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ABSTRACT 

 

It is well-established that certain FCC thin films undergo a thickness dependent (111)-

to-(100) texture transformation. This phenomenon has been attributed to a competition 

between strain and surface energies, but this model fails to acknowledge the presence 

of stable mixed texture films, and is found to be insensitive to annealing temperature. 

Grain boundary grooving is considered as a mechanism for these stable mixed 

textures. We investigated the role of annealing temperature in the (111)-to-(100) 

texture transformation over a range of film thicknesses. X-ray diffraction and scanning 

electron microscopy were used to study the transformation rate and the surface 

evolution over time. The extent of texture transformation and grain boundary grooving 

both exhibited a temperature dependence; high temperatures induced less 

transformation and more grooving than lower temperatures. Slow thermal cycling 

yielded the maximum extent of transformation, suggesting low annealing temperatures 

and heating rates as necessary conditions to produce groove-free, large-grained stable 

microstructures. 
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CHAPTER 1 

PURPOSE & SIGNIFICANCE 

 

1.1 Introduction 

 

It is a well-established phenomenon that certain face centered cubic (FCC) thin metal 

films undergo a thickness dependent texture transformation [1-8]. Upon thermal 

processing, sufficiently thick films will transition from a small grained (111) fiber 

texture in as-deposited films to a large grained (100) fiber texture, whereas sufficiently 

thin films will retain their (111) as-deposited texture after thermal processing. While 

this transition has been previously explained by a minimization of interface and strain 

energy, this thermodynamic model does not account for the stable mixed textures that 

have been reported [7, 8]. Further, it has been stated that the extent of texture 

transformation is insensitive to the annealing temperature [7]. This would either 

require that the driving force for all transformations be depleted at the same point in 

the transformation despite a difference in temperature, or that the kinetics governing 

this transformation have no temperature dependence. The properties of all films are 

determined by their microstructure, and it is therefore important to understand what 

microstructure develops based on different annealing temperatures and what causes 

the transformation to stop. Thermal grooving provides a possible mechanism for 

stopping the transformation; it is generally agreed that higher annealing temperatures 

will yield larger grain boundary groove depths [9, 10]. The effect of such grooving on 

the texture transformation in FCC thin films has not been determined. 
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The effect of temperature on the extent of transformation in silver thin films 

was studied in this research. Silver thin films were deposited by electron-beam 

evaporation and annealed at varying temperatures. X-ray diffraction (XRD) was used 

to analyze the texture of these films in their as-deposited and post annealed state, and 

scanning electron microscopy (SEM) was used to analyze the surface morphology of 

annealed films. Film samples over a varying thickness range were annealed at 

different temperatures in two experiments: a thickness set was annealed and XRD 

measurements were taken ex situ to determine the rate of transformation at a particular 

temperature, and a thickness set was annealed at time steps along the transformation 

curve and ex situ SEM images were taken to study the surface morphology evolution 

over time. Experiments were also conducted in which stresses were measured during 

heating to determine the evolution of stress under thermal cycling. 

XRD measurements confirmed that all as-deposited films began with a strong 

(111) texture, and that, after annealing at temperatures ranging from 100 to 500°C, 

films annealed at lower temperatures transform significantly more than films annealed 

at higher temperatures. Ex situ SEM images indicate that grain boundary grooving 

develops towards the completion of the transformation for thicker films at higher 

temperatures. Grain boundary grooving is found to be a potential factor in the 

premature cessation of the texture transformation in films annealed at high 

temperatures. The maximum extent of transformation was achieved using a slow 

continuous heating rate. This work establishes the groundwork for annealing 

conditions necessary to develop flat, groove-free films with stable, large-grained 

microstructures.   
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CHAPTER 2 

BACKGROUND 

 

2.1 Introduction 

The films studied in this research are Ag thin films deposited by electron-beam 

evaporation onto Si (100) substrates with Ti adhesion layers. Many deposition 

processes, including electron-beam evaporation, produce small grained films having a 

(111) fiber texture [1]. Upon thermal processing, films that are sufficiently thin will 

remain (111) textured, while in thick films the (111) grains are replaced by 

significantly larger (100) fiber textured grains. This process has been described as 

proceeding by secondary grain growth or recrystallization [2].  

 

2.2 FCC Thin Film Growth 

Silver, like many other metals such as Cu, Au, and Al, has a face centered cubic 

(FCC) crystal structure with atoms on each cube corner and on each face, giving each 

unit cell a total volume of four atoms. When polycrystalline films are deposited by a 

vapor deposition process, they can develop a non-random crystallographic orientation 

distribution [3]. For thin FCC films, the deposition process usually produces films 

with a (111) fiber texture [1]. 

Thin film growth begins with a nucleation process. Vapor metal particles are 

emitted from a source and collide with the substrate surface, losing momentum and 

kinetic energy, and thereby lowering their potential energy by adsorbing on the 
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surface. These adatoms, in the very initial stages of thin film growth, will diffuse 

randomly until they encounter another adatom, or desorb from the surface, forming 

adatom clusters [3]. 

Adatom clusters, now termed islands, begin to grow as atoms continually 

attach to the nuclei. In this phase, larger islands grow faster than smaller islands as the 

binding energy for surface atoms depends on grain curvature, which is inversely 

proportional to grain size. A driving force for diffusion, termed Ostwald ripening, 

develops leading to a net flux of atoms from smaller islands towards larger islands. 

After some time, the islands grow large enough to meet, minimizing their total surface 

and interface energy. During coalescence, islands can undergo a coarsening process 

through grain boundary motion [3]. Grains can develop a preferred crystallographic 

orientation at this time. Grain boundaries move in order to minimize grain boundary 

curvature which in turn minimizes surface and interface energies. During this process, 

larger grains grow while smaller grains shrink. This leads to an overall increase in 

grain size and decrease in grain boundary area, which leads to a decrease in grain 

boundary energy. In thin films, there is a preferential growth of grains with a 

particular orientation that has low surface and interface energy. In FCC metals, the 

preferred restricted crystallographic direction that develops in thin films on amorphous 

substrates when deposited at room temperature is (111) [1]. Further, films that are 

deposited at substrate temperatures far from their melting temperatures generally 

develop a fibrous columnar grain structure [1]. 

The (111) grain structure considered in these experiments is that of a thin Ag 

FCC metal film which has a small fibrous columnar grain structure.  
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2.3 Texture Transformation – Strain-Interface Energy Model 

Although a (111) texture develops during thin film growth of FCC metals, the 

difference in thermal expansion coefficients between the substrate and film materials 

leads to differential thermal expansion during thermal processing producing a high 

biaxial strain in the film. To reduce this strain, a texture transformation occurs from 

(111) columnar grains to (100) columnar grains because the (100) crystallographic 

orientation has the lowest biaxial modulus and therefore the lowest strain energy 

density for any given elastic strain.  

Vook and Witt [4] proposed that this texture transformation was due to a 

competition between the anisotropic strain and interface energies. This strain and 

interface energy model was later expanded by Floro et al. [5] and Zielinski and 

Bravman [6]. For a biaxial strain, the difference in strain energy density for two 

grains, one (111) and one (100) is 

,)( 2

100111  YYW   (2.1) 

where 111Y  and 100Y  are the effective biaxial moduli for the (111) and (100) textures. 

According to this model, the strain energy difference between different textures can 

contribute to the driving force of grain boundary motion. Therefore, the resultant 

texture favored by the surface and interface energy minimization is (111) and different 

from the texture favored by the strain energy minimization, generally (100). During 

thermal processing, a differential thermal expansion between the substrate and film 

occurs invoking a strain defined as  
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 ),)(( fsRTTT    (2.2) 

where s  and f  are the thermal expansion coefficients of the substrate and film 

material, and T  and RTT  are the annealing temperature and room temperature, 

respectively. 

Carel and Thompson [3] developed a map, Fig. 2.1a, that shows the difference 

in surface and interface energy divided by the film thickness and the difference in 

strain energy for Ag (111) and (100) grains as a function of film thickness and 

deposition temperature, which is used to represent stress. This map states that points 

 

Figure 2.1: a) Surface and interface energy over film thickness as a function of film 

thickness and deposition temperature; b) map of deposition temperature as a function 

of film thickness to predict film texture post annealing [3] 

above the curve will develop a (111) texture during grain growth and points below the 

curve will develop a (100) texture. A map of film thickness versus deposition 
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temperature (Fig. 2.1b) was also plotted. This plot shows a critical thickness, 

dependent on deposition temperature, below which the film will retain a (111) texture 

and above which it will transform to a (100) orientation.  

