layers. The 

deposition rate for every growth process was 1.0Å/s. The Cr adhesion layer and 

the Au seed layer are grown at room temperature, while the two main layers are 

grown at ~ 250°C. Before growing the second Au main layer, the cantilever was 

slid into the clamping area by 2mm to build the electrical contact between the 

cantilever and the STM sample holder.  

 

5.2.2.3 Au on Mica Cantilever 

The mica cantilevers were cut out from SPI Supplies’ muscovite mica 

substrate (grade V-5) after cleaving to obtain a clean surface. The dimensions of 

the mica cantilever were 4mm 0.8mm 0.04mm. Due to the limited area of the 

stage of the STM system, the width of the cantilever must be smaller than 1mm. 

A simple cutting method, such as scissors, cannot form a mica cantilever that is 
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sufficiently narrow in width because the width of the deformed area associated 

with scissor cutting is around 1mm.  In order to minimize the deformed area, an 

alternative press cutting method was used. A sharp razor blade was 

perpendicularly placed on the cleaved mica substrate. Impacting the back side of 

the razor blade separated the narrow cantilever from the mica substrate resulting 

in a deformed width less than 0.2mm. The mica cantilever was clamped in the 

STM sample holder in the same way as the glass cantilever. The Au growth 

consisted of a seed layer growth (5nm) with a deposition rate of 0.1Å/s followed 

by the first main layer deposition (145nm) and the second main layer (100nm) 

with an increased deposition rate of 0.2Å/s. The growth temperature for every 

growth process was 300°C. The electrical contact between the cantilever and the 

STM sample holder was established in the same way as the glass cantilever (by 

sliding the cantilever into the clamp before the second main layer growth). 

 

5.2.3 STM Imaging 

The location of the probe tip on two different substrates of SiN membrane 

and miniature cantilever was observed through a microscope as shown in Fig. 5.7. 

The lateral movements of the piezoelectric legs could precisely manipulate the 

position of the probe tip on the small membrane area (1mm×1mm) and the narrow 

width of the miniature cantilever (~0.8mm). The sample was positively biased 

allowing the electron to enter the empty states of the sample from the probe tip.  
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Fig. 5.7 Optical microscope images for STM probe tips on two different 

substrates, SiN membrane and glass cantilever (magnification: ~10×). (a) The 

tip is located at the center of the SiN membrane substrate. (b) The tip is located 

at ¾ of the cantilever length from the clamp. 

(b) 

(a) 
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In typical scanning parameters, the tunneling current is 0.2~ 0.5nA, and the bias is 

+0.5V. 

 

5.2.4 In-Situ Cu Deposition 

Ultrathin Cu films were deposited on Au(111)- )322( ×  at room 

temperature using the small evaporative source in the STM chamber. The Cu 

coverage was estimated using STM images after Cu growth was completed. Two 

different groups of STM images were used for coverage estimation. The first 

group of the STM images was originally obtained where the probe tip was 

engaged during in-situ Cu deposition. The second group was obtained after Cu 

deposition at several different locations at least 1mm away from the original 

location. This method was used to see if the probe tip causes any variation in the 

Cu coverage along the sample surface.  

As a result, the coverage difference between the initial area and other locations 

was estimated to be less than 0.1ML. The coverage difference resulted from a 

“shadowing” effect of the STM probe tip against the deposition flux [65]. The 

“shadowing” effect was minimized by increasing the incident angle (67.5°) of the 

deposition flux as much as possible so that it could pass near the apex of the probe 

tip. The general Cu deposition rate was 0.03~0.25 ML/min. Figs. 5.8 and 5.9 

show the STM images of the Cu adlayer, obtained at two different locations, 

which are the original location during in-situ Cu deposition and a different 

location after Cu deposition. 
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Fig. 5.8 STM images (100nm×100nm) of 0.3ML Cu/Au(111)- )322( ×  

obtained at two different locations. (a) STM image of the original location, 

obtained during in-situ Cu deposition. (b) The probe tip was moved from the 

original location after Cu deposition and re-engaged at a different location. 

(b) 

(a) 
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The Cu coverages for Figs. 5.8 and 5.9 are approximately 0.3ML and 1.0ML, 

respectively. Each figure set shows almost the same Cu coverage in its two STM 

images (Fig. 5.8 (a) and (b), and Fig. 5.9 (a) and (b)), implying that the 

“shadowing” effect was minimized. 

Fig. 5.9 STM images (100nm 100nm) of 1.0ML Cu/Au(111)- )322( ×  

obtained at two different locations (in the same way as Fig. 5.8) of (a) the 

original location and (b) a different location. 

(b) 

(a) 
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5.2.5 Stress Measurements 

  The deflection of the substrate is detected by the probe tip through the 

height displacement associated with the change in applied voltage on the z 

piezoelement of the piezoelectric tube that holds the probe tip. The ratio between 

the height displacement and the change in applied voltage is a piezo constant [53].  

The piezo constant was experimentally determined by comparing the probe tip 

height and the applied voltage that were monitored during STM imaging and 

stress measurement.  

Fig. 5.10 Change of STM probe tip height in response to the stress in the film 

on the membrane substrate. The probe tip extends (retracts) for the tensile 

(compressive) stress. 
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The piezoelements extend (retract), when the applied voltage increases negatively 

(positively) according to the system setting of RHK STM. In the case of 

cantilever substrates, the tensile stress is associated with retraction of the z 

piezoelement. For example, if the deflection of the cantilever raises the probe tip 

due to generation of the tensile stress, this results in a positive increase of the 

corresponding applied voltage. However, the tensile stress on the membrane 

substrates is associated with extension of the z piezoelement. As the film on the 

membrane tends to contract under conditions of tensile stress, the membrane 

should deflect in a “convex down” manner, as shown in Fig. 5.10. This membrane 

deflection induces the extension of the probe tip in order to maintain the 

designated tunneling current between the tip and the membrane substrate. 

