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ABSTRACT 

Thin (100 11m) gold films were deposited 011 Si(oo l) substrates by direct current 

magnetron sputtering, The effects of the deposit ion rate, the distance between the target 

and substrate, the substrate orientation, bias, temperature, and gas flow rate on the surface 

morphology of the Au film have been studied using atomic-force microscopy. II was 

observed that the deposition or Au on Si(OO J) followed the typical Volmer-Weber growth 

mode characterized, in the initial stages, by hemi-spherical grains distributed uniformly 

on the surface. Decreasing the target/substrate distance caused both the average grain 

diameter and height 10 increase. Decreasing the distance between the target and substrate 

from 19.5 em to 5 em and using a deposition rate orO.1 Als produced samples in the 

second slages of thc VW growth mode characterized by the coalescence of Au islands 

Increasing the relative angle from 0" to 90" between the substrate and the substrate table 

caused the average grain diameter to decrease by approximately 8.7% and the average 

grain height to increase by approximately 52.3%. Applying a high negative voltage to the 

substrate during the deposition caused a small decrease of approximately 10.2% in 

average grain size and a change of 26.2% to the average grain height. When the substmte 

temperature was lowered during the deposition process from 12 to -11 "C, a decrease of 

21.6% was found in the average grain size while the height of the avemge gmin increased 

by 44.7%. By adjusting the above pammeters it was possible to obtain samples with 

avemge grain size mnging from 26 to 180 nm with RMS roughness values ranging from 

0.8 to 21 nm. The results of this work provides an understanding for how to produce a 

wide range of surface morphologies of thin Au films on 5i(00 1) for applications such as 

cantilever sensing and for producing bio-functionalized tips for atomic-force microscopy. 
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1 I NTRODUCTION 

1.1 Microcantilevers 

Microcantilcvers are small rectangular beams constructed of Si with dimensions ranging 

from 200-300 ~ in length, 30-50 ~m in width, and 0.5-1 ).1m in thickness. 

Microcantilcvcrs can be made to be sensitive to specific target molecules by coating one 

surface with a functionalized self-assembled monolayer (SAM). Once functionalizcd, the 

microcantilevers become extremely sensitive sensors to physical changes, forces. 

chemicals and biological agents in various environments, providing detection ranges 

from as high as parts per trillion \0 parts per quadrillion [I]. These sensors provide high 

accuracy with quick response lime all with a low power requirement, and at low cost. 

Two experimental modes of the microcantilcvers exist: static and dynamic. The static 

mode measures the static dcflection of the cantilever while the dynamic mode measures 

the shift in the resonant frequency of the microcantilever. 

Microcantilever sensors have a simple functionality. When molecular interactions 

occur on the microcantilever surface between the immobilized receptors (sensor 

molecules) and the targets (ana[yte molecu[cs), the cantilever will deflect, due to the 

changc in the surface stress, sec Figure [.1. The deflection of the cantilevcr can be 

measured using an optical beam deflection systcm. This system includes a laser beam and 

a scnsitive position dcteetor. When the incident laser beam deflects from the cantilever 



onto the detector, the displacement of the cantilevers' free end can be obtained from the 

detector signal and used to detemline thc change in thc surface stress. 

Laser PhotoDetector 

Figure 1.1 : Schematic representation of the deflection of a microcantilever due to the 
change in the surface stress caused by the interaction between the receptor and the target 
molecules. Used with thc pcnnission [2]. 

Work on developing microcantilevers has been increasing in the last several 

years, due to their numerous applications in a variety of fields. However, before these 

sensors can be used reliably in a commercial application. there arc stll! fundamental 

questions that need to be addressed such as the origin of the surface stress and the effects 

of secondary reactions. Another critical parameter that needs to be resolved is the 

relationship between the morphology of the Au film and the sensor sensitivity. 

1.2 Motivation 

Gold films are used extensively by the microcantilever sensor community to attach 

organic functionalized molecules (such as modified alkanethiols) onto silicon cantilevers. 

Gold is an ideal material because it is highly inert and docs not oxidize at room 



temperature [3J. Modified alkanethiol molecules (HS(CH2)nX) consist of an alkanetihol 

chain (HS(CH2k) with a receptive end group (X). These molecules bind with a Au 

surface fonning well-defined SAMs without the need for external stimuli. These end

groups arc used to detect specific target molecules which define the selectivity of 

cantileverscnsors 

A significant amount of research on cantilever sensors has focused on optimizing 

microcantilever surface stress by attempting to relate the sensitivity of cantilever sensors 

to the morphology of the thin Au film deposited on the cantilever. For mierocantilever

based surface-stress sensing to become a viable technology, it is important to establish a 

better understanding of the elTect of Au morphology (e.g., grain size, film roughness) on 

the ~en~itivity of cantilever sensors, a~ reported in the review by Ji et al. [4J 

Unfortunately, the published results on this matter arc varied and do not conclusively 

identify a definitive relationship between the Au morphology and the sensitivity of the 

sensor. Several researchers have shown that a rough or nanostructured surface of a film 

causes a greater response to the analytes than do smooth surfaces. TIlis enhanced 

response is the result of rough surfaces having more surface area, which produces a larger 

number of binding sites to attract the analyte molecules. Lavrik el al. [5, 6]. Tipple et al. 

[7J. and Headrick et al. [8J have compared the response of can Ii levers coated wilh smooth 

Au to dealloyed Au. Table 1.1 summarizes the specific analytes detected by 

functionalized cantilever sensors coated with cither smooth or nanostruClured Au surfaces 

used by each research group. According to the results of these sludies, the dealloyed Au 

is more efficient for enhancing the mierocantilever surface stress in response 10 gas-phase 

hydrocarbon compounds. These cantilevers were observed to have a defieclion two 



orders o f magnitude larger than that obtained with the cantilevers coated with smooth Au 

films (5-7]. 

Table 1.1: The SAMs and analytes studied on the smooth and nanostructured surfaces by 
each research group. 

Research 
Group 

Tipple et al. [7] 

Lavriketa1. [5] 

Lavriketa1. [6] 

Headricketal. 

[8] 

Functionalized SAM Coating 

Thiolated ~-cyclodextrin (HM-~
CD) 

and (2,3-0-diacetyl-6-0-lerl-butyl
dimcth-y l silyl)-~-cyc1odextrin 

HM-~-CD 

HM-~-CD 

(2,3-0-Dimethyl-6-0-tert-butyl
dimcth-yls ilyl)-p-cyclodextrin 

Sensing Ana lytes 

Dihydroxynaphthalene 

Protein A and biotin
labc1edalbumin 

Dimethylnaphthalene 

Dihydroxynaphthalene 
and a series of volat ile 

organic compounds 

Other researchers, however, have shown that smooth Au surfaces influence the 

surface stress more strongly than rough surfaces. Godin et a1. (2] showcd that the 

morphology of Au films influences the response of cantilever sensors to the detection of 

alkanethiols. This group studied the surface stress induced by the fonnation of 

alkanethiol SAMs on microcanti levers coated with different Au film morphologies. 