 

2.4 Experimental Work Denying the Strain-Interface Energy Model 

Although the strain-interface energy model has been the prevailing model for many 

years, there has been little experimental evidence to demonstrate its validity. Validity 

of this model would require reasonable estimates for interface energies, and accurate 

measurements of the stress and texture for a range of film thicknesses [2]. The strain-

interface model predicts a critical thickness above which a film will adopt a (100) 

texture, and below which a film will remain (111) textured. Baker et al. [8] calculated 

the stress in as-deposited 100% (111) films required to induce the texture 

transformation under the assumption of a full transformation to 100% (100). This 

calculation neglected any plastic relaxation that occurs with the texture transformation 

and assumed the same grain boundary driving force for both textures. The change in 

strain energy per unit film area due to a complete (111)-to-(100) texture 

transformation was given by 

 ,)( 111100 h     (2.3) 

where 100 and 111 are the stresses in the (100) and (111) components respectively, 

is the constant applied strain in the film, and h is the film thickness. The change in 

interface energy per unit film area, including both film interfaces was given by 
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 ),(2 111100    (2.4) 

where 100  and 111 are the (100) and (111) interface energies. The minimum 

necessary stress, as a function of film thickness, in an as-deposited (111) film to 

induce a full transformation to (100) was expressed as [8] 

 ,)(
2

100111

2

111
111100min,111

YY

Y

h 
   (2.5) 

where 111Y and 100Y represents the (111) and (100) biaxial moduli.  

Baker et al. [8] then compared this calculation to evaporated Ag films at a 

variety of thicknesses, both with and without a Ti adhesion layer. These films were 

thermally cycled while stresses were measured with a substrate-curvature technique. 

Compared to their calculations, the measured stresses in their films were found to be 

too low to drive the texture transformation [8]. While some studies were found to have 

sufficient stresses to drive this texture transformation [5, 7], Baker et al. and others [2, 

8, 9] have observed that in general, the measured stresses in these films are not high 

enough to drive this transformation.  

Sonnweber-Ribic et al. [10] studied sputtered Cu films at a range of 

thicknesses with a moderate (111) as-deposited texture. After annealing these films, 

they measured the stresses from a 3 μm film that transformed using a sin2Ψ method 

and found that the stresses in the film were too low to have caused the texture 

transformation. They claimed that the energy stored in dislocations plays a significant 

role in the orientation selection during annealing; in thick films, dislocation 
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annihilation allows initially available (100) grains to grow and consume the small as-

deposited (111) grains, assuming that the (111) grains contain a high density of 

dislocations and that the (100) grains grow defect free [10].   

Recently, Ellis et al. [9] conducted a bulge test study on Ag thin films 1200 nm 

thick to investigate the role of applied stress on the (111)-to-(100) texture 

transformation. Three different bulge pressures, and therefore stresses, were applied to 

these films and it was found that the difference in stress had no discernable effect on 

the extent of transformation [9]. 

The role of interface energies in this texture transformation has also been 

found to have little to no effect [2, 8, 11, 12]. Baker et al. studied evaporated Ag films 

with and without a Ti adhesion layer, and found no difference in transformation, 

indicating an insensitivity to interface conditions. Greiser et al. [11, 12], studied 

sputtered Ag films in a thickness range of 600-2400 nm on different substrates and 

passivated some of their films with a SiN layer. All of their films had a good as-

deposited (111) texture, and after annealing, their thinnest films remained (111) and 

their thickest films transformed entirely to (100) as expected. The substrate material 

and the use of a passivation layer had no impact on the texture transformation results, 

indicating again a lack of sensitivity to interface conditions and an insufficient stress 

to produce a texture transformation. They also found that films of an intermediate 

thickness would transform partially to a stable mixed texture [11], a phenomenon not 

predicted by the strain-interface energy model. 
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In 2013, Baker et al. [2] developed a high-throughput experimental method to 

further provide quantitative evidence on the validity of the interface and strain energy 

model. They produced a large array of samples in a single deposition run, spanning a 

thickness gradient and different interface conditions, in order to minimize differences 

in initial structure, purity levels, and deposition parameters. The stresses in all films 

were too low to drive the texture transformation, and despite the difference in 

interfaces energies between the Ag/nitride and Ag/Ti interfaces, all films transformed 

at approximately the same thickness. Fig. 2.2 shows stable mixed textures in films of 

intermediate thicknesses, similar to the results from Greiser et al. [11]. These results 

could suggest that the driving force of this transformation is due to a reduction in 

defect energy, such as dislocations and point defects [2]. 

 

Figure 2.2:  Fractional (111) intensity as a function of film thickness for Ag films 

with and without a Ti interlayer after annealing for 1 h [2]  
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2.5 Effect of Temperature on Texture Transformation 

Another parameter of this texture transformation is the annealing temperature used to 

initiate the transformation. In 2008, Han and Alford conducted a study on Ag and 

Ag(Cu) (Ag with Cu inclusions) thin films 200 nm thick to investigate the difference 

in texture and surface morphology as a function of annealing temperature. They found 

in both Ag and Ag(Cu) films annealed for 1 h at temperatures varying from 300 to 

600°C that there was an increase in (111) relative intensity with an increase in 

temperature (Fig. 2.3). Additionally, the (200) peak decreased with an increase in 

annealing temperature. The Ag(Cu) films always had a higher (111) relative intensity 

over the range of annealing temperatures [13]. In contrast, in the study by Baker et al. 

 

Figure 2.3: a) Ratio of (111) to (200), and b) (200) to (111) relative intensity as a 

function of annealing temperature for Ag and Ag(Cu) films [13] 

[2] in 2013 temperature had no effect on the extent of texture transformation, as seen 

in Fig. 2.2, for Ag films over a range of thicknesses annealed at 400, 500, and 600°C. 
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2.6 Stress-Temperature Measurements  

It is expected that the texture transformation in FCC thin films from (111)-to-(100) 

will dramatically change the stress of the film. To measure the evolution of stress in 

situ during thermal processing, a substrate-curvature technique can be used, where the 

measured curvatures are converted to stresses in the film during processing.  

A laser scanning technique is the most popular method for measuring the 

change in curvature of a substrate/film package due to stress. A collimated laser beam 

is reflected off of the surface of a substrate at an angle dependent on the orientation of 

the surface. As the laser scans to a new position, the reflected light will be at a 

different angle if the substrate is curved. A position sensitive photodetector is used to 

detect these angle changes. The photodetector and laser are attached to a moving cart 

on a track that scans across the length of the substrate. The curvature of the substrate is 

determined by the shift in position of the reflected spot as the photodetector moves 

[14].  

The addition of a film to the substrate will add strain to the system and alter the 

curvature of the substrate. To make a curvature based stress measurement, the initial 

curvature of the blank wafer prior to film deposition, K0, is measured. After film 

deposition, the total curvature of the substrate/film package, KTot, is measured. 

Therefore the curvature of the film imposed by the substrate, Kf, is easily found 

 𝐾𝑓 = 𝐾𝑇𝑜𝑡 − 𝐾0. (2.6) 

Using the Stoney equation, the stress in the film is 
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𝜎𝑓 =

𝑌𝑠𝑡𝑠
2

6𝑡𝑓
𝐾𝑓 

(2.7) 

where Ys is the biaxial modulus of the substrate, ts is the substrate thickness, and tf is 

the film thickness. Equation (2.7) gives the average stress over the film thickness of 

the film [14]. Further, the film thickness must be significantly less than the substrate 

thickness so that the curvature of the thin film is directly proportional to the curvature 

of the substrate, assuming the substrate deforms elastically [14]. 

As the film/substrate package is heated, there is a difference in thermal 

expansion between the film material and substrate material. Initially, this expansion 

difference is accommodated by elastic deformation of the film, the slope of which, on 

a stress-temperature graph, can be expressed by converting Eq. (2.2) to stress, 

 ),)(( fsRThkl TTY    (2.8) 

where hklY represents the biaxial modulus of the film material in the (hkl) orientation.  

 

2.7 Stress Evolution in Thin Films 

It is well known that thermal processing induces thermal expansion in thin films 

causing a stress evolution within the film. It is also known that thin films can support 

very high stresses at room temperature which can be explained by both dimensional 

and microstructural constraints on dislocation motion [14-16]. Before 1997, relatively 

little work regarding the contribution of hardening mechanisms, such as grain size 
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strengthening and strain hardening, had been reported on the strength of thin metal 

films.  

Two models have been used to explain this high strength, the Nix model and 

the Hall-Petch model. The Hall-Petch relation for grain-size strengthening gives a 

quantitative description of an increase in the yield stress of a polycrystalline material 

as its grain size decreases; the smaller the grain size the harder the material. This is 

because grain boundaries hinder the movements of dislocations. This relation is given 

by  

 ,
D

k y

iy    (2.9) 

where
y is the yield stress, i is the shear stress required to ensure gliding 

dislocations in a monocrystal, 
yk is the Hall-Petch parameter, a constant unique to 

each material, and D is the grain diameter [15].  

The Nix model predicts that the yield stress of the film should be 

approximately proportional to the inverse of the film thickness. Experimental evidence 

[14] has shown that thin films exhibit a much higher strength than their bulk 

counterparts due to their fine microstructure. Nix notes there can be high dislocation 

densities in thin films which can contribute to this high strength, and that the substrate 

as well as any surface oxide can further constrain or prevent dislocation motion [14]. 

Venkatraman & Bravman [16] conducted one of the first studies whose results 

did not agree with either the Nix or Hall-Petch models. They conducted an in-depth 
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study of film thickness and grain size on the strength of Al films, finding that neither 

model was capable of predicting the high room temperature strength of their Al films 

[16]. 

The failure of the Nix model to predict the room temperature stresses of thin 

films was also seen by Keller et al. [17].  Keller et al. investigated the thermal stresses 

in Cu thin films as a function of film thickness with a passivation layer. The addition 

of a passivation layer increased the film stress by an order of magnitude. They 

normalized these measured yield stresses of their films and developed a Nix-type 

model to explain the difference seen in passivated and unpassivated film stresses. The 

Hall-Petch grain size strengthening and Taylor strain-hardening models were 

employed as explanations for these stress levels [17].  