 

5.2.6 Verification of in-situ Cu deposition for STM imaging and Stress 

measurements 

In order to verify the ability of the in-situ deposition source to provide a 

consistent Cu deposition rate for experiments, three independent sets of 

experiments were designed. The first set comprised STM imaging only, without 

monitoring stress evolution using a bulk mica substrate. The second set consisted 

of stress measurements without scanning the surface while the probe tip was 

stationary. The final set involved simultaneous STM imaging during stress 

evolution monitoring. The electrical power applied to the deposition source was 

equally maintained for all three sets of experiments in order to keep the deposition 

rate as constant as possible. 
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Fig. 5.11 (a) Stress evolution during Cu deposition with a stationary STM 

probe tip, no surface imaging. (b) STM image of 0.9ML Cu obtained with a 

bulk mica substrate (100nm×100nm). (c) The stress evolution during Cu 

deposition while STM imaging. (d) One of the STM images (Cu coverage: 

0.9ML) obtained during in-situ stress measurement and imaging of (c) 

(80nm×80nm). 

(d) (c) 

(a) (b) 
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 While the first set of experiments used a bulk mica substrate, the other two sets 

used mica cantilevers. The surface of Au(111)- )322( × on mica cantilever (Fig. 

5.11(d)) generated smaller terrace sizes compared to Au(111)- )322( ×  on bulk 

mica substrates (Fig. 5.11(b)). This difference may be attributed to mica 

cantilever preparation by the press cutting method (Chapter 5.2.2.3) which 

produces deformation at the edge of the mica cantilever. Because the width of 

cantilever is only ~ 1mm, the center of the mica cantilever is close enough to the 

deformed edge to produce the variation. Therefore, STM scanning with a bulk 

mica substrate provided better and more stable surface images. The second 

independent set of experiments measured stress without scanning the surface in 

order to avoid artifacts. If the probe tip remains stationary during in-situ 

deposition, the change in the probe tip height mainly results from stress-induced 

cantilever deflection. However, if the tip is scanning the surface, “noisier” plot of 

stress evolution are produced (Fig. 5.11(c)) due to artifacts from the imaging 

process. The combined results of these two independent sets of experiments (Fig. 

5.11 (a) and (b)) were in agreement with the in-situ stress and structure evolution 

experiments (Fig. 5.11 (c) and (d)). Both cases showed a peak near 0.9ML in the 

stress plots as shown in Fig. 5.11 (a) and (c). STM images of Cu at coverage of 

about 0.9ML are shown in Fig. 5.11 (b) and (d). However, the change in probe tip 

height of Fig. 5.11(a) is larger than that of Fig. 5.11(c). This may be attributed to 

a difference in the length of the W tip for each experiment set. 
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5.2.7 Problems with SiN Membrane Substrates 

Unfortunately, several attempts to obtain stress measurements with the 

membrane substrates did not give consistent results of stress evolution associated 

with Cu film growth. The stress evolution results did not show a clear sign of the 

stress relaxation associated with surface structure formation. For example, Fig. 

5.12 shows the tensile increase in stress evolution and STM images of Cu 

adlayers.  The stress evolution was obtained simultaneously with STM imaging of 

the surface during in-situ Cu deposition. While Cu coverage increases, the tensile 

stress in Cu films is expected to relax, resulting in corresponding surface structure 

formation. However, the stress evolution did not show any considerable slope 

change in the plot of Fig. 5.12(a) which might indicate the stress relaxation.  

In order to determine if this was a result of membrane buckling due to Au film 

growth, another Au film was grown on the back side of the membrane using the 

same growth recipe. The back side growth was expected to compensate for the 

growth stress effect of the Au film on the front side of the membrane.  

After repeating the experiment using the membrane with this modification, the 

results did not exhibit the expected behavior and the stress-structure relation 

remained unclear.  

The second method of solving this problem was the use of a SiN 

cantilever fabricated from a SiN membrane by means of focused ion beam (FIB) 

milling. Fig. 5.13(a) shows the result of the FIB cut on a SiN membrane for 

cantilever fabrication.  
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Fig. 5.12 Stress and structure evolution with SiN membrane substrate. The 

stress measurements were conducted during STM imaging. The repeating 

segment in the plot corresponds to each STM image (100nm×100nm).  

(a) (b) 

(c) (d) 
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Fig. 5.13 Optical microscope images (×80) of Au(111) on SiN membrane. (a) 

The cantilever (0.14mm×0.45mm) is shown on the right hand side of the 

picture. (b) The cantilever and the two other rectangles were curled up due to 

the subsequent Au(111) growth. 

(a) 

(b) 

X 
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Fig. 5.14 (a) Stress evolution during Cu deposition with simultaneous STM 

imaging. (b) Bare surface of Au(111)- )322( ×  (100nm×100nm).  (c)~(e)  Cu 

coverages for each image are 0.1ML, 0.5ML and 1.1ML, respectively.  

(a) 

(b) (c) 

(d) (e) 

(c) 

(d) 
(e) 
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After FIB processing of the membrane, another Au(111) layer was grown on the 

fabricated cantilever to provide a fresh reconstructed surface for the experiments. 

However, the Au(111) growth caused the cantilever to curl up as shown in Fig. 

5.13(b). Because the fabricated cantilever was unusable, an experiment was 

conducted on the relatively flat area marked with the “X” in Fig. 5.13(b). As a 

result of this experiment, Fig. 5.14 shows a stress evolution with a tensile stress 

increase, followed by a stress relaxation and another tensile stress increase during 

the Cu growth. This result, which was consistent with our expectations, had not 

been attained in previous experiments with membrane substrates.  

Unfortunately, because the geometry of the area corresponding to this stress was 

not well defined (owing to the “curling up”), a specific calculation of the amount 

of stress was not possible. It was hypothesized that the lack of well defined results 

with the membrane substrate may have been due to a small signal to noise ratio. 

Specifically, the height signal of the probe tip associated with membrane 

deflection might not have been large enough to resolve during the Cu growth on 

the reconstructed Au(111)/SiN membrane. 

 

5.2.8 Thermal Effects 

Because the deposition flux is generated from thermal evaporation of the 

source material, it is possible that heat from the deposition source could induce 

thermal expansion of the STM sample system, i.e. the probe tip, substrate, and 

piezoelements that compose STM legs and the center scanning tube. In that case, 

the probe tip response would represent stress evolution due to both deposition and 
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thermal expansion. Thus, three types of experiments were performed to 

investigate thermal effects on the stress measurements on a SiN membrane. The 

first experiment to explore the thermal effect was performed with the probe tip 

location on the SiN substrate away from the membrane window, monitoring the 

change of the probe tip height during Cu deposition.  