Figure 1.2 shows the cantilever deflection versus time for cantilevers coated with small 



grain Au and large grai n Au when exposed to alkanethiols. The microcanti lever coated 

with small grain Au (red curve) exhibited a smaller surface stress and deflection than the 

microcantilever comed with large grain Au (black curve). These results indicate that the 

microcantilevers coated with smoother Au (large grains) are more sensiti ve than those 

coated with roughcr Au films (small grain size) . 

' ........... . 

.................. _ ... __ . 
. _
. ~..., 

Time (hours' 

Figure 1.2: The cantilever deflection and the surface stress induccd by thc fonnat ion of 
al kanethiol SAMs on the microcantilevers as a function of time for small- and largc
graincd Au. Used with the pennission [21 

Tabard-Cossa ct al. have reported similar results for the adsorption ofthiol-bascd 

molecules [9]. However.thcse authors found that the average grain size of the Au surface 

did not strongly influence surface-stress changes induced by the adsorption of anions 

Rather. they discovered that the surface stress is more dependent on the continuity of the 



Au sensing surface. The authors were careful to point out, however, that this result cannot 

be generalized to other reaction mechanisms. Lastly, Mertens et al. [10] studied the effect 

of the deposition rate of the Au films on the surface strcss induced by the adsorption of 

alkylthiols, and found no relationship betwccn the cantilevcr denection and the Au film 

roughness. 

It is clear from the previuusly discussed results that it has not been possible to 

conclusively identify a relationship between the Au morphology and the sensitivity of 

cantilever sensors. One possible reason for this discrcpancy in the literature is that 

different reaction mechanisms were used to investigate the relationship between the Au 

roughness and the sensor sensitivity. Different reaction mechanisms may be more 

sensitive to rough Au films, whereas others may be more sensitive to smoother films. 

Therefore if this is the case, it would be useful to develop a method to control the 

morphology of thin Au films on Si(OOI) cantilevers in urder to increase cantilever sensors 

sensitivity for detccting targets through specific reaction mechanisms. For this purpose, 

we investigated the effects of various substrate parameters on the morphology of thin Au 

films deposited on Si(OOI) substrates by sputter depositiun. The morphology of Au films 

was characterized by atomic-force microscopy, and the resulting images were analyzed 

using a standard software package. 



1.3 Surface Structure of Au 

One important component of linking surface morphology with a cantilever sensor is the 

surface structure of Au. The effects of the surface structure of Au, whether it forms as a 

flat extended surface or an assembly of faceted particles, on the self-assembly of 

alkanethiols havc been studied to dctermine thcir properties, surface stmcture, chain 

packing, and chemical reactivity [11-13]. It has been reported that the adsorption 

geometry of such monolaycrs on the Au( Ill) surface is hexagonal-close-packed [12, 14-

16J. This is. in general, the most stable configuration for thiol molecules to fonn on. as 

the single thiol molecules binds in the hollow of three adjacent Au surface atoms. In the 

case of the Au(100) surface, the thiol molecules attach to the hollow site of four Au 

atoms. Cheng et al. [12] studied the effcct of the crystal oricntation of Au on the 

interfacial bonding strength of the SAM-coated Au-epoxy and Au-Au systems, and found 

that the bonding strength of the SAM showed a strong dependency on the crystal 

orientation of the Au surface. They performed a comparative study between three 

different SAMs of alkanethiolates on both substrates of Au(JOO) and (III), and found 

that Au with crystal orientation of (1 I I) exhibited greater SAWepoxy interfacial bonding 

strength of the SAM-coated Au-epoxy system than Au with crystal orientation of(loo) 

However, the opposite result was exhibited for SAM-coatcd Au-Au joint. Furthennore, 

Cheng et a1. reported that crystal orientations of Au would affect on the atom 

arrangements of the monolayers. Even though it is clear that thc surface structure of Au 

can have an effect on the self-assembly of alkanethiois, it appears that whether Au forms 

as a flat extended surface or as an assembly of faceted particles, the main parometer that 

alTeets the sensitivity of the mierocantilcvcrs is the morphology of the Au surface. 



Through a study of the equilibrium structures and thermodynamic properties of 

dodecanethiol self-assembled monolayers on small and larger Au nanocrystallites, 

Luedtke et al. [17] found that on extended nat Au(lll) and Au(IOO) surfaces, the smaller 

the Au terraces. the lower the disordering temperature of the SAM, Hence. the less stable 

the thiol molecules are on the substrate due to the orientation of the alkyl chains (lying 

down or standing up) the less reproducible the sensor 

1.4 Previous Work: Deposition of Au on Si 

Severnl studies have been conduclCd on the deposition of Au on various substrates. For 

example, the effect of sample annealing, the use of elevated substrate temperature during 

deposition, and the variation of film thickness have becn studied [18-24]. In general, 

increasing the deposition temperature and/or the annealing temperature (post deposition) 

and/or the film thickness increases the grain size and the RMS roughness. However, an 

investigation into the effects of the substrate orientation, the distance between the 

substrate and target, substrate bias, and application of low substrate temperature during 

spullcring Au films on Si has not, to our knowledge. been reponed in the literature. 

1.5 Scope of Thesis 

The purpose of this thesis is to report the cffects of different sputter depositiott 

parameters on the surface morphology ofthitt Au films deposited on Si(OOI) substrates 

for the purpose of developing a mcthod to control the roughness of Au films. The thesis 

is organized as follows: Chapter 2 discusses the details of the thin-film deposition and 



growth. This chapter also reviews the analytical methods and texture parameters used to 

eharncterize the surfaces of thin films. Chapter 3 presents the experimental setup that was 

used to deposit Ihin Au films on Si substrntes, how the Si substrates were prepared prior 

to sputtering, and the experimental methods that were used to vary the deposition 

parameters. Chapter 3 finishes with a shon description of the atomic-force microscope 

and imaging technique used for characterizing the samples. Chapter 4 discusses the 

results and analysis of the samples synthesized and outlines the correlation between the 

deposition parnmeters, grnin size, and surface roughness. Finally, concluding remarks of 

this work and suggestions for future work arc given in Chapter 5. 