A mechanism-based interpretation for the stress-temperature behavior of thin 

Cu films was first develop by Keller et al. using a power-law creep model [18]. Data 

from bulk material was used in this interpretation, and their theoretical model matched 

well to experimental data. The change in strain was defined as [18], 

 ,

n

eff

c
kT

bD
A 













  (2.10) 

where cA  is the Dorn constant,   is the shear modulus, b  is the Burgers vector, and 

n  is the stress exponent. The effective diffusivity,
effD , is given by 

 ,1 









v

c
cveff

D

D
aDD   (2.11) 
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where in this equation ca  is the dislocation core diameter,   is the dislocation density 

and vD  and cD  are the lattice and dislocation core diffusivities. For FCC metals, the 

Dorn constant has been shown to depend on the stress exponent according to the 

following relation [18] 

  .95.294.1log10  nAc  (2.12) 

Even with this model, deviations from the experimental data still occur near 

the compressive yield point during heating at high temperatures, and near room 

temperature during the cooling cycle. A further limitation of this model is that it 

assumes steady state conditions for deformation, and utilizes data for bulk materials 

despite the substantial difference in microstructure compared to thin films [18]. 

In 2001, Weiss et al. [19] investigated the deformation mechanism in pure and 

1 at% Al sputtered Cu films cycled to 500°C. They found a characteristic stress 

relaxation during thermal processing of pure Cu films that could be clearly attributed 

to dislocation glide and grain-boundary time-dependent diffusional creep, contrary to 

the findings of Keller et al. [19]. However, this model could not explain the Cu-Al 

alloy films because the Al surface segregation and oxidation had produced a self-

passivating layer. Weiss’s model was based on a mathematical solution by Gao et al. 

[20]. In Fig. 2.4, the experimental data represents the first cycle of a 0.5 μm Cu film. 

At around 250°C, a characteristic stress drop occurs, followed by a compressive 

plateau. This stress drop has been explained in other films as being due to grain 

growth [21], and the annihilation of excess vacancies [14] leading to densification. 

However, Weiss et al. claim that none of these forces cause the stress drop in their  
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Figure 2.4: Stress-temperature profile for a 0.5 μm Cu film over three thermal cycles. 

Note the compressive stress drop at A and a kink in the cooling curve at B [19] 

films as they had been annealed to 600°C prior to the first thermal cycle plotted in Fig. 

4; diffusional creep is therefore the most likely explanation for such a stress drop [19].  

A similar stress drop was seen by Thouless et al. [22] in their non-passivated 1μm 

electron-beam evaporated Ag film with a 10 nm Cr adhesion layer cycled to 400°C at 

10°C/min. Fig. 2.5 represents the stress-temperature data collected from this 

experiment. At 100°C, the Ag film experiences a dramatic stress drop until around 

200°C when the compressive stress again increases until reaching a plateau around 

300°C. Thouless et al. attribute this phenomenon to grain boundary diffusion flow 

[23]. 

In 2010, Seita et al. [24] conducted a stress-temperature study on Ag thin 

films. They deposited Ag films by DC magnetron sputtering on Si (100) wafers coated 

with 50 nm SiO2 and 50 nm Si3N4, and a 10 nm Ti adhesion layer was sputter 
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Figure 2.5: Stress-temperature plot of a 1 μm thick Ag thin film with a 10 nm Cr 

adhesion layer [22] 

deposited to improve adhesion. The as-deposited films had a strong (111) fiber texture 

at a thickness of 500 nm. In situ XRD measurements were taken during a thermal 

cycle to 250°C in 5°C increments and stress measurements were obtained according to 

the sin2Ψ method. From this study, Seita et al. claimed that the (111)-to-(100) texture 

 

Figure 2.6: Stress-temperature characteristics of 500 nm Ag film determined from an 

in situ XRD heating cycle [24] 
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transformation in a 500 nm Ag film can be triggered by a total stress of about 85 MPa 

[21]. Comparing these results to Greiser’s data on 200 nm – 2.4 μm thick films, they 

noted that their films exhibited an “earlier” texture transformation [11, 12, 24]. The 

texture development plotted in Fig. 2.6 is based on the (333) and (422) peaks due to 

their accessibility in the sin2Ψ experiment. In comparison to other texture development 

experiments [2, 11, 12], Seita et al. see a very limited range of mixed texture during 

their heating cycle which is not explained [24]. 

 

2.8 Grain Boundary Grooving 

It has been well-established that in many polycrystalline thin films, certain thermal 

processing procedures can induce grain boundary grooving. Grain boundary grooving 

develops on the surface of a film whenever a stationary grain boundary intersects with 

the surface. In 1957, Mullins established a theory to explain this thermal grooving 

phenomenon, claiming two mechanisms for groove growth: evaporation-condensation 

and surface diffusion [25]. At the intersection of a grain boundary and a solid-vapor 

interface, there exist two energies; a surface energy and a grain boundary energy, both 

of which are controlled by diffusion. At this intersection there is generally a slight 

curvature. Due to the radius of curvature, atoms have a higher chemical potential than 

at a flat surface, generating a flux of atoms away from the grain boundary in a surface 

diffusion process [25]. 

The Mullins theory for thermal groove development is based on six 

assumptions: (1) the metal film is in a closed system and is in quasi-equilibrium with 

its vapor, (2) the interface properties are independent of orientation with respect to the 
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adjacent crystal, (3) the only transport mechanisms are evaporation-condensation and 

surface diffusion, (4) the absolute value of all groove profile slopes compared to the 

original flat surface is small compared with unity, (5) the grooving process is 

adequately described by macroscopic concepts such as surface curvature and surface 

free-energy, and (6) there is a negligible flow of matter out of the boundary [25]. 

The evaporation-condensation model is generally applied to materials 

undergoing heat treatments close to their melting temperatures. If a material is heat 

treated to a temperature significantly lower than its melting point, evaporation cannot 

occur and so grooves are formed as a result of surface diffusion. Mullins derives the 

following temperature dependent equations to predict the depth, d , and width, w , of a 

grain boundary groove due to surface diffusion [25]: 

   4/1
973.0 tmd   (2.13) 

   4/1
6.4 tw   (2.14) 

where t  is time, m  is the slope of the groove profile, and   is defined as 

 ,
2

kT

Ds 



  (2.15) 

where sD  is the surface diffusion coefficient,   is the surface energy,   is the atomic 

volume,   is the surface density of atoms, T  is the annealing temperature and k  is 

Boltzmann’s constant. These equations develop a temperature dependent groove 
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growth mechanism, indicating that higher temperatures should yield greater groove 

growth. It is also important to note that groove development has a 4/1t dependence. 

Sharma and Spitz reported evidence of Mullins-type thermal grooving in thin 

Ag films in 1981 [26]. Their Ag films were deposited by cathodic sputtering at 

thicknesses from 500 – 1000 Å. The Ag films were heated in situ TEM at 400°C and 

700°C producing an increase in crystallite size with an increase in temperature, and 

grain boundary grooving and agglomeration formed only during the 700°C anneal, 

seen in Fig. 2.7. Sharma and Spitz postulated this thermal grooving was due to a local 

 

Figure 2.7: TEM image of a 500 Å Ag film annealed at 700°C showing thermal 

grooving before grain separation [26] 

equilibrium between the grain boundaries and the free surface. Thermodynamically 

this process can continue until the grain boundaries are eliminated entirely. From their 

observations, Sharma and Spitz determined that this atomic transport was most likely 

occurring by surface diffusion. Using Mullins theory, they calculated that at 700°C it 

would take 26 s for grain separation due to grooving to occur, but at 400°C it would 
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take 92 days, explaining why no grooves were seen in the lower temperature anneal 

[26]. 

Since Sharma and Spitz, the Mullins theory for grain boundary grooving has 

been an inadequate explanation for the array of grooving seen throughout the 

literature. While Mullins theory relies on a small slope approximation, most evidence 

of grooving exhibits a significantly larger slope and a deeper groove than predicted by 

that model. Deep channel-like grooves [27], non-continuous grooves [27-30], 

asymmetrical grooves [30, 31], and blunted grooves [30] are all groove formations 

that have been seen throughout the literature yet cannot be described by the Mullins 

model. 

Deep channel-like grooves were seen in Al bicrystal/In-Al melts by Vogel and 

Ratke in 1991 [27]. Deviating from Mullins restriction that the grain boundary does 

not participate in material transport, for the first time, Vogel and Ratke postulated a 

theory allowing for grain boundary diffusion as the cause for groove profiles not 

matching Mullins theory. This theory correlated well with their experimental data, 

addressing the trend of an increase in Mullins-type grooves at lower annealing 

temperatures.   

The non-continuous grooving and void formation seen throughout the literature 

has been theorized to be due to the dependence of grain boundary energy on the grain 

misorientation, and the change in surface energy with crystal orientation [28]. This 

theory was correlated by Simrick et al. [28] who saw distinct Ag grains of different 

crystallographic orientation and clear twinning, and Roy et al. [29] who saw a fractal 
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non-continuous grooving pattern in their Ag films. It has been further theorized, 

though not confirmed, that surface grooves and voids can occur at these twin 

boundaries [32], however twin boundaries are significantly lower energy interfaces 

due to the symmetry of their orientations. Void formation from the film-substrate 

interface was also seen experimentally [28], preferentially growing at triple junctions 

[13].  