Fig. 5.15 The change in the probe tip height according to Cu deposition out of 

the membrane (blue), resistive heat of filament only (red), external light 

(orange) and Cu deposition on the membrane (black). 
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Second, an experiment was executed by measuring the deflection of the 

membrane due only to resistive heating of the filament without source material. 

The third experiment was performed using an external light source to increase the 

temperature in the STM system, while the change of the probe tip height was 

monitored. For the last two experiments, the tip was located in the center of the 

membrane. The results were compared with the stress evolution plot obtained 

during Cu deposition. According to the results as shown in Fig 5.15, there was no 

significant difference between in the changes in the height of the probe tip due to 

thermal effects and due to membrane deflection by Cu deposition. The plot for 

membrane deflection due to Cu deposition (black curve) is aligned, in the early 

stage(~400sec), with the other two plots which correspond to Cu deposition away 

from the membrane window (blue curve) and to resistive heating only (red curve), 

respectively. Therefore, it was more likely for heat to affect a change in probe tip 

height than for stress evolution to do so.  

In the case of the cantilever, it was expected that the cantilever might 

deflect enough to overcome the heat effect. In order to extract the stress signal 

due to possible thermal effects, a set of experiments with cantilevers, similar to 

those performed on the membrane substrate, were carried out. Fig. 5.16 shows 

schematics of the experiments in two sets, where (1) the height of the probe tip 

changes due to heat only (Fig. 5.16(a)) and (2) the combination effect of the Cu 

deposition and the heat (Fig. 5.16(b)) were recorded. The electrical power on the 

deposition source in both cases was equivalent. Thus, the stress evolution 
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associated with Cu deposition was obtained from the difference in the change of 

probe tip height (Uz'-Uz). 

5.2.9 Validity of the Glass Cantilever for Stress Measurements 

The thickness of Au (111) on the glass cantilever is 460nm, which may be 

too thick to use the Stoney relation for stress measurements. The glass substrate 

that is used in the experiments has the thickness of 30µm, the density of 

2.51g/cm3 and the biaxial modulus of 92GPa. The thickness of Au(111) is more 

than 1% of the glass thickness. Also, the biaxial modulus of Au is 139GPa, which 

is larger than that of the glass. The Stoney relation for stress measurement is 

limited by both the thickness and the stiffness of the film, unless the thickness of 

the substrate is much larger than the film [8].   

(a) (b) 

Fig. 5.16 Schematics of experiments to screen the thermal effect on glass 

cantilever. (a) The cantilever deflects due to heat only without deposition 

source. (b) The cantilever deflects by stress evolution associated with Cu 

deposition from the deposition source and the heat effect. 
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Eq. 5.3 was used to check the range of the error in the stress measurement using 

the glass substrate with the Au(111) film [8],  
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, Eq. 5.3 

where κ is the curvature of the cantilever considering the film thickness effect, κst 

is the curvature by the Stoney relation, hf is the thickness of the film, hs is the 

Fig. 5.17 The two curves, corresponding to Eq. 5.3, represent 10% error 

boundaries in substrate curvature calculation with the Stoney relation for any 

values of hf/hs and Mf/Ms. The region bounded by the two curves and the 

coordinate axes, therefore, has less than 10% error in the Stoney relation [7].  
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thickness of the substrate (or cantilever), Mf is the biaxial modulus of the film, 

and Ms is the biaxial modulus of the substrate. After plugging in the parameters,  

930.0=
stκ
κ

.   Eq. 5.4 

The curvature of the cantilever with the 460nm thick Au(111) film is 93% of the 

curvature calculated by the Stoney relation. Also, Fig. 5.17 shows that the range 

of error in stress measurements with Au(111) film/glass substrate is within the 

boundaries of 10% error, as hf/hs and Mf/Ms for Au film/glass substrate are 

0.015and 1.513,  respectively. Therefore, the range of error in the stress 

measurement on the Au(111) film on the glass substrate using the Stoney relation 

is estimated to be less than 10%. 

 

5.2.10 Resonance Frequency of Mica Cantilevers 

The mica cantilever was expected to provide a proper deflection for stress 

measurements as well as flat surfaces for better STM imaging. The thickness of 

the mica cantilever, fabricated by cleaving and “press cutting”, was measured 

with an optical microscope (~ 500×). In order to confirm the validity of the 

thickness measurements, the results were compared with the thickness calculation 

based on the resonance frequency measurements of the cantilever. The STM 

system was used to measure the resonance frequency, which was monitored with 

the STM probe tip engaged near the end of cantilever. The thickness of the 

cantilever used for the comparison was 35.1 ± 3.5µm. The expected resonance 

frequency (f) with the thickness was calculated with Eq. 5.5 [66] to be 
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where L, E, I, ρ and A are the length, Young’s modulus, area moment of inertia,  

density and cross-sectional area of the cantilever, respectively. Considering the 

estimated error range for the mica cantilever’s thickness and Young’s modulus 

[67], the calculated frequency was 4.1± 0.6kHz. During the frequency 

,  Eq. 5.5
 

Fig. 5.18 The height of the probe tip vs. time for resonance frequency 

measurements. The peak at 10 sec corresponds to the physical impact on the 

STM system to enhance the resonance frequency of the cantilever. The time 

scale for every date point is 10 nano-seconds. 
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measurement, the STM system was struck with a physical impact so that the peak 

corresponding to the resonance frequency could be enhanced. Fig. 5.18 shows the 

change in STM probe tip height (V) vs. time (sec) with the corresponding spike 

associated with the physical impact in the middle of the curve. The results of 

Fourier transform and a subsequent adjacent averaging at every 100 data points on 

the plot are shown in Fig. 5.19, which contains 4kHz.  

Fig. 5.19 The peak at 4kHz may correspond to the resonance frequency of the 

mica cantilever. 
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This is within the estimated range of the frequency calculation. Plugging the 

measured 4kHz frequency into Eq. 5.5 resulted in a thickness of 33.5 µm. 