2 THIN FILM: DEPOSITION AND ANALYSIS 

2. 1 Introduction 

Thin films have become an intcgml part of numerous scient ific applications, such as 

sensors, electronic packaging, integrated circuits, optical devices, and protective and 

decorative coatings [25]. A thin fil m is a solid layer that ranges in thickness from a few 

nanometers to many micrometers. The properties of thin films are affected by Ihe 

morphology and microstructure. Therefore, understanding the thin-film deposition 

process is essential for controlling the properties o f thin films for specific applications. 

Sputter deposition is one of many methods used 10 make thin films. This chapter will 

descr ibe the sputter deposition process, discuss how 10 image thin films by atomic-force 

microscopy. and characterize them using texture parameters. 

2.2 The Process of Thin-Film Deposition 

2.2.1 Sputter Deposition 

The spuller deposition system uscd in this work was a de magnetron spullering machine 

by Corona Coaters (Vancouver, BC. Canada). The system consists of several main 

elements such as a vacuum chamber, a pumping system. power supplies, a target 

material , and a substrate. The target materia l acts like the cathode of an electrical circuit 

as it is held at a high negative de voltage. The substrate. which acts as the anode, is 

10 



placed opposite the target, as shown in Figure 2.la). These cleetrodes are houscd in an 

evacuated chamber called the sputtering chamber. The sputtcr deposition process begins 

when argon ions enter the sputtering chamber and arc aceelemted towards the target as a 

result of an applied high negative potential (sec Figure 2.1a). As the ions collide with the 

target, they expcl target atoms through a transfer of momentum (sec Figure 2.lb). The 

target atoms (black circles) move away from the target in all directions including the 

direction of the substratc. As thc target atoms accumulate on the substrate, they start to 

fonna thin film [26]. 

(b) 

Figure 2. 1: (a) Schematic of the sputtcring systcm. (b) Interaction of an Ar ' ion with a 
surface expelling target atoms (black circles) from thc target, where '/ is the angle 
between the incident direction of thc AT' ion and the direction nomml to the target 
surfacc, and (/J is the angle between the sputtered atom and the direction nonnal to the 
targct surface. Used with the pcnnission [27). 

11 



2.2.2 Quartz Crystal Monitor 

Film properties, such as resistivity, capacitance, optical wavclength,and rencctivity, can 

be altcred by the fi lm thickness [28]. Other factors, such as crystal structure. adhesion, 

and slress, can bc affected by the rate of deposition. In this work, a quartz crysIal monitor 

(QCM) was used to measure the film thickness and the deposition rale. A QCM uses the 

piezoelectric effect to measure the change in resonant frequency of the surface of the 

crystal. Whcn an rf voltage is applied to the quartz crysIal, the laller oscillates at its 

natural resonant frequency. When a film is deposited onto the crysta l, the oscillation 

frcquency changes. The change in frequency is rc1att-d to the change in mass of the 

matcrial deposited on the crystal according 10 the Sauerbrcy equation, which is applicable 

only on unifonn, rigid, and thin films [28]: 

(2.1) 

where Ilj is the measured frequency shift,!" is thc initial frequency of the quartz crystal 

prior to a mass change, Ilm is the mass change. A is the piezoelectrically active area, Pq is 

the density of quartz. and IJq is the shear modulus of quartz. Equation 2.1 shows that the 

shift in frequency due to the film deposition on the crystal is proportional to the deposited 

mass per unit area of the film. The mass per unit area is rcla\(."(\ to the film thickness and 

film density, ~ = hrPr. 

12 



2.3 The Process of Thin-Film Growth 

2.3.1 Growth Modes 

During the ini tial nucleation stage, three characteristic growth modes arc observed: 

Volmer- Weber (VW) mode, Frank- van der Merwe (FM) mode, and Stranski- Krastanov 

(S K) mode. These growth modes can be distinguished by the thermodynamic parameters 

of the deposited material and the substrate surface. The VW mode can be described as an 

island type, the FM mode as a layer type, and the SK mode as a mix of layer and island 

types [29]. These modes are shown in Figure 2.2. In the FM growth mode, the deposited 

grains are attracted more strongly to the substrate surface than to themselves: thus, the 

nucleation density is high and the islands grow two-dimensionally until thc substrate 

surface is covered by a complete monolayer. In the VW growth mode. however, the 

depositcd atoms arc more strongly bound to each other than to the substrate surface: 

therefore, the islands grow three-dimensionall y and thereby minimize the interaction 

between the deposited grains and the substrate surface. The SK mode is the intennediate 

mode that occurs when the deposited grains are init ially strongly bound to the substrate 

surface. After the substrate surface is covered by a few monolayers, the film growth 

switches to threc-dimcnsional is lands because of a strain introduced by a lattice mismatch 

between the fi lm and the substratc surface [3D] 

13 



a) Volmer-Weber 

o 9 o 
b) Stranski-Krastanov 

o 
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Figure 2.2: Growth modes for th in fi lms: a) Volmer- Weber, b) Stranski- Krastanov. 
(Ind c) Fmnk- van dcr Mcrwc. 



The generation of different morphologies is governed by the surface energy of 

the thin film. 'If' the surface energy of the substrate, y., and the interfacial energy 

between thin the film and the substrate, '1ft. Another factor that affects the surface 

morphology is the contact angle (sec Figure 2.3). The contact angle is a function of 

the surface energies between the substrate surface and the particle surface given by 

Young'scquation [31]: 

cosO :=: .!!.:.!1!. 

" 

Figure 2.3: The contact angle, 0, is a function of 
the surface energies between the substrate surface 
and the particle surface. 

(2.2) 

For the VW mode. 0 > O. and therefore island growth occurs. The surface 

substrate has a lower free energy than the surr,1ee of the thin film and the interfacial 

energy between the thin film and substrate. The interfacial energy can be neglected 

because it is substantially smaller than the surface energies of the substrate and thin 

film. As a result. the VW growth mode will be promoted when the surface energy of 

the thin film is greater than that of the substrate [30J. 

For Ihe FM mode. 0 = 0, and therefore the layer growth mode will be 

predominant. The FM-mode growth will occur when the deposited material has a 

lower energy than the substrate surface. Thus, the film will wet the substrate surface 

[30J. 

For the SK mode. the contribution of the induced strain due to lattice 
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mismatch increases the surface energy of the thin film as the film thickness increases. 

Layer growth occurs when (} = 0, and island growth occurs when 0 > 0 for thicker 

films [30j 

2.3.2 Thin-Film Growth 

The targct atoms adsorb on the substrate after losing their velocity component nOnlJaI 

to the surface. The target atoms then fonn larger clusters by interacting with each 

other. A portion of target atoms may re·evaporate if they are not in thennal 

equilibrium with thc substrate surface. Clustcrs cventually become thermally 

equilibrated with the substrate surface after reaching a critical size [29], at which 

point the clusters enter the nucleation stage. The nucleation stage is the first stage of 

thin· film growth, as shown schematically in Figure 2.4. In the next stagc, thc nuclci 

grow larger and merge into larger clusters. called islands, which leads to a dccrease 

in the area occupied by the separate nuclei and the formation of a discontinuous film 

structure. When Ihe islands grow sufficiently and begin touching each other, the 

coalescence stage of thin-film growth occurs. At this point, the film shape changes 

completely and the size of islands increases, resulting in a network of channels [32). 