Grain boundary migration has been seen to have an effect on the formation of 

thermal grooving in thin films. Asymmetrical groove profiles have been seen in 

association with grain boundary migration, where the atoms tend to accumulate faster 

in the direction of migration velocity, forming a higher peak [30, 31]. This peak 

further increases with an increase in grain boundary migration velocity [31].  The 

motion of grain boundaries during annealing has also been seen to cause a blunted 

groove root, which occasionally contains a secondary sharp sub root [20]. The sharp 

sub-root has been attributed to an instantaneous grain boundary jump during migration 

to the final grain boundary position [30]. 

If impurities exist within any of these films during annealing, such impurities 

will affect the grain boundary and surface energies and therefore affect the extent of 

thermal grooving.  Han and Alford [13] specifically studied the effect of Cu inclusions 

in Ag thin films, finding that the addition of inclusions lends to a more thermally 

stable film that does not exhibit agglomeration during annealing. Their pure Ag films, 

in fact, exhibit thermal grooving depths, collected in Table 2.1, and widths that are 

consistently 2 to 3 times higher than their Ag(Cu) films [13].  
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Table 2.1. Values of groove depths in Ag and Ag(Cu) films measured by atomic force 

microscopy [13] 

 

In all grooving cases, grain boundary grooving at high temperatures produces 

wider and deeper grains that lead to grain separation [13, 26, 29], and which over 

enough time leads to agglomeration [28, 33].  
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CHAPTER 3 

METHODS 

 

3.1 Introduction 

In this research, Ag films with a Ti adhesion layer were deposited by electron beam 

evaporation onto Si (100) substrates, the thickness of which was verified by contact 

profilometry. The texture of these films was then characterized before and after 

thermal processing using x-ray diffraction, and the surface morphology post-

processing was studied using scanning electron microscopy. Two annealing methods 

were utilized, a constant temperature anneal and a rapid thermal anneal, and a 

substrate-curvature measurement was conducted to measure film stresses during 

thermal cycling.  

 

3.2 Wafer Cleaning Procedure 

Before deposition, all bare Si (100) substrates were thoroughly cleaned to remove any 

condensed organics and metallic contamination. This process is termed the RCA clean 

procedure and is widely used in industry. It is also known as a SC-1/SC-2 clean (SC 

refers to standard clean). This clean procedure was executed in the Cornell Nanoscale 

Facility (CNF) where it is called a MOS clean. At this chemical hood, only Si based 

wafers and MOS clean specific equipment was allowed. To remove organic residues, a 

base solution, SC-1, was used consisting of 6 parts DI water (H2O), 1 part 29 wt% 

ammonium hydroxide (NH4OH), and 1 part 30% hydrogen peroxide (H2O2). The 
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wafer remained in the SC-1 bath at 70-80°C for 10 minutes. During this process a thin 

chemical oxide (~10nm) was grown which traps metallic contaminants on the surface. 

A DI water rinse followed for 5 - 10 minutes in a dump tank. To remove the trapped 

metallic contaminants, an acid bath, SC-2, was used containing 6 parts DI water 

(H2O), 1 part 39 wt% hydrochloric acid (HCl), and 1 part 30% hydrogen peroxide 

(H2O2). The wafer was submerged in SC-2 at 70-80°C for 10 minutes. A DI water 

rinse for 5 - 10 minutes was performed in a dump tank. A final HF dip was used to 

remove this passivation layer. A 20:1 hydrofluoric acid (HF) to DI water (H2O) rinse 

was used. The final step for this wafer cleaning process was to spin-rinse-dry the 

wafer [1].  

 

3.3 Thermal Oxidation 

A layer of thermal oxide (SiO2) was grown in a furnace on wafers cleaned using the 

above procedure. A reflectance measurement of the Si/SiO2 stack was used to verify 

the thickness of the oxide. For these experiments, all thermal oxides were 117 nm 

thick.  

 

3.4 Electron-Beam Evaporation 

All films were deposited in our laboratory using electron-beam evaporation, a physical 

vapor deposition technique. Electron-beam evaporation uses a magnetically guided 

stream of electrons generated by applying a high voltage to a tungsten filament to heat, 

melt, and vaporize materials in a crucible inside a vacuum chamber. The vaporized 
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material is emitted from the source and is deposited on all surfaces within line of sight 

in the chamber. Electron beam deposition is advantageous because it can achieve very 

high deposition rates, high purity, and thicker films compared to other PVD processes 

due to the large quantity of deposition material within the chamber and the low 

pressure.   

 

Figure 3.1: Simplified diagram of electron-beam evaporation, where A is the filament, 

B the electron beam, C the hearth, D the crucible liner, E the emitted source atoms and 

F the substrate. 

An oxidized Si substrate was cleaned using an acetone, IPA, and DI water 

rinse. It was then attached to a substrate holder by three clips and positioned inside the 

evaporator. The two metals deposited in these experiments are Ti and Ag. The 

99.995% pure Ti pellets were placed in a graphite crucible liner, and a molybdenum 

crucible liner was used for 99.99% pure Ag pellets. These crucible liners were chosen 

as they have a significantly higher melting point than the contained source metal being 
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vaporized. A crystal monitor was used to measure the deposition thickness during the 

experiment.  

The electron-beam evaporator was pumped down to a pressure on the order of 

10-6 Torr before deposition could occur. A rough pump was used to bring the chamber 

from atmosphere to 50 mTorr in 5-7 min. At this point, assuming a stable pressure, the 

pump down procedure was switched over to a cryopump. The evaporation chamber 

required a minimum of 1.5-2 h to reach a pressure below 3x10-6 Torr which was the 

minimum pressure requirement for all deposition experiments. All deposition runs 

were conducted at a base pressure below 2.5x10-6 Torr. 

For all films, a 40 nm Ti adhesion layer was deposited first. The density and Z-

ratio for Ti were entered into the sample monitor for correct deposition readings, and 

the electron-beam was aligned with the hearth position containing the Ti. As the 

power was turned on, the filament below the hearth began to emit electrons. These 

electrons were bent by a magnetic field to hit the center of the crucible liner containing 

the material to be deposited. As the electrons bombarded this metal, it began to melt 

and vaporize. A current of ~0.1 A was used to reach a deposition rate of 10 Å/s for all 

depositions. A shutter was used to shield the substrate from metal atoms until the 

desired deposition rate was reached.  

The same procedure was followed for Ag deposition. The hearth was moved 

into alignment with the crucible containing silver and the density and Z-ratio of Ag 

were entered into the sample monitor. Since Ag has a lower melting point than Ti, a 
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lower current of ~0.05 A was needed to vaporize this metal to achieve a deposition 

rate of 40 Å/s.  

During these experiments, two types of films were deposited: blanket films and 

gradient films. To make a blanket film of a uniform thickness, the Si wafer was 

attached to the wafer stage as described previously. It was helpful to add a shim, or a 

small cleaved portion of an old wafer, underneath one of the clamps so that it 

protruded farther towards the center of the wafer. This shim aided in accurate 

profilometry data later on. Further, when depositing blanket films, the substrate stage 

was rotated during both Ti and Ag deposition to ensure a uniform film thickness.   

When depositing a gradient thickness film, a thin Al mask was attached to the 

center of a wafer parallel to the direction of the gradient. This mask was necessary for 

profilometry measurements across the change in thickness. Before depositing a 

gradient film, a linear shutter controlled by a computerized motor was attached inside 

the evaporator. The Al mask and the linear shutter were position perpendicular to one 

another inside the evaporation chamber. During Ti deposition, the linear shutter did 

not cover any of the substrate. Before Ag deposition, the linear shutter was moved 1 

cm forward to cover a portion of the substrate. This was to help determine an accurate 

Ti thickness. During Ag deposition, once the minimum desired Ag thickness was 

reached, the linear shutter motor was started. The speed of the linear shutter was 

defined by the final thickness to be achieved, and the following equation was used  

 ,
5.7

t

r
v


  (3.1) 
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where r  is the rate of deposition and t  is the difference between the minimum and 

maximum desired thickness of the gradient film.  

 

Figure 3.2: a) A blanket film of a single thickness and b) a gradient film with an Al 

mask down the center of the wafer parallel to the thickness gradient  

 

3.5 Contact Profilometry 

Contact profilometry was used to measure the thickness of deposited films. For our 

films, a Tencor Alpha Step 500 was used. Contact profilometry utilized a diamond tip 

stylus that was moved laterally across a thickness step change in the sample a distance 

of 500 μm. The height position of the diamond tip measured the surface variations of 

the sample. Film thicknesses determined using profilometry were determined from an 

average of several scans across the same nominal region. For blanket films, these 

measurements were taken as close to the center of the film as possible. For gradient 

films, measurements were taken at 10-15 positions down the masked region of the 

wafer in order to accurately map the thickness gradient.  
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3.6 Cleaving Method 

At this point, blanket films remained as whole 4 inch wafers, while gradient films 

underwent a cleaving procedure. These samples were cleaved along the (100) planes 

according to Fig. 3.3 using a diamond scribe, where rows represent a single thickness, 

and each sample is approximately 1cm square. This allowed for a significant number 

of samples across different thickness from a single deposition run. 