However, because the peak at 4kHz is not significantly larger than other unknown 

peaks existing out of the frequency range of Fig. 5.19, the results of the resonance 

frequency measurements are less valid than those obtained with the optical 

microscope method to measure the thickness of the mica cantilever. 
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CHAPTER 6: RESULTS AND DISCUSSION 

 

6.1 Surface Structure Evolution 

The clean Au(111)- )322( ×  surfaces are shown in the STM images in 

Fig. 6.1, obtained in the current work with RHK-STM system. Fig. 6.1(a) shows 

the characteristic herringbone structure. Shockley partial dislocations form 

Fig. 6.1 STM images of clean Au(111)- )322( ×  surfaces with magnifications 

(a) 85nm×70nm and (b) 20nm×11nm. 

(b) 

(a) 
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corrugation lines along the < 121 > directions, which evenly divide the dihedral 

angle between the two closed packed directions of < 101 > on (111) surface of the 

FCC structure. Leonard et. al. explained in their calculation based on anisotropic 

elastic theory that the anisotropy of the elastic properties of the substrate 

determines the periodicity and orientation of striped stress domain patterns [68].   

According to the calculation, the lowest elastic energy is achieved when the stripe 

pattern is oriented along < 121 > directions of the (111) surface of cubic materials. 

Fig. 6.1(b) clearly shows the corrugation lines separating two distinct regions, the 

wide unfaulted (FCC) and the narrow faulted (HCP). 

Fig. 6.2 (a) STM image of 0.4 ML of Cu on Au(111)- )322( × (140nm × 

45nm). (b) Line profile along the black arrow (The step height is about 

0.15nm). 

(a) 

(b) 
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The separation distance between the pairs of corrugation lines was estimated to be 

about 6.1nm along the < 101 > directions.  

The monatomic step height of a Cu adlayer on the substrate is about 

0.15nm as shown in Fig. 6.2(b), which is smaller than the interlayer distances of 

Cu(111) (0.21nm) and Au(111) (0.24nm). Grillo et. al. reported a similar result,  

arguing that the Cu adlayer may partially incorporate into the topmost Au layer, 

resulting in a reduced monoatomic step height [69] . Also, this may result from 

Fig. 6.3 (a) STM image of 0.4 ML of Cu on Au(111)- )322( × (80nm × 

40nm). (b) Line profile along the black arrow (The step height is about 

0.20nm). 

(a) 

(b) 

H
ei
g
h
t 
(p
m
) 
 

Distance (nm) 

200  

100  

0  20  40  60  

50  

150  

250  

0  



  85 

the effect of density state of Au surface. In the case of the second Cu adlayer, 

where the Au surface is less effective, the atomic step height is about 0.20nm, as 

shown in Fig. 6.3(b). 

Fig. 6.4(a) shows the nucleation of Cu islands that occurred on the 

corrugation lines as well as on the step edges. Cu islands were found to contain a  

corrugation pattern similar to the pairwise arranged lines of the reconstructed 

Au(111) surface. However, the Cu corrugation pattern has different periodicities 

that are not well defined and lacks the herringbone structure.   

Barth et. al.[40] showed a “U-shaped” ending of the pairwise arranged 

lines in Au(111)- )322( × , where a short dislocation line connects two 

corrugation lines. The authors explained that either the FCC region or the HCP 

region can be terminated by the connection. In our experiments, an example of 

“U-shaped” termination is indicated by the arrow in Fig. 6.4(b) for the case of 

Cu/Au(111)- )322( × .  However, we observed termination of only the HCP 

region in this system. In addition to the stripe pattern, other styles of corrugation 

were also observed in several areas of the Cu adlayer. The diversity in pattern 

shape can be categorized into three different types: stripe, disordered stripe and 

trigonal patterns. At low coverage, the stripe pattern is formed in the small islands 

and is parallel to the substrate corrugation lines. The stripe pattern extends further 

in the same direction along the pairwise arranged lines of Au(111)- )322( × , as 

the coverage increases. This alignment is generally observed where the Cu 

adlayers attach on the large terraces of  Au(111)- )322( × , as Fig. 6.4(c) shows 
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a relatively long stripe pattern. The pattern extension continues until the stripe 

pattern encounters neighboring corrugation lines, resulting in a disordered or bent 

stripe pattern as shown in Fig. 6.4(b). 

(a) (b) 

(c) (d) 

Fig. 6.4  STM images, focused on image quality, (a) 0.1ML Cu on Au(111)-

)322( ×  (100nm×100nm). (b) 0.5ML Cu on Au(111)- )322( ×  

(100nm×100nm). (c) The stripe pattern in Cu adlayer on Au (111) )- )223( ×  

with long corrugation lines. (d) 0.8ML Cu on Au(111)- )223( ×  

(60nm×80nm). 



  87 

Fig. 6.5 The series STM images (100nm×50nm) of Cu on Au(111)- )322( ×  

showing the process of trigon pattern formation from stripe pattern. The 

pattern alteration process is shown at two locations in the Cu adlayer indicated 

by the white arrows. 
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 As the stripe pattern becomes more dense, the interaction among the corrugation 

lines increases. When the extension of the pairwise line is restricted by its 

neighbors, the “U-shaped” ending of the pairwise line alters its shape. This results 

in a trigon pattern that is triangular in shape as shown in Fig. 6.4(d). The 

transformation process from stripe to trigon pattern is shown by the series of STM 

images in Fig. 6.5. As “trigon” density increases, the trigonal pattern can form 

interconnected networks of trigons. At a total coverage of Cu more than 0.5ML, 

the nucleation of the second layer of Cu on top of the existing first layer is 

observed. Fig. 6.4(d) and Fig. 6.5 show the formation of second layer Cu islands 

on the first Cu layer with a dense trigon pattern. None of the previously described 

patterns continue in the second layer. Instead, a moiré pattern is observed as 

shown in the upper right part of each image in Fig. 6.5. 