As the channels and holes are filled during further deposition, the film structure 

changes from a discontinuous structure to a continuous film. The latter stagc may 

occur only whcn the film thickness reaches several hundred angstroms [31]. 
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I' igure 2.4 : The microstructural stages ofthin-fitm growth. 
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2.4 Ana lysis 

Characterizing the film is necessary to quantify the surface morphology and roughncss. 

Control ofthcse paramctcrs is important for the manufaelUrc of electronic devices, multi 

layers, and ultra-thin films. Thc surface morphology of thin films generally depends on 

the gmin sizc, surface texture, and film thickness. In this work, surface morphology was 

charactcrizcd usiug atomic-force microscopy (AFM) 

2.4.1 Theory of Atomic-Force Microscopy 

AFM is an analytical method that resolves the surface topography of thin films from 

microns to angstroms. AFM is a process where a sharp tip, which is mounted at the free 

cnd of a microcamilever, is scanned over the sample surface. Figure 2.5 shows a 

schematic of a typical AFM systcm which consists of a mieroeantilever probe with a 

sharp tip, a piezoelectric actuator, and a position-sensitive photo-dctcctor (PSD). AFM 

systems arc operated in thrcc modes: contact mode, non-contact mode, and tapping mode. 

In this work, constant-force contact mode AFM was used to slUdy the morphology of thin 

Au films on Si. 

In constant-force contact mode AFM, the tip is pushed against the sample surface 

to create a repulsive forcc that rcsults in thc deflcction of the cantilevcr. Thc deflection 

can be detected by capacitive, piezoresistive, or optical means. A piezoelectric tube 

elongates or contracts to maintain a constant force of the cantilever on the surface. The 

change in length of the piezo is displaycd as a function of thc lateral position of the 

cantilever to provide a 2-dimensional profilc of the surfaec topography. Figure 2.6 shows 
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an example of an extracted profile measurement from an AFM image. A 3..£1i mensiOllal 

representation of the surface topogrtlphy is gencrtlted by repeati ng thc collection oftraccs 

throughout the sample [331. 

FigUf"r 2.5: Schematie o f an atomic-force microscope, including the piero-tulx! actuator, 
the ellntilever. the laser focuser, position-sensitive photodetector (PSD) and sample. Used 
with the permission [27]. 

(.) (b) 

Figure 2.6: Example of a) an AFM image, and b) an extracted profile from an AFM 
image. 
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2.4.2 Texture Parameters 

[n this work, the morphology of the thin Au films was characterized using the following 

topological parameters based on the International Organization of Standards (ISO). The 

root-mean-square (RMS) roughness, Sq, was computed using the following equation: 

(2.3) 

where Z; is the surface height, Jl: is the mean value. and N is the total number of points of 

the surface. The RMS roughness is the most commonly used measure for characterizing 

the surface roughness of thin films. Unfortunately, this parameter on ly provides a value 

of the standard deviation of the surface height and provides no correlation between the 

surface features and the size of the sample or the frequency at which the surface features 

occur. As a result, different surfaces may lead to identical values ofRMS roughness [34]. 

For this reason, other surface-texture parameters must be ineluded when surfaces are 

characterized to provide further insight into the topographic changes of the sample. The 

followi ng are texture parameters that were used to characterize the surface roughness. 

The skewness, Ssk. and the kurtosis, Sku, were also used to analyze the samples 

synthesized in thi s work. The skewness and the kurtosis, also known as the third and 

fourt h moment of the distribution, provide a rough understanding of the shape of the 

height distribution profile ofa sample. The skewness is defined as: 

Ssk == 1..7~1~~~ PIP, (2.4) 
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where (1 is the standard deviation of the surface height equal to the RMS roughness given 

by equation 2.3. The skewness gives a description of the level of asymmetry of the 

distribution of the surface height. This pammeter is sensitive to the level of peaks and 

valleys. Surfaces with a predominance of high peaks should lead to a positive skewness 

indicated by a distribution that is heavier on the right-hand side. Surfaces with a 

predominance of deep valleys should have negative skewness because this leads to a 

distribution that is heavier on the left·hand side (see Figure 2.1) [35. 36] 

The kurtosis, which is defined as: 

Sku = E~~I~~~ Ilz)4, (2.5) 

gives an estimate of the width or peakness of a distribution For a perfect Gaussian 

distribution, the kurtosis is 3. For a surface with numerous high peaks and low valleys, 

the kurtosis is larger than 3, and the distriblllion of the surface height is sharp and narrow. 

For a surface with few high peaks and low valleys. the distribution of the surface height 

is broad, which leads to a kurtosis value of less than 3 [35. 36]. 
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A useful meawre of lhe roughness of a sample is the surface-area ratio, Stir, 

which represents the percentage of the excess surface area of the sample relative to the 

base, defined as l37] (see appcndix A): 

Sdr = ( Area of the Sample -Area of thesubstTate)x 100"10 
Area of thesubstrate (2.7) 

The Stir is one of lhe few charaClerization functions that give an estimllte of the 

surface roughness relative to the llctual size of the sample. Clearly, when the Stir values 

approach 0%, the surfaces are extremely nat When the Stir is notably greater than 0%, 

the surface becomes rougher. 

2.4.3 Statistical Analysis 

Statistical analysis is necessary for analyzing the surface morphology of Au fi lms to find 

the statistical significance of changing the sputtering parameters and to confinn their 

effects on the films. For example, it is useful to detennine if there is a significanl 

difference belween two mean values of the average grain size when the targetlsubstrnte 

distance is changed from 19.7 cm to 5 em during the sputtering of Au on a Si substrnte. 

To do this , a criterion was established, called the null hypolhesis, to use in deciding 

whether to accept or reject the hypothesis. This hypothesis states thaI there is no 

difference between two sets of sampled data. In order to minimize any random sampling 

error before the rejection of the null hypothesis is decided, the probability level is set at 

Iowa value (p = 0.05). In OTher words, a null hypothesis is rejected when the probabi lity 

of observing a difference between the mean data for two different spullering parnmelers 
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due to a sampling error is less than 5%. Therefore, p < 0.05 refers to a statistically 

signifieantdifTerenee[38J. 