 

Figure 3.3: Schematic for cleaving scheme where center stripe represents the bare Si 

wafer due to the Al mask during deposition. Rows represent a nominal single 

thickness. 

 

3.7 X-Ray Diffraction Measurements 

The texture of all deposited Ag films was determined by X-Ray Diffraction using a 

Rigaku SmartLab XRay Diffractometer. The Rigaku uses a Cu radiation source 

(λ=1.56Å) and a scintillator detector. For this experiment, a standard sample stage for 

a 4 inch wafer was used. The X-rays run at a setting of 40kV and 44mA. The incident 

optics used in this experiment were the Ge(220x) high resolution channel cut 
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monochromator, and the receiving optic used was an open PSA. A spacer was needed 

underneath the sample stage for these thin films.  

A θ/2θ scan, also known as a radial scan, follows directly from Braggs Law. 

Diffraction occurs when the following equation is satisfied, d=λ /2sinθ, where d is the 

lattice plane spacing, λ is the x-ray wavelength, and θ is the diffraction angle. In a 2θ 

scan the direction of the scattering vector is held constant perpendicular to the 

scattering planes, and the length of this vector is varied by varying the angle θ.  

For full scans, a θ/2θ scan was run from 30° to 80° in order to capture all 

possible Ag peaks. For shorter scans, the scan was reduced to 35° to 48° since only the 

(111), 38°, and (100), 44°, orientation peaks exhibited significant intensity throughout 

these experiments.   

For as-deposited films, the texture was entirely (111) oriented; there was no 

evidence of a significant (100) peak. The volume fractions of the (111) and (100) 

texture components was approximated from the fractional intensities as 

 𝑓111 =
𝐼111

𝐼111+𝐼100
  and 𝑓100 =

𝐼100

𝐼111+𝐼100
. (1) 

   

 

3.8 Constant Temperature Anneal 

One of the annealing methods used in these experiments was a constant temperature 

anneal. An aluminum tray was suspended in an oil bath that was heated by a hot plate. 

Once the samples to be annealed were placed in the aluminum tray, an aluminum 

cover was placed over the tray to create a closed environment. The temperature of the 
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aluminum tray was measured using a thermocouple. Anneals at 100, 150 and 200°C 

were conducted using this method.  

 

3.9 Rapid Thermal Anneal 

The Rapid Thermal Anneal instrument used in these experiments was an AG 

Heatpulse 610 located in CNF. High intensity visible radiation in the form of lamps 

surrounding a chamber were used to heat the samples. The RTA is capable of very 

high heating rates, therefore a rate of 150°C/s was used to anneal samples to a 

temperature of 500°C.  

 The program run for this experiment looked as follows: delay 5 sec, ramp 

150°C/s to 500°C, delay 0 s, steady state 10 s at 500°C, delay 0 s, ramp 100°C/s to 

300°C, delay 0 s. A delay was placed between each command to ensure full 

completion of the previous command before the next step was started. During the 

steady state hold time, the iWarm and iCold power levels can be set, or they can be 

left to the machines best guess. For short, steady state hold times (<30 s), a power of 

around 1700 allowed the RTA to reach 500°C, for longer hold times (>1 min), a 

power of around 1200 ensured the RTA did not overshoot the desired 500°C 

temperature. A test run was performed with a blank Si wafer and no sample to ensure 

the chosen power yielded the correct temperature. iCold was never be locked, as this 

would extend the length of the cool down time unnecessarily. iWarm could be set to 

either vary or lock. If allowed to vary, the computer will keep changing the power 

based on what it believes to be the best option, this stabilizes after 2-3 runs, however, 
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if this is locked, the machine as a whole will start to heat up after 5+ runs, so the 

temperature will start reaching above 500°C. For this experiment both iWarm and 

iCold were left to fluctuate as recommended. 

For this experiment, a blank Si wafer was placed in the wafer tray and a film 

sample was placed in the center of the wafer. It was important to ensure a new Si 

wafer was used as a used wafer could be warped by the RTA. The maximum 

temperature reached for each anneal was recorded as the computer did not collect 

temperature data. Once the program was completed, and the RTA consistently read a 

temperature below 300°C, the sample could be removed. If more than one anneal 

cycle was used, it was necessary to wait for the blank Si wafer to cool or use a new 

wafer before placing an unannealed sample in the RTA. This process was repeated for 

samples of different thicknesses and for dwell times of 10 s, 20 s, 2 min and 8 min. 

These subsequent anneals were performed on samples that had already been annealed 

in the RTA, so the anneal times were additive for a maximum total anneal time of ~10 

min.  

 

3.10 Substrate-Curvature Measurements 

Stresses in Ag thin films over a thermal cycle were performed in a Flexus Film Stress 

Measurement tool located in CNF. This machine accurately measures the changes in 

the radius of curvature of the substrate caused by the deposition of a stressed thin film 

on a substrate by measuring the angle of deflection of a reflect laser beam from the 

surface of a substrate. The lasers in this system are two solid-state Class III lasers set 
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at two different wavelengths, 670 nm and 780 nm. This is to ensure adequate reflected 

signal from the substrate.  

Before a film was deposited, an initial substrate curvature measurement was 

taken. The thickness of the bare Si substrate was measured using a micrometer before 

taking the curvature measurement. The bare Si substrate was placed face up in a 

substrate locator ring for a 100 mm substrate positioned with an orientation of 0 

degrees. Since this experiment utilized temperature measurements, a provided quartz 

plate was placed on top of the locator ring before any curvature measurements were 

taken. This gave the curvature of the substrate as seen through the quartz plate. In the 

program, the measurement selection for “First (no film)” was selected, the measured 

substrate thickness was entered, and a laser wavelength was selected. For this 

experiment, the 780 nm wavelength was chosen.  

After film deposition, the substrate/film package was positioned in a locator 

ring, ensuring the same 0 degree orientation. A quartz plate was then placed on the 

locator ring, and a hot plate cover screwed over the top.  

For this experiment, a thermal cycle was programmed to ramp from 25°C to 

250°C at a rate of 6°C/min. The cooling rate cannot be set precisely as the machine is 

cooled by N2. Once the machine reached about 100°C on cool down, the cooling rate 

decreased significantly, and the whole cool down process took over 2.5 hours. The 

program was set to measure the film curvature every 5°C.  

This measurement was run on blanket Ag films at nominal thicknesses of 430, 

630, 830, and 1010 nm. 
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3.11 Scanning Electron Microscopy 

Scanning electron microscopy was used to study the surface topography of all 

annealed or thermally cycled films. Blanket films that had not been previously 

cleaved, were cleaved into 1 cm square samples prior to imaging.  

Samples were attached substrate side down to samples mounts and screwed 

into a sample holder, which could hold up to 8 samples at a time. The SEM system 

remains at vacuum when not in use, so was first vented before the samples could be 

placed inside. Once the machine was at atmosphere, the sample holder was inserted, 

and the machine pumped down to vacuum again. From the File dropdown menu, the 

restore last setting option was used to bring the electron beam online. If more than one 

sample was placed into the machine, the x and y coordinate locations of each sample 

mount were noted.  

The samples were scanned by a focused beam of electrons and the electrons 

interacted with the surface atoms of the sample. The energy exchange between the 

electrons and sample resulted in secondary electron emission by inelastic scattering. 

Magnification, brightness, contrast, and focus variables were all used to achieve a 

clear picture without damaging the sample. The created image is a distribution map of 

the intensity of the reflected electrons emitted from the sample. Using the tilt option 

was another means of achieving a greater contrast and a clearer image. For these 

experiments, a tilt of 40° was found to yield the clearest images. Line averaging and a 

minute long dwell time were used to reduce the noise of the image without damaging 

the sample.  
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4.1 Abstract 

The properties of FCC thin metal films are determined by their microstructure which 

develops during post-deposition processing. A well-known thickness dependent (111)-

to-(100) texture transformation in such thin FCC metal films has been reported and 

previously attributed to a competition between the strain and surface energies. This 

model fails to acknowledge the presence of stable mixed texture films, and is further 

assumed to be insensitive to temperature. In this work, grain boundary grooving is 

considered a mechanism to stabilize the reported mixed texture microstructures. We 

investigated the role of temperature in the (111)-to-(100) texture transformation over a 

range of film thicknesses. Silver films were annealed at temperatures ranging from 

100 to 500°C. The rate of transformation was studied by x-ray diffraction and the 

surface evolution during transformation was documented by ex situ scanning electron 
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microscopy. The extent of texture transformation and grain boundary grooving both 

exhibited a temperature dependence; high annealing temperatures induced less 

transformation and more significant grooving than low annealing temperatures. Slow 

thermal cycling yielded the maximum extent of transformation, suggest low annealing 

temperatures and heating rates as necessary conditions to produce groove-free, large-

grained stable microstructures.  