 

6.2 Discussion of Surface Structure Evolution 

The surface structures in this work were often found to be more dense in 

Cu islands that extend to a border area of merging Cu islands or grow near the 

step edges of upper terraces of Au(111) as shown in Fig. 6.4(d) and Fig. 6.5. The 

Cu islands on the upper terrace of Au (Fig. 6.5), near the step, has a densely 

formed trigon pattern, while the Cu island on the upper terrace of Au (Fig. 6.4(d)), 

which is relatively far from the step, exhibits the stripe pattern only. Also, Fig 

6.4(d) shows two Cu islands, one extending from the Au step edge toward to the 

left and the other extending from the right side, merging at the lower right corner 

of the figure. The dense trigon pattern is formed along the merging area. The 
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extension of Cu islands near those regions is restricted toward the step edge or the 

border, while the Cu islands located in the middle of the terrace and far away 

from their neighbors can freely extend.  In the Cu islands whose extension is 

restricted, the interaction among the corrugation lines substantially increases. This 

results in an effective transition from stripe to trigon patterns with a locally dense 

surface structure formation.  Moreover, the adatom concentration near step edge 

is higher than in the middle of terrace due to the Ehrlich-Schwoebel barrier [7, 70-

72]. The higher concentration of adatoms can assist in formation of disordered 

stripe and trigon patterns, reducing the activation barrier for the dense structure 

formation. 

The Cu/Au(111)- )322( ×  system in this work did not form a Cu 

monolayer with a pseudomorphic structure. The pseudomorphic structure was 

observed in other epitaxial systems such as Cu/Ru(0001) and Ag/Pt(111), where 

strong interaction between adlayer and substrate atoms exists at the interface [42, 

43].  For pseudomorphic structure formation in the Cu/Au(111)- )322( ×  

system, the anisotropic pattern of reconstructed Au(111) with two fold symmetry 

would tend to be transferred to the Cu adlayer with the similar periodicity of the 

corrugation lines. As described previously, the stripe pattern of the Cu adlayer 

does not have a constant periodicity and becomes disordered with increasing 

coverage. This is different from other systems that show evenly formed stripe 

patterns in the whole layer [42, 43, 45]. Cu/Ru(0001) and Ag/Pt(111) have three 

types of rotational stripe domains, but do not exhibit the herringbone structure. 
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Ag/Ru(0001) and Au/Ru(0001) both exhibit the herringbone structure as well as 

the rotational stripe domains, which are observed in Au(111)- )322( × [45]. 

Triangular networks of dislocations, which are similar to the trigon 

patterns in the current work, exist in ~ 1- 3 monolayers in other systems, 

including Ag/Pt(111), Ag/Ru(0001), Au/Ru(0001), Cu/Ru(0001) and alkali 

metals/Au(111)- )322( ×  [42, 43, 45, 73]. The trigonal pattern during alkali 

metal adsorption on Au(111) is formed by adsorbate induced bond weakening 

between the topmost layer and the next layer of Au producing an isotropic stress 

relaxation [73]. In the case of Ag/Pt(111),  domain wall intersection produces a 

trigonal pattern, which was transformed from the stripe pattern by annealing at 

800K [42].  The trigonal pattern in the 3ML Cu/Ru(0001) shows an interesting 

structure resembling a protruded “star” at intersected boundaries of three 

triangular domains [43]. Another interesting trigonal pattern is seen in both 

Ag/Ru(0001) and Au/Ru(0001) systems, formed by three independent equivalent 

and interwoven dislocation networks. The dislocation networks link each trigon in 

both the first and second layer with threading edge dislocations that build vertical 

segments without extending to the topmost surface [44, 45]. Ling et al. explained 

that the increase in atomic density in the interface with respect to the films makes 

the interwoven dislocation structure through layers energetically favorable in 

those systems[44]. However, trigonal pattern formation in Cu/Au(111)- )322( ×  

does not appear to involve intersection of domain walls or formation of 

interwoven dislocation networks between layers. Rather, it results from 
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transformation of the “U- shaped” ending of the stripe pattern and subsequent 

connection with neighboring trigonal nodes. Furthermore, while only one type of 

pattern can be seen in each layer of the other systems described above, the Cu 

adlayer on reconstructed Au(111) maintains three distinct patterns together in one 

layer. This is likely due to kinetic limitations as the system in this work was not 

annealed after Cu deposition.  It is important to notice that pattern transformation 

does not involve registry changes in the topmost layer only, but also involves all 

layers as addressed by Gunther et al.[43]. In the heteroepitaxial system of 

Cu/Ru(0001), the authors pointed out that the third layer (with three fold 

symmetry) cannot attach to the second layer (with two fold symmetry) without 

additional registry changes in layers below. Therefore, the pattern transformation 

(stripe-disordered stripe-tigon) in Cu adlayer on Au(111)- )322( ×  should be 

accompanied by a registry change between the reconstructed topmost layer and 

the next layer of Au. This could require an additional energy cost for a uniform 

pattern formation in the Cu adlayer on reconstructed Au(111). 

 

6.3 Stress Evolution 

6.3.1 Thermal Effect Removal 

Fig. 6.6 shows the results of the thermal calibration experiments 

completed on three different locations of the probe tip on the glass cantilever. 

While Fig. 6.6(a) resulted from heat radiation only (no Cu deposition), the in-situ 
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(a) 

(b) 

Fig. 6.6 (a) Results of thermal calibration on three different locations (two 

curves in a group per the probe tip location, blue 1.7mm, red 2.2mm and gray 

& black 3.0mm from the clamp). (b) Stress evolution plot on the corresponding 

location of 2.2mm from the clamp.  
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 deposition source provided Cu deposition flux for Fig. 6.6(b). The distances 

between each tip location and the clamped edge of the cantilever were 1.7, 2.2 

and 3.0 mm respectively, and the total cantilever length was 3.4mm. The three 

groups of plots in Fig. 6.6(a) correspond to the three locations and initially 

demonstrate a large negative slope followed by a transition to less negative slope 

in the long term.  

The group of curves corresponding to the “3.0mm” location (gray and black) in 

Fig. 6.6(a) has the largest decrease after opening the shutter. This demonstrates 

that thermal effects on the STM system depend considerably on tip engagement 

locations on the cantilever.

Fig. 6.7 Stress-thickness (N/m) vs. thickness plots after thermal effect 

correction. 
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 The probe tip location for stress evolution during in-situ Cu deposition (Fig. 

6.6(b)) was 2.2mm from the clamp edge. For the tip location of 2.2mm, the 

maximum value from Fig. 6.6(b) is 0.8V, which is significantly larger than the 

thermally induced amount from Fig. 6.6(a) of -0.1V (red) at the same time period 

of ~150 seconds.  