The T-test is the most commonly conducted method in statistical analysis to 

determine the statistical significance between two sets of sample data by simply 

comparing their means. T -test is divided into two types: independent and dependent 

samples T-tests. [38] The independent samples T-test evaluates the difference between 

sample means, while the dependent samples T-test evaluates the difference between the 

means of the pre-test and the post-test for the same sample. In Ihis work , the independent 

samples T-test was used to evaluate the difference between two means of the texture 

parameters val ues as a function of the sputter parameters. The general formula for the 

independent samples T -test is given by the following: 

t=:~:;, (2.8) 

where X; and X; are the means for the first and second samples, respectively. S"X;"-x. is 

the standard error of the difference between the means, and it is given by: 

Sx;-x; = JsX;' +Sx,;'" (2.9) 

where Sx, is the standard error of the mean for Ihe first sample, ::md Sx; is the standard 

error of the mean for the second sample. Once the I-value is calculated, it must be 

compared with the critical t-value that is determined by the level ofsignif1cance (usually 

0.05) and the degrees of freedom (d!) which equals the summation of the two sample 

sizes together and subtracting it by 2, df = )/1 + 112 - 2. The table of the criticalt-values 

can be found in many statistical books. The null hypothesis is rejected when the 
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calculaled I-value is greater or equal to the critical I-value, thus there is a statistical 

significant diffcrence between the two sets of sample data [38]. In this work, the T-test 

was direelly calculated, using the Excel software, between every two sets of eaeh texture 

parameter and for each sputtering parameter. 
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3 EXPERIMENTAL SETUP AND METHOD 

3.1 Experimental Setup 

3. 1.1 Introduction 

In this chapter. the experimental setup used to spullcr thin Au fi lms on Si substrates is 

discussed along with the lllethods used 10 control the deposition p.1TlIInC\crs and 

characterize the sputtered Au surfaces. The primary setup includes a DC magnetron 

sputter deposition system connected to a dry. Jab. Gold was sputtered on Si wafers that 

were placed inside a sputtering chamber whi le various deposition parameters were 

changed. These parameters include the deposition ralC, ta rget/substrate distance, 

orientation, bias, temperature, and gas flow mtc. Speci fic techniques needed to be 

developed for controlling these deposition parJrnc\crs. For example, a cool ing system 

was developed to decrease the substrate temperature during the deposition. After the 

samples were sputtercd, they were transferred to the dry-lab and were characterized using 

an atomic-force microscope (AFM). AFM images werc analyzed using the software 

program Picolmage. 
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3.1.2 Sputtcring Machinc 

All Au films werc deposited using a commercial DC magnetron spullering system 

(Corona Vacuum Cooters. Vancouver. BC, Canada) using a circular 5 em (2 inch) 

diameter Au U1rget (99,99% pure) located on the door of the sputtering chamber. as 

shown in Figure 3.1. The door can be opened to allow the Si substrate to be placed on the 

substrate table inside the chamber. Whcn the door is closed. a IUrbo pump (V5SI. 

Varian). which is connected to the chamber. is used to evacuate the spullering chamber. 

Aller the system is eVacuated to a pressurc of approximatcly 10-6 torr. the dcposition Carl 

be started. 

,.) 
I I '~~~ , .... " ... ..- ... 
"-,' . • rJ:I 

.' "" , • 1M.; • '"l. ,~ " 
c '; e::::l . - " -

. , 

,b) 
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J.'igur{" 3. 1: The DC 
sputtering machine (a) 
OJ>Clled. with the 
inside visible. wherc 
the substrate table is: 
and the Au target is 
placed on the inner 
door (b) Closed. 
where the turbo pump. 
argon gas, power 
supply, and computer 
arc attached to the 
machine. 



3.1.3 Dry-Lab 

A dry-lab (HE-553. Vacuum Atmospheres) was used to minimize the Au samples from 

being contaminated. Figure 3.2 shows the dry-lab. which consists of an antechamber 

anachcd to a glovcbox in which Ihe deposited samples arc placed. The antechamber has 

two doors: one door can be opened to the ambient air and another elm be opened 10 the 

glovcbox. The deposited samples arc transferred in and OUI of the glovcbox using the 

antechamber. The oxygen and moisture arc removed from the dry-lab atmosphere using a 

filtration system that is housed on the back of the glovcbox (not shown). 

H gure 3.2: The glovcbox used in this work. 
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3.2 Experimental Methods 

This section presents the steps used to prepare the substrates and describes thc 

cxperimental techniques used to control the deposition parameters, 

3.2.1 Cleaning Silicon 

The substrates used in this work were I )( I cm2 chips cut from lightly-doped p-type 

(IOO)-oricntcd prime grade crystalline Si wafers (International Wafer Service). The 

cleanlincss of thc substrate surface prior to the deposition plays a critical role in 

dctermining thc properties of deposited films because contaminants on the substratc 

surface can reduce the IiIm adhesion to the substrate and alter the properties of the 

depositcd thin film [39]. Given the importancc of cleanlincss, a spccific proc\:durc was 

followed to clean the substrate surface before deposition. Piranha solution (3: I 

H2SO,J3()01o H20 2) was used to clean the surface by submerging the Si substrates in thc 

solution for I h. This solution is e)(tremcly oxidizing and reacts violently with organic 

compounds; therefore, extreme care was used whcn handling this solution [40J. Next, the 

Si substrates were rinsed using Millipore water and dried under a gentle stream of high-

purity argon or nitrogen gas 
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3.2.2 Depos ition Parameters 

In this work, Au films were deposited directly onto the Si wafers without any adhesion 

layer at a low power of 20 W. Various parameters were changed during the deposition, 

whereas other parameters were kept constant such as: the target (Au), the substrate (Si), 

the base pressure (10.6 torr), and the sputtering power (20 W). Figure 3.3 shows the 

schemat ic diagram illustrating lhe components used to vary the deposition parameters. 

These components are the substrate table, copper water-flow cooling block. Peltier 

cooling device, bias plate, and orientat ion fixture. Depending on the experiment (and 

what parameter(s) was(were) changed), the Si substrate can be positioned on either the 

copper cooling block, the Peltier cooling device, the bias plate, or the sample orientation 

fi xture. The parameters that were varied during deposit ion arc: the deposition rate, 

target/substrate distance, orientation, bias, temperature, and gas flow rate. 

I)eposition Rate and Thickn~s 

The thickness of the Au fi lms and the sputtering rate were measured using a quartz 

crystal moni tor. The deposition rate used was either the low rate of 0. 1 AJs or the slight ly 

higher rate of 0.6 AJs during deposition. It has been reported that [10] sma ll deposition 

rates lead to large grain sizes. The lowest deposition attainable using the sputter 

deposition system in our laboratory is 0.1 Als. Others in our group have, in the past, used 

a deposi tion rate of 0.6 Als. Since the obtained morphology for both rates were found to 

be different in some cases, it was interesting to compare both results and show that a 

small change in deposit ion rate can give a sign ificalll change in surface features 
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(0) 

(b) «) 

Figure 3.3: Schematic diagrams illustrating the methods used to vary the: a) substrate 
orientation. b) subslmte bias and/or target/substrate distance, and c) subslmtc temperature 
and or targellsubstrate distance. Diagram ilOilO scale. 