 

4.2 Introduction 

It is well established that thin face-centered-cubic (FCC) metal films undergo a 

thickness-dependent (111)-to-(100) texture transformation [1-5]. Many physical vapor 

deposition processes produce a fine-grained structure with (111) fiber texture, 

regardless of film thickness [6]. The effect of subsequent thermal processing depends 

on film thickness. Films that are sufficiently thin retain their (111) fine-grained fiber 

texture, while in films that are sufficiently thick, the (100)-oriented grains grow at the 

expense of the (111) grains, producing a (100) fiber texture film through an abnormal 

growth process [2, 7]. Intermediate film thicknesses have been seen to produce stable 

mixed texture films upon thermal processing [3-5].  

The prevailing model for this texture transformation states that the (111)-to-

(100) transition results from a competition between interface energy and strain energy 

[2, 7, 8]. It is well known that in FCC materials, the (111) orientation has the lowest 

interface energy, and the (100) orientation has the lowest biaxial modulus. This means 

that the (100) orientation has the lowest strain energy per a given elastic strain. Recent 

research [3, 5, 9, 10] has called into question the validity of this model. Baker et al. 
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found that in Ag films, the texture transformation proceeded despite the measured 

stresses being too low according to this strain/interface energy model [5]. Recently, 

Ellis et al. conducted a bulge test study on the role of stress in the (111)-to-(100) 

texture transformation, where it was conclusively determined that stress had no effect 

on the transformation in FCC materials [9].  Further, there is significant experimental 

evidence suggesting that the interface conditions, and furthermore the interface 

energies, have no effect on the extent of the transformation [1, 4, 5]. The 

strain/interface energy model also fails to predict the stable mixed texture films 

reported throughout the literature [1, 3-5, 10].  

It has been shown that the extent of transformation is also insensitive to 

annealing temperatures above 400°C [5]. For this to be true, either the driving force 

for all transformations must be depleted at the point during transformation despite the 

difference in annealing temperature, or the kinetics governing this transformation have 

no temperature dependence. The effect of annealing temperatures in a lower 

temperature regime on the extent of texture transformation has not been studied. It is 

therefore necessary to understand the microstructural developments resulting from 

different annealing temperatures in a low temperature regime, and what causes the 

texture transformation to stop when it does, resulting in stable mixed textures.   

It is well documented that certain thermal processing procedures induce grain 

boundary grooving in thin metal films [11-15]. The theory of thermal grooving was 

established by Mullins in 1957. He proposed two mechanisms for groove growth; 

evaporation-condensation and surface diffusion. Mullins theory necessitates a 

capillary-driven surface diffusion as the only driving force that determines the shape 
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of the developing groove [11]. Since this work, much of the grooving reported 

throughout the literature exhibits large slopes [13-17] and deep, asymmetric groove 

profiles [17, 18] not predicted by Mullins’ small slope approximation. In all grain 

boundary grooving cases, higher annealing temperatures produce wider and deeper 

grains that lead to grain separation [12, 13, 15, 19]. 

We have conducted experiments designed to test the temperature dependence, 

and subsequent thermal grooving, of the (111)-to-(100) texture transformation in FCC 

thin metal films. Ag films over a range of thicknesses were annealed at temperatures 

between 100 and 500°C; all films started with the same initial (111) fiber texture. X-

ray diffraction measurements were taken ex situ over time to determine the rate of 

transformation at varying anneal temperatures, and ex situ scanning electron 

microscopy images were used to study the surface morphology evolution throughout 

the texture transformation.  Experiments were also conducted in which stresses were 

measured during heating to determine the evolution of stress under thermal cycling. 

Results indicate that the (111)-to-(100) texture transformation is temperature 

dependent. We describe grain boundary grooving as a possible mechanism for this 

phenomenon and lay the groundwork for conditions necessary to produce stable, 

groove-free, large-grained microstructures.  

 

4.3 Experimental 

Ag films or varying thickness were deposited by electron-beam evaporation and were 

annealed at temperatures ranging from 100 to 500°C. X-ray diffraction and scanning 
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electron microscopy were used to study the texture and surface evolution over time 

due to different annealing temperatures. Stresses were measured during heating to 

250°C to study the stress evolution over a thermal cycle.  

 

4.3.1 Specimen Preparation 

Samples were prepared in an electron-beam evaporation vacuum chamber on 100 mm 

Si (100) substrates coated with a 117 nm furnace grown thermal oxide. An aluminum 

mask, approximately 2 cm wide, was attached to the front of the substrate to mask a 

region along the diameter before the substrate was installed on the sample stage. For 

blanket films this strip was placed off-center, while for gradient samples this strip was 

centralized parallel to the thickness gradient.  A 40nm titanium adhesion layer was 

deposited from 99.995% pure pellets in a graphite crucible liner at a rate of 10 Å/s. 

Silver films were then deposited on this Ti layer from 99.99% pure pellets from a 

molybdenum crucible liner at a rate of 40 Å/s. The chamber base pressure was below 

3.0x10-6 for all depositions. A vibrating crystal rate monitor measured the deposition 

rate and thickness, and a sample shutter covered the sample stage before deposition.  

 Blanket, single thickness, films were deposited with an off-centered aluminum 

mask to aid in thickness measurements. During deposition, the sample stage was 

rotated for both Ti and Ag depositions. The Ti adhesion layer was deposited to a 

nominal thickness of 40 nm on all films. Four different Ag film thicknesses of 400, 

600, 800, and 1000 nm were made.  
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 Gradient films were deposited using a high-throughput method developed by 

Baker et al. [5]. A brief overview of the process is given here. An aluminum mask was 

attached centrally across the substrate to aid in thickness measurements along the 

gradient, before the substrate was mounted on the sample stage. A computer 

controlled linear shutter was attached inside the deposition chamber. When the desired 

base pressure was reached, the sample shutter was positioned to shield the entire 

substrate from the electron-beam source until the desired deposition rate was reached. 

A Ti adhesion layer was deposited at a nominal thickness of 40nm across the entire 

film, and the sample shutter was moved to recover the substrate. The linear shutter 

was moved to cover 1cm of the substrate, for accurate Ti thickness measurements. Ag 

deposition was started, and at the desired deposition rate the sample shutter was 

moved to uncover the substrate. At a minimum thickness of 400 nm, the linear shutter 

was moved at a constant rate gradually covering the sample to create a gradient film 

with a maximum thickness of 1100 nm. The resultant gradient runs parallel to the 

aluminum mask.  

 After Ag and Ti depositions, the samples were removed from the evaporation 

chamber, and the mask was removed. Thickness measurements were made at multiple 

positions along the un-deposited strip exposed by the aluminum mask using contact 

profilometry. Measurements were made every few millimeters along the exposed strip 

to give both Ti and Ag thicknesses.  

 Samples were then diced into pieces a few millimeters square with sides 

perpendicular and parallel to the gradient. Due to the geometry of the gradient, 6-10 

rows of the same thickness and columns of 10-15 pieces with different average 
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thicknesses could be cleaved from the substrate. Each gradient film produced 10-15 

sets of nominally identical thickness series. The thickness of a single sample can vary 

up to 50 nm due to the gradient, each sample was therefore assigned a single Ag 

thickness value corresponding to the average thickness at its center.  

 The initial texture fractional intensity of all samples was measured using x-ray 

diffraction (XRD) in the θ-2θ geometry. All as-deposited samples exhibited 100% 

(111) fractional intensity, with no other significant peaks over the range of 30° ≥ 2θ ≤ 

80°.  

 

4.3.2 Annealing Parameters 

Blanket films were thermally cycled in a substrate-curvature instrument from room 

temperature to a final temperature of 250°C at a rate of 6°C/min. An aluminum hot 

plate was used to heat the film, covered by a quartz plate and a hot plate cover to 

retain the heat. Ambient N2 was flowed constantly through the system. Once the film 

reached 250°C, the film immediately began to cool down to room temperature. 

However, because cool down was only aided by an additional N2 flow, this process 

took over 2.5 h. 

 Samples from gradient films were utilized in two annealing experiments. One 

set of samples was annealed in an AG Heatpulse 610 Rapid Thermal Anneal (RTA) at 

a rate of 150°C/s to a temperature of 500°C. The RTA utilizes high intensity visible 

radiation in the form of 10-12 lamps surrounding the sample in the chamber. The 

pyrometer of the RTA is calibrated to a blank Si substrate, so samples were positioned 
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on a blank Si wafer before entering the chamber. A dwell time of 20 s was used and 

samples required 30 s – 1 min to cool down to room temperature.  

 The second experiment utilized a constant temperature anneal to temperatures 

of 100, 150, and 200°C. Samples were annealed in an aluminum tray suspended in an 

oil bath and covered by an aluminum plate. The temperature of the oil bath was 

monitored by a thermocouple. Samples reached temperature in 5-10 s. XRD 

measurements were taken ex situ every hour for 6 h at 100°C and the samples were 

then left to anneal for an additional 18 h. Samples were annealed at 150°C for 6 h and 

200°C for 2 h. On a second set of samples, ex situ XRD measurements were taken at 

short time intervals for the 150°C and 200°C anneals.  

The final texture of all samples was measured using XRD, and SEM images of 

each sample in its final annealed state were taken at a 40° tilt angle to achieve the 

greatest contrast in surface morphology.  