The plot was corrected by subtraction of the thermal calibration slope of 

one of the red curves (marked with the black arrow) in Fig. 6.6(a), raising the 

peak about 0.01N/m as shown in Fig. 6.7. This results in the stress-thickness 

value of 0.1N/m after the unit conversion from the applied potential (V) on the 

piezoelement of the z direction.  

 

6.3.2 Stress Evolution in Cu/Au(111)- )3(22×  

Utilizing the method of subtraction of the thermally induced deflect, the 

plot in Fig. 6.8(a) was obtained for stress evolution of Cu growth on a Au(111)-

)322( × /glass cantilever. The length of the cantilever was 3.4mm.  

Here the stress was measured during simultaneous surface imaging by STM. Each 

segment between two spikes in the plot corresponds to an individual STM 

topographical image. The stress evolution plot in Fig. 6.7 appears to be more 

smooth than Fig. 6.8(a) because of the probe tip’s stationary state (the tip was 

imaging during the capture of Fig. 6.8(a)). The stress evolution during deposition 

demonstrates an initial tensile shift and a subsequent compressive drop. The 

difference in maximum values seen in Fig. 6.7 and Fig. 6.8(a) can be attributed 
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(b) (c) 

(d) 

Fig. 6.8 (a) Stress evolution plot according to Cu thickness after thermal effect 

correction. This work was done with glass cantilever. (b) STM image of 

Au(111)- )3(22× , 100nm×100nm, (c)~(e) STM images of Cu on Au(111)-

)3(22× (80nm×80nm). Cu coverage: (c) 0.2ML, (d) 0.5ML, (e) 1.0ML 

(e) 

(a) 
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 to a slower deposition rate (0.03ML/min for Fig. 6.8(a) vs. 0.25ML/min for Fig. 

6.7) that may provide a lower stress-thickness value in Fig. 6.8(a). Additionally, 

the tip for Fig. 6.8(a) was engaged at 1.7nm from the clamp, which is shorter than 

the tip engagement location of Fig. 6.7, thereby reducing the stress resolution. The 

difference in distance between the tip and the clamped edge results in a change in 

stress resolution. As indicated by the cantilever deflection equation (Eq. 4.8), the 

z height variation (Uz) increases by the square of the length between the tip and 

the clamped edge. As the length increases, the sensitivity of the technique to 

stress evolution in films is enhanced. 

                             

6.4 Stress and Structure Evolution  
 

  The results of stress evolution while simultaneously imaging the surface 

during in-situ Cu deposition are shown in Fig. 6.9. This work was done with a 

mica cantilever, which provided both appropriate stress measurements and STM 

imaging to investigate the stress-structure relation. The misfit strain of the 

heteroepitaxial system, Cu/ Au(111)- )322( × , is approximately 8~9%, imposing 

a tensile stress in the Cu film. As the Cu islands grow, the misfit strain 

considerably outweighs the tendency of Cu and Au atoms to maintain registry at 

the interface. The atomic registry change resulted in the formation of misfit 

dislocations, relieving the tensile stress. The misfit dislocations and their networks 

consist of the surface structures developed in the monolayer of Cu on Au(111)- 

)322( × . Table 6.1 summarized the stress relaxation and the development of the 

corresponding strain relief surface structure.  
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Table 6.1 Summary for stress relaxation and corresponding surface structure 

development 

 

  Possible sites for introduction and growth of misfit dislocations are island 

ledges, the top of the Cu adlayer, and threading dislocations from elbows of each 

chevron in the herringbone structure of Au(111)- )322( ×  [48, 74]. This 

dislocation growth is believed to cause the change in slope of the stress behavior 

in Fig. 6.9(a). 

  The stress evolution of Fig. 6.9(a) is shown with two units of stress-

thickness (N/m) and the applied voltage on the z piezo-element (V). The stress 

evolution during Cu deposition demonstrated an initial tensile shift and a small 

compressive drop at the peak. The repeating segment in the plot corresponds to an 

individual STM topographical image. 
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Fig. 6.9 Results of simultaneous stress measurement and surface imaging. The 

abrupt transition in the STM images resulted from shifting the position of the 

STM probe tip during imaging process. For instance, the STM image “(f)” has 

a repeating area because the STM probe tip scanned again the same area after 

the position shifting. (a) Stress-Thickness (N/m) vs. thickness plot. Line 1 and 

Line 2 correspond to the slopes of the first segment and the second through the 

fourth repeating segments, respectively. 10% error bar is located at the peak.  
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Fig. 6.9 con’t, (b) Cu island nucleation at the step edge of Au surface. (c) 

Stripe pattern starts to form. (d) “U” shape ending of stripe pattern is observed. 

Some of stripe pattern are bent. (e) Disordered lines (marked by the white 

arrow) and trigon pattern are observed.  
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Fig. 6.9 con’t, (f) ~ (k) Trigon pattern becomes dominant as Cu coverage 

increases. The stable second layer islands are clearly observed in (j) and (k). 

The size of all STM images is 80nm 80nm, and the scale bar located at the 

right bottom is 10nm. 
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  The scanning time for each STM image and the total deposition time for 

1.4 ML of Cu were two and a half minutes and 45 minutes, respectively. As 

shown in Fig. 6.9(a), the piezo voltage change for each STM image is about 

17mV, which is significantly smaller than the total change of piezo voltage for 

stress evolution, 700mV. Therefore, the stress-induced changes in piezo voltage 

are on a substantially longer time scale and larger piezo scale than used for 

imaging. This allows for the deconvolution of the two sources of piezo voltage 

change, which are STM imaging and stress evolution during Cu growth.  

  STM images according to Cu coverage increase on Au(111)- )322( ×  are 

shown in Fig. 6.9 (b) ~ (k). The white “x” marks the same spot on each STM 

image. The stripe pattern starts to form at 0.1ML of Cu (Fig. 6.9(c)) and extends 

as the Cu coverage increases. The slope of the first segment (line 1) in the plot of 

Fig. 6.9(a) is approximately 30% larger than the other slope (line 2) that covers 

the next three segments. This slope change is likely associated with the stripe 

pattern formation at 0.1ML of Cu. The slope changes from positive to negative 

near 0.8 ML of Cu, resulting from the substantial increase in dislocation density 

as the trigon pattern becomes dominant and disordered patterns are densely 

formed.  Fig. 6.9 (f) ~ (k) show that as the Cu coverage increases, the network of 

trigon pattern spreads.   