Target to Substrate Distance 

Thin Au films werc also deposited al different distances by moving thc Si substrate either 

away from or toward the Au target. The farthest distance thc Si substrate was placed from 

the Au target inside thc sputtering machine was 19.7 em, and the shortest distance was 5 

cm. Fi gure 3.4 shows the cooling block. where samples were mounted. and two rods thaI 
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connect the block to the table. The cooling block was moved precisely back and forth 

using the threaded rods to change the distance between the Si substrates and the Au 

target. 

Substrate Orienta tion 

Figure 3.4 : The cooling 
block and the threaded rods 
that are used to change the 
target-to-substrate distance. 

Au mms were also deposited on substrmes inclined at specific angles using a small 

custom-built fixture shown in Figure 3.5. The fixture consisted of a sample mount that 

could be adjusted from 0° to llmo with respect 10 the face of the target 
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(b) 

Figure 3.5: a) Orientation fixture that is plaecd on top of the cooling block and holds 
the samples to change their orientations with respect to the target. b) Schematic 
diagram. 

Substrate Bias 

[n some cases, a negative bias was applicd to thc substrate during the dcposition process. 

To achieve this, the substrate was electricall y connected to one of the power supplies of 

the sputtcring system to apply a voltage between -50 and -350 V. Figure 3.6a) shows the 

plasma that was emitted during thc deposition. Whcn the bias was applied. a bright light 

was observed on the substratc as shown in Figure 3.6b). Thi s indicated that the plasma 

was also attracted to the substrate as well as the target. 
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(,) (b) 

Figure 3.6: !,lasma emined during deposition (3) with no bias and (b) with bia.~ applied 
to the substrntc. 

SuhstralcTc mperlllurl' 

Thc substrate temperature was controlled using a combination of a COppeT water-flow 

cooling block and a Peltier cooling device (Mclear, USA). sec Figure 3.7. A Peltier 

cooling devicc crCates a heat flu)( between two different materials by passing an electric 

CUITCnl through the device. One side of the device is used for healing. and thc opposite 

side for cooling. Thc greater thc difference in temperature. the greater the current 

necessary to transport heat. To reduce the substrate temperature. the hot side orthe l'cHief 

device is attached to the cooling block. The copper cooling block was able to ~Ichicvc a 

fixed tC!l1J)Cr<llurc of 12°C during the deposition. This ternpemture was the standard 

temperature for mosl oflhe sputtering experiments. [n some cases. the tempemture of the 

substmte was reduced using the Pehier cooling device, which allowcd IcrnpcTlltures from 

12 to -I 1 °C to be reached during deposition 
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Gas Flow Ratr 

I' igure 3.7: A Peltier cooling 
device is al1:1ehed to the cooling 
block to reduce the substmte 
temperature. 

Thc gas fl ow ra te was sct to 50 SCCMII ) during the deposi tion However. in:l few C:lSCS. 

(sec section 4. 16) th in Au fil ms were made using a g1l5 Ilow mte of 10 SCCM. 

3.2.3 AFM Instrumentation 

Thc sputtered Au films on Si wcre imaged using contaet -modc AFM at room temperature 

usi ng a PicoSPM, (Agiicnt technologies, fonnally Moleeulnr lmnging. USA), shown in 

Figure 3.8. In all measurements. Si cantilevers (NSCI2, MikroM:lsch, Estonia) wi th (I 

resonant freq uency of approxim:l tely 100 kHz were used. All images were acquired at a 

resolution of256 x 256 pixels with an image size of I x I I.unl . 

"' seeM refers In Slandard Cubic Ccmimctcrspcr Minute 
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The AFM was housed inside a closet lined with acoustic foam on the inner walls 

to reduce image diSlortion.~ due to surrounding noise. To further reduce sources of noise. 

vacuum pumps and other instmmellts ill the hlbol1ltory were turned off whenever possible 

while imaging samplcs. Samplcs wcrc imagcd at sevcml locations 10 obtain better 

statistics. 

'<igurc 3.M: A molecular-imaging PicoSf'M scanner. S<.'Cn here with the AFM attachment. 
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4 RESULTS AND DISCUSSION 

4.1 Experimental Results and Analysis 

[n this chapter. AFM topographs of thin Au films deposited on Si(OOl) suhstrJlcs by 

sputter deposition will be presented. In mOSI cases, three to five samples were produced 

for each experiment. Each sample was imaged more than len times al morc than three 

1ocations, and the best three \0 six images taken from these samples were analyzed using 

the texture parameters discussed in section 2.4.2. As a result, the error bars indicate the 

range ofvalucsobtaincd fOTcach texture pammctcr for all orlhe samples deposited under 

identical conditions. 

Although many samples were prepared under various conditions, the geneml 

topography or the Au fihns resembled. unless otherwise stated, that shown in Figure 4. 1. 

As evident in Figures 4.1 a) and b), the Au film is characterized by a series of 

hemispherical grains of approximately the same shape and diameter. As will be outlined 

below, changes in the various deposition par-nneter.; mostly resulted in changes in the 

size o f the hemispheres, except in the few cases in which coalescence of the Au film was 

observed. 
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a) 

b) 

t<ig ure 4. 1:a) [xl ~m2 AFM image of 100 nm thick Au film grown on Si substra te at a 
deposition mtc of 0.1 Als, orientation of 0°, tcmpcrJtufc of 12 °C, bias of 0 V. and 
target/substrate distance of 19.7 em. b) Three dimensional representation of the Au 
surface. The height scale for the image from black (low) to white (high) is 0-19.4 nm. 
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4.1.1 Grain Size Calcu lation 

The grain size of the deposited Au films was measured using the Pico[mage software, 

which identifies the location of the grains and calculates the average grain size. 

Identifying the grains is done in three steps by first converting the surface to a binary 

image detecting the motifs of a surface, as shown in step [ of Figure 4.2. The second step 

involves taking the superposition of the original surface and the result of step I to recover 

only the grains. [n the final step 3, the grains arc separated by removing everything bclow 

a given threshold height. When the grains on the surface are identified, the average grain 

size can be calculated directly. [t shou ld be noted that this procedure for identifying the 

grains is an estimations as there does not exist a routing that can identified surface 

features perfectly. Using a resolution of 256 x 256 pixels, the image shown in Figure 4.1 

has an average number of pixels per particle of 380 which is sufficient lor characterizing 

the shape of these surface features. 