 Ex situ SEM images of thickness sets were taken of samples annealed in an oil 

bath at 100, 150, and 200°C respectively. Three thicknesses representing the breadth 

of the thickness dependent texture transformation from no transformation to full 

transformation were chosen. At each film thickness for a single temperature, five SEM 

images were taken at time steps representing the full transformation, from no 

transformation to their final transformed state. This was done to capture the change in 

surface morphology during the annealing process.  
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4.4. Results 

The texture evolution of the processed Ag films was determined from x-ray diffraction 

data and surface morphology evolution was determined through SEM imaging.  

 

4.4.1 Temperature Dependence  

Thickness measurements confirmed all Ti layers to be nominally 40 nm thick. No 

significant Ag peaks other than those of the (111) and (100) oriented grains were seen 

during θ/2θ scans, and a measure of the relative intensities of the (111) and (100) 

texture components was obtained from the peak intensities. The volume fraction of the 

(111) and (100) texture components was approximated from the fractional intensities 

as 

 
100111

111
111

II

I
f


  and 

100111

100
100

II

I
f


 . (4.1) 

where I111 and I100 are the corrected {111} and {002} integrated peak intensities. In 

their as-deposited state, all Ag films with a Ti adhesion layer exhibited a strong (111) 

texture fraction near 100%. Post annealing, thicker films exhibited a stronger (100) 

texture fraction that scaled with film thickness.  

The effect of annealing temperature on the fractional (111) intensity in films of 

varying thickness is shown in Fig. 4.1. All samples in Fig. 4.1 were taken from a 

single deposition run and samples were annealed for 24 h at 100°C, for 6 h at 150°C, 

and for 2 h at 200°C. Films  
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Figure 4.1: X-ray (111) fractional intensity as a function of Ag film thickness 

following annealing at 100°C for 24 h, 150°C for 6 h, and 200°C for 2 h. Films 

annealed at higher temperatures transform the least. 
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annealed at a higher temperature consistently transform less (have a higher fractional 

(111) intensity) than films annealed at lower temperatures. 

 In an effort to determine the cause of this temperature dependence, sequences 

of images over the duration of the transformation were taken to study the surface 

evolution over time across a range of thicknesses. First, plots of the fractional (111) 

intensity over time for all three annealing temperatures were used to determine 

representative transformation times under each condition (Figs 4.2 – 4.4). Films 

annealed at a higher temperature transformed significantly faster, in 4 min at 200°C, 

than films annealed at lower temperatures, in 7 h at 100°C. Five representative time 

steps, ranging from no transformation to completed transformation, were then studied 

using SEM. Films annealed to 100°C showed no distinct surface morphologies. Films 

annealed to 150°C exhibited signs of thermal grooving in the thickest film at the 

completion of the transformation, 30 min (Fig. 4.5). Finally, films annealed to 200°C 

showed signs of thermal grooving initiation in the thickest film after annealing for 1 

min, and in all film thicknesses at subsequent annealing durations (Figs 4.6-4.8).  

The effect of impurities on texture transformation is illustrated in Fig. 4.9, 

which shows data from two nominally identical deposition runs. Both sample sets 

were annealed at 200°C until their textures were stabilized. Sample set A is 

reproduced from Fig. 4.1 and sample set B represents data from a deposition run using 

a different batch of Ag pellets. These impeded texture transformations that are 

consistent with solute drag effects [20, 21]. 
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Figure 4.2: X-ray fractional (111) intensity as a function of time for Ag films 540, 

700, and 1080 nm thick annealed at 100°C 
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Figure 4.3: X-ray fractional (111) intensity as a function of time for Ag films 530, 

700, and 1010 nm thick annealed at 150°C 
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Figure 4.4: X-ray fractional (111) intensity as a function of time for Ag films 530, 

670, and 1010 nm thick annealed at 200°C 
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Figure 4.5: SEM images of Ag films annealed at 150°C for 30 min for thicknesses 

of a) 540 nm, b) 710 nm, and c) 1060 nm. Image c) shows evidence of grain 

boundary grooving along some boundaries. 
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Figure 4.6: SEM images of Ag films annealed at 200°C for 1 min for thicknesses of 

a) 540 nm, b) 710 nm, and c) 1060 nm. Image c) shows initiation of grain boundary 

grooving along some boundaries. 
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Figure 4.7: SEM images of Ag films annealed at 200°C for 2 min for thicknesses of 

a) 540 nm, b) 710 nm, and c) 1060 nm. All thicknesses show evidence of grain 

boundary grooving. 
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Figure 4.8: SEM images of Ag films annealed at 200°C for 4 min for thicknesses of 

a) 540 nm, b) 710 nm, and c) 1060 nm. All thicknesses show significant grain 

boundary grooving. 
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Figure 4.9: X-ray fractional (111) intensity as a function of Ag film thickness for 

two nominally identical deposition runs both annealed at 200°C. Sample set A is 

reproduced from Fig. 4.1 and sample set B is from a deposition run using a different 

batch of Ag pellets. This shows an impeded texture transformation of sample set A 

that is consistent with solute drag effects [20, 21] 
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4.4.2 Effect of Heating Rate 

Films annealed at 100, 150, and 200°C were heated using an oil bath and reached 

annealing temperature in 5-10 s. The effect of heating rate on the extent of 

transformation was investigated using a heating rate of 150°C/s to study faster heating 

rates, and a thermal cycle of 6°C/min to study slower heating rates. Films subjected to 

a heating rate of 150°C/s were annealed to 500°C for 20 s. This data is compared in 

Fig. 4.10 to samples set B from Fig. 4.9. These films were deposited from the same 

batch of Ag pellets and therefore have nominally the same impurity content. The same 

temperature dependence can be seen; films annealed to higher temperatures transform 

less. Films were also subjected to a thermal cycle of 6°C/min up to 250°C. As seen in 

Fig. 4.11, the slow thermal cycle is compared to data from Fig. 4.1 and exhibits the 

maximum extent of texture transformation. 

 

4.4.3 Stress-Temperature  

The stresses of films subjected to a slow thermal cycle were measured using a 

substrate-curvature method. Measured curvatures are converted to stresses using the 

Stoney equation  

 f

f
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f K

t
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  (4.2) 

where sY  is the biaxial modulus of the substrate, 
st  is the substrate thickness, 

ft  the 

film thickness, and RK f /1 , where R  is the radius of curvature of the film due to 

the presence of the substrate.   
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Figure 4.10: Fractional (111) intensity as a function of film thickness for Ag films 

annealed at 500°C for 20 s and 200°C for 2 h. 

 

  



63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.11: Fractional (111) intensity as a function of Ag film thickness for data 

seen in Fig. 4.1 compared to films subjected to a slow thermal cycle of 6°C/min to 

250°C. 
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As the film/substrate package is thermally cycled, the difference in thermal expansion 

between the substrate and film results in a change in strain in the film. Converting this 

strain to stress gives,  

 ,))((   TYTTY hklfsRThkl  (4.3) 

where s  is the thermal expansion coefficient of the substrate, taken to be 1.63x10-6 

°C-1 for Si [22], and 
f  is the thermal expansion coefficient of the film, taken to be 

1.67x10-5 °C-1 for Ag [22], T  is the final temperature of the thermal cycle, 250°C, and 

RTT  is room temperature. This change in stress in the film is initially accommodated 

by the elastic deformation of the film. For initially (111) oriented structures, the 

resulting thermoelastic slope is given by 

 ,111 






Y

T
 (4.4) 

where the (111) biaxial modulus is 169 GPa [1], and the theoretical thermoelastic 

slope for a (111) oriented film is found to be -2.38 MPa/°C. During the cool down of 

this thermal cycle, if the film in question has transformed to a fully (100) orientation, 

then replacing the (111) biaxial modulus with the (100) biaxial modulus of 75 GPa [1] 

gives a (100) thermoelastic slope of -1.06 MPa/°C. 

The results of the substrate-curvature experiment are seen in Fig. 4.12. As-

deposited films of increasing thickness demonstrate an increase in compressive stress. 

The heating and cooling slopes for all film thicknesses compared to their theoretical 

values as shown in Table 4.1. The measured heating slopes for all thicknesses are  
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Table 4.1: Measured and calculated thermoelastic slopes. The (111) thermoelastic 

slope on heating and the (100) thermoelastic cooling slopes were measured from Fig. 

4.12. The theoretical slopes are calculated using Eq. (4.4). 

Film Thickness (111) Thermoelastic Slope (100) Thermoelastic Slope 

1010nm -1.64 MPa/°C -1.11 MPa/°C 

830nm -1.66 MPa/°C -1.02 MPa/°C 

630nm -1.37 MPa/°C -0.857 MPa/°C 

430nm -1.54 MPa/°C -0.758 MPa/°C 

Theoretical -2.38 MPa/°C -1.06 MPa/°C 

 

significantly less than the theoretical thermoelastic slope for a 100% (111) oriented 

film, despite initial XRD measurements indicating an entirely (111) orientation. This 

suggests the presence of a significant random orientation component that was not 

detected by XRD. All thicknesses underwent a stress drop around 75°C. 