  The stress-thickness at the peak is 0.19N/m. The stress-thickness divided 

by the corresponding film thickness results in the “average film stress”. The Cu 

thickness at the peak is 0.8ML, which is approximately equivalent to 0.18nm, 



  102 

considering 1ML of Cu thickness to be the average interlayer spacing of Cu(111) 

and Au(111).  Thus, the average Cu film stress is estimated to be 1.0GPa.  

 

6.5 Discussion of Stress and Structure Evolution 

The slope change in the stress evolution plot is associated with stress  

relaxation in the film. In the case of pseudomorphic small Cu islands in this work, 

which nucleate less than 0.1ML of Cu, the stress-thickness would be 0.22N/m 

based on the mean stress calculation for coherent film using bulk values of the 

elastic constants of Cu (mean stress × thickness). This is substantially larger than 

the corresponding stress-thickness in Fig.6.9(a), which is 0.02N/m. As explained 

by Trimble et. al.[48], the initial tensile stress increase, corresponding to line 1 in 

Fig. 6.9(a), may be associated with the island edge relaxation stabilizing the 

coherency of the pseudomorphic islands. 

In the case of the slope change from line 1 to line 2, as explained in 

Chapter 6.4, stripe pattern formation may result in the corresponding partial stress 

relaxation, introducing misfit dislocations at the interface.  Furthermore stress 

relaxation at 0.8ML is likely attributed to trigon pattern formation because the 

dislocation density of trigon pattern is greater than stripe pattern. As trigon pattern 

forms, the misfit dislocation density increases more effectively, resulting in 

significant decrease in misfit strain at the interface. In this stage, the force exerted 

in the film (stress-thickness) becomes the maximum and starts to reduce (at the 

peak in Fig. 6.9(a)). This is possibly attributed to strain energy increase in the film 

with Cu coverage increase, which significantly outweighs the tendency of the 
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interface to maintain atomic registry. As a result, the misfit dislocation density as 

shown in STM images in Fig 6.9 (f) ~ (k) considerably increases with the slope 

change in the compressive direction as shown in Fig. 6.9(a).  

The calculation of Frank and van der Merwe based on the Frenkel- 

Kontorova model supports the stripe pattern formation with a periodicity, which is 

favorable for the system where two commensurate phases coexist and individual 

surface stresses are dissimilar [75, 76]. The stress relaxation involved in the 

formation of the stripe pattern occurs in a uniaxial mode along the < 101 > 

direction, and in the case of surface reconstruction of Au(111), a further 

relaxation is achieved by forming a long range order of superstructure, the so 

called “herringbone” structure. Within the individual domains, the stress is only 

uniaxially relaxed. Overall isotropic stress relaxation is achieved via the 

combination of multiple domains rotated 120° relative to one another [40].  

  The Cu stripe pattern involves the uniaxial tensile stress relaxation, 

following the underlying direction of the pairwise lines according to the 

orientation of each domain in Au(111)- )322( × . As the stripe pattern extends at 

low Cu coverages, the stress relaxation continues in the uniaxial mode along the 

< 101 > directions. However, the large slope change at the peak in Fig. 6.9(a) may 

indicate a transition in the stress relaxation mode. The isotropic stress relaxation 

is achieved when the trigon pattern is formed, owing to the three fold symmetry 

of the trigon pattern.   

  The increase of dimensionality of the stress relaxation mode from uniaxial 

to isotropic results in a significant decrease of the strain energy, reducing the 
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Table 6.2   Summary for strain energy vs. surface free energy for strain relief 

surface structure change. 

misfit strain at the interface [43]. However, the introduction of additional misfit 

dislocation increases the interfacial free energy, which is associated with an 

energy cost to change registry at interface [77]. The increased strain energy in 

enlarged islands, therefore, causes strain relief surface structures to form at the 

expense of the interfacial free energy. The energetic competition between strain 

energy and the interfacial free energy is summarized in Table 6.2 for the surface 

structure change process, which is associated with the increase of dimensionality 

of the stress relaxation mode. 

 

   

   

   

  Trimble et. al., who investigated the Cu on Au(111) system [48], observed 

the rapid slope change and the corresponding formation of dense surface structure 

PATTERN STRAIN ENERGY 
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in the molecular dynamics (MD) simulation results, as explained in Chapter 2. In 

what is termed “funneling,” the authors argued that the second layer acts as a 

source for interlayer transport, which rapidly increases the misfit dislocation 

density in the first adlayer. This is associated with the slope change from positive 

to negative in their stress evolution results. Similar to Trimble et. al.’s results, we 

observed the nucleation of the second layer before the first layer completion.  Fig. 

6.9(d) shows the nucleated island at the step edge of the first layer (marked with 

the white arrow). The island did not grow until the coverage became 1ML of Cu 

(Fig. 6.9(i)). Some of the nucleated islands were observed to be metastable and 

disappeared in the following STM imaging during in-situ Cu deposition. In the 

current work of Cu on Au(111)- )322( × , the funneling process may decrease 

the adatom lifetime [7], providing insufficient surface diffusion for the second 

layer growth. This reduces the probability that Cu adatoms will encounter each 

other at nucleation sites for the formation of the second layer islands, because 

they may undergo the funneling process before reaching nucleation sites. Even the 

Cu atoms in the second layer island, which is nucleated by chance, may funnel 

into the first adlayer before the nucleated islands grow. However, when surface 

structures with higher misfit dislocation densities in the first layer are formed, the 

funneling process is less favorable, and the nucleated second layer islands can 

grow as shown in Fig. 6.9(j). Also, stable second layer islands were observed on 

the local area with the dense surface structure in the first Cu layer as shown in 

Figs. 6.4(d) and 6.5. Therefore, when strain energy reduction is accompanied by 

the funneling process, the activation barrier for formation of dense misfit 
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dislocations can be effectively reduced, resulting in the large stress relaxation at 

the peak in Fig. 6.9(a).  
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CHAPTER 7: SUMMARY AND FUTURE WORK 

 

The surface structures in ultrathin films of heteroepitaxial systems are 

developed with the relaxation of misfit strain at the interface. The examples of 

strain relief structures on the surfaces of ultrathin films, which are 

pseudomorphic, stripe, trigonal and moiré patterns have been introduced. These 

structures were found in existing literature of heteroepitaxial systems such as 

Cu/Ru(0001), Ag/Ru(0001), Ag/Pt(111) and Cu/Au(111) [34, 35, 37, 55]. In order 

to investigate the stress evolution that is associated with the strain relief 

structures, an STM system has been modified so that it can perform stress 

measurements. The modifications include adjusting the STM sample holder to 

contain a membrane or a cantilever substrate and designing a small deposition 

source to fit in the limited area of the STM stage.  