39 



J<' igurc 4.2: The steps used 10 identify the grains and calculate the average grain size by 
The Picolmagc software: I) converting the surface to a binary image. 2) taking Ihe 
superposiTion of the original surf:ICC, ::md 3) separaTing the grains. 
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4.1 .2 Changing the Target-to-Substrate Distance 

To study the effects of the target/substTatc distance on the morphology of thc thin Au 

films , samples were prepared by spullering Au at a rate of 0.6 Als at distanccs of6.5. 8,0, 

14.0, and 19.7 em from the target to the Si substrates. The results of the analysis of these 

samples are shown in Figure 4.3. Figures 4.3 a) and b) show that the average grain size 

and the RMS roughness decrease as the distance between the substrate and the target is 

increased. Because both of these parameters decrease simultaneously, we can infer that 

the hemispheres decrease in both diameter and height. The small error bars in Figure 

4.3a) indicatc thc consistency of the grain sizc betwecn samples. The decrease in thc 

average grain size and RMS roughness caused the surfacc-to-area ratio to increase 

slightly with the target/substrate distance, as a result of an increase in the number of 

smaller grains. However. at a distancc of 19.7 cm. the further reduction of the grain sizc 

and grain height caused a dccrease in the surface-area ratio. The kurtosis, shown in 

Figure 4.3b), starts at values less than 3 for short target/substrate distanccs and increases 

to values greatcr than 3 when the target/substratc distance increases. These rcsults 

indicate that the gmins at smallcr target/substrate distances are broad, as expected of 

larger-sized grJins. and subsequently becomc narrower as the frequency of the surface 

features increascs, as expectcd for smaller-sized grains. The skewness shown in Figure 

4.3b) is positive at all distances, which indicates that the surface is predominantly 

composed of peaks; this result is consistent with hcmispherical surfaces, as shown in 

Figure 4.1. The RMS slope follows a similar trend to that of the grain size. At smaller 

target/substrate distances the grains arc larger both in diameter and in height. Therefore, 

the surfllce features arc exptXted to give rise to larger slopes, as shown in Figure 4Jb) 
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As the grains decrease in diameter and height, the RMS slope also decreases 

correspondingly. Statistically significant differences (T -test p < 0.05) were found for the 

values of the average grain size, RMS roughness, RMS slope, skewness, and kunosis, 

when the target/substrate distance was changed from 19.7 em to 6.5 em, sec Table 4. 1. 

No significant differences (T -test p > 0.05) for the values of the surface-area ratio were 

measured when the targctlsubstmtc distance was changed from 19.7 em to 6.5 cm. 
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Target-to-Substrate Distance (em) 

Figure 4.3: a) The average grain size. b) RMS roughness (_), kurtosis (+), skewness (. ). 
RMS slope (X), and surface-area ratio (0 ) of the Au films are plotted as a function of 
target/substrate distance at deposition ro tc of 0.6 A/s. Note: The standard deviations for a 
numbcroftested samples are indicated by the error bars. 
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fa ble 4. 1: T-Tcst analysis for samples produccd us ing a deposition rate ofO,6 Als while 
changing thc targct/substrate distance during deposition. 

Texture 
I'a rameter 

Average grain 
size 

RMS TOughness 

Surfacc-area 

Skewness 

Kurtosis 

RMS Slope 

T-tcst Anal)'sis 

SO only between: 

6.Sand8cm 

6.5 and 14cm 

6.5 and 19.7 cm 

SO for all values C)(ccpt betwecn: 

8and 14cm 

NO (T-tcstp > O.OS) 

SO for all values e)(eept between: 

6.Sand8cm 

14and 19.7cm 

SO fo r all values except between: 

8and 19.7cm 

14and 19.7cm 

SO on ly between: 

6.S and 19.7cm 

14and 19.7 em 

SO Stallsheal DIfference. NO No Dlffcrencc. 
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4.1.3 Changing the Substrate Orientation 

To study the effects of the substrate orientation on the morphology of thin Au films. 

samples were prepared by spullering Au at a rate of 0.1 Als and at a target/substrate 

distance of 19.7 cm with substrate orientations of 0,30,60. and 90°. Figures 4.4 a) and 

b) show that the average grain size decreased and the RMS roughness inereased as the 

substrate orientation was increased. These results imply that the hemispheres decreased in 

diameter and increased in height as the substrate orientation was increased. This 

conclusion is also supported by the increase in the surface-area ratio with the increase in 

substrate angle. The surface area of the sample increases significantly as the average 

grain size becomes smaller and taller which causes the surface-area ratio to increase. The 

RMS slope remains constant with the increase in substrate angle. The skewness. as with 

the previous case, is expected to be greater than zero because of the general shape of the 

grains on the surface. Because the kurtosis remains fairly constant at a value less than 3, 

we can also assume that the shapes of the grains arc relatively broad. The broadness of 

the shapes is due to the fact that the overall change in grain size and RMS roughness is 

relatively small. Although the texture parameters (except the RMS roughness) of the 

films appear to show a difference when changing the substrate orientations, statistical 

analysis implied that this difference was not significant (T-testp > 0.05), see Table 4.2. 
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Figure 4.4: a) The average grain size. b) RMS roughness (e), kurtosis (. ), surface-area 
ratio (0 ). skewness (_). and RMS slope ( X) of the Au fi lms plotted as a function of the 
substrate orientation with respect to the Au target. Note: The standard deviations for a 
number of tested samples are indicated by the error bars 
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Table 4.2: T-Test analysis for samples produced at a deposition rate of 0.1 Als while 
changing the substrate orientation during deposition. 

Texture 
Parameter 

Average grain 
size 

RMS roughness 

Surface-area 

Skewness 

Kurtosis 

RMS Slope 

f -tcstAnalysis 

ND (T-testp > 0.05) 

SD for all values except between: 

30 and 60° 

SO only between: 

Oand90° 

30 and 90° 

60 and 90° 

NO (T-testp > 0.05) 

NO (T-testp >0.05) 

SD only between: 

Oand90° 

30 and 90° 

60 and 90Q 

SD Statistical Difference, NO No Difference. 
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4.1.4 Changing the Substrate Bias 

Nex t, the efTects of the substrate bias on the morphology of thin Au films sputtcr 

deposited at 0.1 and 0.6 A/s and at target/substrate distances of 5.0,6.5, and 19.7 cm 

were considered. The biases applied to the substrate were 0, -50, -100, -150, -175, -200, -

250, and -350 V. The sumples were imuged and analyzed using the texture parameters 

shown in section 2.4.2 and the results of this analysis arc shown in Figure 4.5. Figure 4.5 

shows that the upplication ofa substrate bias has a small efTect on the morphology of the 