 On cooling, the two thickest films exhibit a (100) slope that closely matches 

the theoretical (100) slope. This agrees with the fractional (111) intensity data from 

Fig. 4.11, which indicates an almost 0% (111) fractional intensity. The two thinnest 

films, in contrast, exhibit a slope lower than what was calculated. For smooth, 

continuous films this is an unphysical result as the (100) is the most compliant 

orientation. However, from Figs 4.6-4.8 of films annealed to 200°C, it is known that 

significant grain boundary grooving is present in these films, so the assumption of a 

continuous film no longer holds. Further, from Fig. 4.11 it is known that the 430 nm 

thick film remained entirely (111) oriented and the 630 nm thick film only 

transformed to a (111) fractional intensity of 57%.  
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4.4.4 Temperature Dependence of Groove Development 

The development of grain boundary grooving as a function of increasing temperature, 

from 100 to 500°C, for fixed, stable textures was studied by SEM imaging (Figs 4.13 – 

4.17). Grain boundary grooving is evident in all films except for those annealed at 

100°C for 24 h (Fig. 4.13). It is clear that an increase in annealing temperature results 

in a systematic increase in grooving depth and width. Thinner films generally 

developed grooves that did not reach the substrate and as well as occasional voids 

whose appearance increased with increasing temperature. Thicker films developed an 

array of deep non-continuous grooves, most of which reached the substrate surface. It 

is also interesting to note that even films thermally cycled at a slow heating rate still 

exhibit significant grain boundary grooving due to the high maximum temperature 

reached during the cycle, 250°C (Fig. 4.16). 

 

4.5 Discussion 

Our results reveal that texture transformation is strongly dependent on annealing 

temperature. Films annealed at higher temperatures transform less (demonstrate a 

diminished (111) fractional intensity) compared to films annealed at lower 

temperatures as seen in Figs 4.1 and 4.10. All films, despite annealing temperature, 

follow the established thickness dependence trend [1, 5]. Grain boundary grooving 

was seen in films annealed at higher temperatures towards the completion of their 

transformation. While no grooving was seen in films annealed to 100°C, the thickest 

films annealed at 150 and 200°C showed evidence of grain boundary grooving near 

the completion of their respective transformations, when the texture has begun to 
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Figure 4.12:  Stress-temperature curves for Ag films 430, 630, 830, and 1010 nm 

thick thermally cycled to 250°C at 6°C/min. Note the stress drop that occurs around 

75°C for all film thicknesses 
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Figure 4.13: SEM images of Ag films annealed at 100°C for 24 h for thicknesses of 

a) 540 nm, b) 700 nm, and c) 1040 nm. There is no evidence of grain boundary 

grooving in these films. 
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Figure 4.14: SEM images of Ag films annealed at 150°C for 6 h for thicknesses of 

a) 540 nm, b) 700 nm, and c) 1040 nm. All film thicknesses show evidence of 

shallow grooving. 
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Figure 4.15: SEM images of Ag films annealed at 200°C for 2 h for thicknesses of 

a) 540 nm, b) 700 nm, and c) 1040 nm. All film thicknesses show evidence of grain 

boundary grooving with occasional pit formation. 
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Figure 4.16: SEM images of films thermally cycled to 250°C at 6°C/min for 

thicknesses of a) 430 nm, b) 630 nm, c) 830, and d) 1010 nm. All film thicknesses 

show evidence of grain boundary grooving with thicker films showing non-uniform 

deep grooves that reach the substrate. 
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Figure 4.17: SEM images of Ag films annealed at 500°C for 20 s for thicknesses of 

a) 460 nm, b) 740 nm, c) 1020, and d) 1280 nm. All film thicknesses show 

significant deep grain boundary grooving with thinner films showing significant pit 

formation. 
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stabilize. This suggests that grain boundary grooving develops after transformation has 

occurred and the grain boundaries have stopped moving.  

However, all SEM images presented here are at a low magnification and 

therefore only grain boundary grooves on the order of 100 nm or greater could be seen 

with certainty. It is therefore likely that the onset of these grain boundary grooves 

occurs significantly earlier during the transformation for all temperatures and film 

thicknesses, but are too small to be seen by this instrument.  Grain boundary grooving 

can then serve as a mechanism to explain the temperature dependence of the texture 

transformation as well as the stable mixed textures reported here and in the literature 

[1, 5].  

Further, grain boundary grooving exhibits a film thickness dependence; 

grooves in thicker films are consistently deeper, reaching the substrate, compared to 

grooving in thinner films which remains shallow despite annealing temperature. This 

thickness dependence could be correlated with a texture dependence. From our current 

fractional (111) intensity plots, thinner films have a high percentage of (111) oriented 

grains. In contrast, thicker films show a comparative increase in (100) oriented grains. 

Imaging of thicker films reveals many large grains displaying significant twin 

formation, seen clearly in Fig. 4.17c and b, and Fig. 4.15b, and c, with the twins at 

right angles to each other, confirming these large grains as (100) oriented. These 

images show deeper non-uniform grooving at grain boundaries of two misoriented 

(100) grains, compared to (111)/(100) and (111)/(111) grain boundaries.  
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Therefore, because thicker films transform the fastest (Figs 4.2 – 4.4), they 

develop a higher (100) fractional intensity texture before thinner films, and if the 

(100)/(100) grain boundaries are believed to show preferential grooving, then these 

films would show grain boundary grooving earlier than thinner films. Films of an 

intermediate thickness transform at a slower rate and therefore take longer to develop 

a significant (100) texture. Consequently, intermediate thickness films should develop 

grooving at a later time. Grain boundary grooving, however, is known to be 

temperature dependent [11, 12, 15], and so at high temperatures, all films will develop 

thermal grooving. Further, the non-uniform grooving seen throughout many of these 

films can most likely be attributed to void shrinkage by grain boundary diffusion. 

The stress-temperature data shown in Fig. 4.12 provides insight into the effect 

of heating rate on the texture transformation. From Fig. 4.11, films processed under a 

slow thermal cycle exhibit the maximum extent of transformation seen in these 

experiments. Although the final temperature of the thermal cycle is higher than the 

comparative three anneals in Fig. 4.11, it is likely that the texture transformation was 

completed at a lower temperature due to the slow heating rate, well before the final 

temperature of 250°C was reached. The stress drop seen in Fig. 4.12 was formerly 

assumed to be associated with a texture transformation, as (111) and (100) grains 

exhibit different stresses. However, because the stress drop occurs at the same 

temperature and to the same extent for all four film thicknesses, despite the different 

final textures of these films, this drop cannot be associated with a change in texture.  

From this work, it is known that the texture transformation can occur at low 

temperatures given enough time. Due to the nature of the thermal cycle, it is likely 
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these films began transforming slowly, with the constant increase in temperature 

resulting in a constant increase in the velocity of this transformation. This would allow 

a portion of the transformation to occur at a temperature where grain boundary 

grooving provides less inhibition. This permits the thermally cycled films to achieve 

the most significant transformation. We are confident that grain boundary grooving is 

not associated with this stress drop, as we have seen that films annealed at 100°C 

show no grooving after 24 h, and the stress drop is observed to occur below that 

temperature.  

 

4.6 Summary and conclusions 

We studied the temperature dependence of the extent of the (111)-to-(100) texture 

transformation in FCC thin films over a range of thicknesses.  Films were annealed at 

temperatures ranging from 100 to 500°C and SEM images were taken to monitor the 

surface evolution over time. Fractional (111) intensity measurements confirm a 

temperature dependence; films annealed at higher temperatures transform significantly 

less than films annealed at lower temperatures. Grain boundary grooving is found to 

be a possible factor in halting this texture transformation. The maximum extent of 

texture transformation was achieved using a slow continuous heating rate. This work 

establishes the groundwork for annealing conditions necessary to develop flat, groove 

free films with stable, large grained microstructures.  
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CHAPTER 5 

CONCLUSIONS & FUTURE WORK 

From these experiments it has been found that annealing temperature has a drastic 

effect on the extent of texture transformation in FCC thin metal films. Grain boundary 

grooving is offered as a potential explanation for this phenomenon. In agreement with 

literature, an increase in annealing temperature has been shown to produce an increase 

in grain boundary grooving depth and density. Higher annealing temperatures produce 

deeper thermal grooves. These grooves impede grain boundary motion, prematurely 

halting the texture transformation at higher temperatures. A film thickness correlation 

to grooving depth was also seen. Thin films showed shallow grooving compared to 

thick films which demonstrated significant deep non-continuous grooves. This film 

thickness correlation can be attributed to the difference in surface energies between 

the (111) oriented grains of thinner films compared to the large (100) oriented grains 

of thicker films. Further, high impurity content has been seen to cause solute drag 

effects, further blocking grain boundary migration. Thermally cycled films 

demonstrated the maximum extent of transformation, suggesting that a low 

temperature and heating rate are necessary conditions to establish groove-free, stable, 

large-grained microstructures.  

 To gain a more complete picture of the grooving profiles seen in these 

experiments and to determine their true function in the process of grain boundary 

migration, further experiments should be conducted. Higher resolution SEM images 

would allow for a more precise determination of the initiation of thermal grooving 
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during ex situ annealing experiments. EBSD imaging would yield precise data on the 

grain orientations at a grooved grain boundary and the role surface energy plays in that 

process. FIB imaging of select samples would aid in determining the type of groove 

profile that develops during these anneals and how the profiles differ from thick to 

thin films. Further, FIB imaging would provide valuable insight into the role of 

nanotwins during the transformation and grooving process. Lastly, substrate-curvature 

measurements to lower temperatures would yield insightful information into the 

process of texture transformation during a slow heating cycle.  
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