The 1ML of Cu film on Au(111)- )322( ×  exhibited stripe, disordered 

stripe and trigonal patterns. The moiré pattern was also found in the 2ML thick 

Cu film. At lower Cu coverages, less than 0.8ML, the stripe pattern was formed as 

the tensile stress increased. Around 0.8ML of Cu, the tensile stress rapidly 

relaxed, changing the slope of stress evolution into a compressive direction. The 

surface structure became complicated as the pairwise misfit dislocations 

interacted with each other and some became disordered. At this Cu coverage, Cu 

islands were nucleated on top of the existing Cu adlayer, which provided a source 

of atoms for interlayer transport between the top and bottom layers. This 

effectively caused relaxation of the tensile stress and formation of complicated 
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surface structures in the strained layer. The trigon structure also started to form at 

this stage.  

The comparison of this work with other systems described above revealed 

that the surface structures of Cu/Au(111)- )322( ×  for these experimental 

conditions were different from other systems, Cu/Ru(0001), Ag/Ru(0001), 

Ag/Pt(111) and Cu/Au(111),  where a uniform pattern was formed in the single 

layer. A possible reason for this is that the Cu film was grown at room 

temperature and did not go through an annealing process, which could induce 

kinetic limitations. Another possible cause for the lack of uniform surface 

structure in the top Cu layer is the registry change required in the lower layer. The 

under-layer registry change could also be kinetically limiting the uniformity in the 

surface structure. 

 Future work could study the further analysis for strigon pattern formation 

in the current system. Trigon pattern formation in this work results from the 

interaction among the stripe pattern as shown in Fig. 6.5. Also, depending on 

surface structure of Au(111)- )322( × , either long corrugation lines or 

herringbone structure, it was observed the trigon shape and its density were 

different. Moreover, the elbow at each chevron containing edge dislocation may 

provide threading dislocation source. The comparison of surface structure in Cu 

adlayer attached on those two distinct Au surface regions may reveal the 

herringbone structure effect on trigon pattern formation.  

Additionally, Cu growth (or annealing) temperature could be another factor to 

control surface structure formation. The temperature increase in the substrate 
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reduces kinetic limitations to uniform structure formation in the monolayer of Cu. 

The in-situ stress monitoring and surface imaging experiments may show 

structure change from non-uniform to uniform surface structure and the 

corresponding stress evolution. 

Furthermore, future work with the current system could investigate stress 

and structure evolution in thicker Cu films, i.e. more than one monolayer on 

Au(111)- )322( × . Stress measurements with the STM probe tip in a stationary 

mode showed another tensile stress increase at around 1.5ML of Cu. This result 

must be confirmed with simultaneous stress measurements and STM imaging 

during Cu deposition. A moiré pattern was observed in the second Cu layer, 

which implies that the Cu layer potential becomes dominant over the Au(111) 

substrate potential according to the Frenkel-Kontorova (FK) model. The 

mechanism of the second tensile stress increase may be related to the moiré 

pattern formation.  In-situ experiments for stress and structure are expected to 

verify the mechanism. 

Other heteroepitaxial systems of X/Au(111)- )322( × could be 

investigated as future works. Several transition metals with low melting points 

(such as Cu) could be used at deposition materials. The source material should not 

require excessive resistive heating for evaporation so that the accompanying heat 

effect will not disrupt proper operation of the STM system for both stress 

measurements and imaging. The herringbone structure of Au(111)- )322( ×  

provides a preferential nucleation on the elbow for growth of some transition 
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metals such as Fe, Co, Ni and Mn [78-80]. However, the preferential nucleation 

was not observed for other metals including Al, Ag Au and Cu [78].  We also 

noted that Cu was not preferentially nucleated on elbow sites.  Meyer et. al.[78] 

suggested in their works with Ni/Au(111)- )322( × that preferential nucleation 

occurs in two steps. First, Ni atoms replace Au atoms on the elbow sites. Second, 

the subsequent growth takes place on top of the substituted Ni. Future work with 

early stage metal growth involving preferential nucleation may reveal a differing 

stress evolution behavior than the current work of Cu/Au(111)- )322( × . 

Furthermore, the results may verify the two step mechanism for the preferential 

nucleation with surface structure change and the corresponding stress evolution.  

Finally, the modified STM system could be used to examine other 

heteroepitaxial systems without using Au(111)- )322( × , such as graphene film 

on crystalline substrates. As explained in Chapter 1, SiC and Ru can provide 

heteroepitaxial growth for graphene [23, 24]. A graphite filament that can be 

installed in the current in-situ deposition system can provide a carbon source for 

graphene growth. It is possible to investigate the stress evolution during in-situ 

growth of graphene using the carbon source. This may result in valuable 

contributions to fabrication and research for graphene based devices. 

Additionally, if the current STM system is equipped with four point probe 

technology with a multiple probe tip technique [81], it will be possible to study 

electronic properties of continuous graphene films over a single layer, leading to 
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potentially effective research into the stress-structure-property relations in 

heteroepitaxial systems. 
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APPENDIX A  

ORIGINAL STRESS-THICKNESS PLOT WITH THE FULL SET OF STM 

IMAGES FOR FIG.6.9 
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Fig. A.1 (a) Stress-Thickness (N/m) vs. thickness plot. Line 1 and Line 2 

correspond to the slopes of the first segment and the second through the fourth 

repeating segments, respectively. 10% error bar is located at the peak. (b)~(t) 

corresponding STM images showing Cu coverage increase and surface 

structure development. 
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