Au films. The data shown in red represent samples prepared using a deposition rate of 0.1 

Als at a sputtering distance of 5 em. The data shown in blue represent samples prepared 

using a deposition rate ofO.l Als at a sputtering distance of 19.7 cm. The data shown in 

black represent samples prepared using a deposition rate of 0.6 Als ut a sputtering 

distance of 6.5 em. Lastly, the samples shown in green were prepared using a deposition 

rate of 0.6 Als at a sputtering distance of 19.7 em. Figure 4.5a) indicates that changes in 

the target/sumple distance decrease the average grain size of the film, as seen in section 

4.1.2. This result is supported by the statistical analysis which revealed a significant (T

test p < 0.05) difTerence between the values of the average grain size when the 

target/substrate distances were changed, sec Table 4.3. However, the application of a 

negative bias to the substr,lte reduces the avcrage grain size very little. Thus. there were 

no significant differences (T-test p > 0,05) between the values of the average grain size 

when the bias was applied on the substrates. The morphology of the samples prepared 

using a deposition rate of 0.1 Als at a sputtering distanee of 5 em were observed to be in 

the coalescence stage of the Volmer-Weber growth mode, which gave a morphology 

profile similar to that shown in Figure 4.6. The morphology of the rest of the samples was 
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characterized as hemispherical grains as shown in figure 4.1. Figure 4.5 b) shows that the 

RMS roughness for samples prepared using a deposition rate of O. I Als at a spullering 

distance of 5 em increased slightly with the application of a negatively increasing bias, 

which indicates that the height of the surface features were increased as the average grain 

size decreased. The values of the RMS roughness at -200 and -350 V were significantly 

higher than at 0 V. Decreasing grain size and increasing RMS roughness caused the 

surface-area ratio to first increase in value (at -50 V) and then decrease from -50 to -350 

V. The surface-area ratios at -50 10 -350 V were significantly higher than at 0 V. The 

samples prepared using a deposition rate of 0.1 Als at a sputtering distance of 19.7 em 

(blue curve) exhibited a slight decrease in RMS roughness and in surface-area ratio with 

changes in the bias from 0 to -200 V followed by an increase from -250 to -350 V. No 

significam difference for the values of the RMS roughness were measured when the 

substrate bias was changed, except, between a and -150, 0 and -200 V, and -150 and -200 

V. No significant difference for the values of the surface-area ratio was measured when 

the substrate bias was changed. The samples prepared using a deposition rate of 0.6 A/s 

at a sputtering distance of 6.5 cm (black curve) showed a modest increase in both the 

RMS roughness and Ihe surface-area ratio. Statistical analysis revealed a significant 

difference for the values of RMS roughness only when the substrate bias was changed 

between 0 and -100 V, and for the values of the surface-area ratio only between 0 and -

100, and 0 and -200 V, The samples prepared using a deposition rate of 0.6 A/s at a 

sputtering distance of 19.7 cm (green curve) exhibited a modest decrease in both RMS 

roughness and surface-area ratio. Statistical analysis revealed a significant difference for 

the values of RMS roughness and surface are ratio only when the substrate bias was 
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changed between 0 and - 100, 0 and - 175, and 0 and -200 V. For all the samples shown in 

Figure 4.5c), the skewness. and the RMS slope remained approximately constant. which 

indicates that the general shape of the surface features remained nearly identical. The 

kurtosis values also rcmaincd constant for all thc samples. e:<cept those prepared using a 

deposition rate of 0.6 Als at a sputtering distance of 19.7 cm. Thc kurtosis values of these 

samples im;reascd to values grcaler than 3 which implies that the grains have a sharper 

profile. No significant difference for most of the values of the skewness. kurtosis. and 

RMS slope were measured when the substrate bias was changed. 
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BiasjV) 

Figure 4.5: a) The average grain size, b) RMS roughness (. ). surface-area ratio ( 0 ). 
kurtosis(+) c) skewness (. ), and RMS slope ( K) of the Au films plotted as a funclion of the 
bias. The red eurve is at deJXIsition r.lte of D = 0.1 A/s and target/substrate distanee of d '"' 5 
ern, the blue eurve is at D = 0.1 A/s and d = 19.7 ern, the blaek curve is at D = 0.6 A/s and d 
= 6.5 ern. and the green eurve is at D '" 0.6 A/s and d = 19.7 em. Note: The standard 
deviation values for a nmnbcr of tested samples arc indicated by the error bars 
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a) 

b) 

c) 

I' ig ure 4.6: a) I xl ).1m" AFM images of Au films grown on Si substrates al deposition raIC 
of 0.1 Ais, targct!substr,ilc distance of 5 ern, and bias of 0 V. b) The binary image after 
identifying the gmins. c) Three dimensional representation of the Au surface. The color 
contrast scale from black (low) to white (high) is 0- 15 !1m 
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Table 4.3: T-Test ana lysis for samples produced at different deposition rates "d 
target/substrate distance, while changing the substrate bias during deposition. 

For samples For sam ples For sa mples For sa mples 
Textu re made at 0 = 0.1 madeaI O "" O. 1 madeat 0 "" 0.6 made at 0 "" 0.6 

I'a rameter A/s, a nd at d : 5 A/s,a nd atd : Ais, and at d : Ais,and at d : 
19.7c m 6.5cm 19.7cm 

ND 
SO only between: SO only 

Average ND 
between: -50 and-350 V 

gram sIze (T-teslp> 0.05) (T-tcslp>0.05) 
-100 and 200 V -50and-200 V 

SO on ly between: 
SO only 

SO only between: between 

RMS Oand-J50V SO only between: 
Oand-IOOV Oand-200 V 

roughness Oand-200 V Oand -IOOV 
Oand-300 V Oand-175V 

-150and-200 V Oand-ZOOV 

SO only between: SO only between: SO only 

ND Oand-50 V Oand-IOOV between: 
Surfaee-
area ratio (T-testp>0.05) o and -zoo V Oand-175 V Oand - IOOV 

o and-350 V o and -200 V o and -200 V 

ND SO only betwecn: ND ND 
Skewness 

(T-testp> 0.05) Oand-50 V (T-Icstp> 0.05) (T-testp>0.05) 

ND ND SO only betwecn: ND 
Kurtosis 

(T-testp>0.05) (T-lestp>0.05) Oand-IOO V (T-testp > 0.05) 

SO only between: 

RMS ND o and-50 V ND ND 

Slope (T-tcslp>0.05) Oand-200 V (T-Iestp > 0.05) (T-Icstp > 0.05) 

Oand-350V 

SD Slatlsl1eal Dlffercnec, NO '" No DIfference. 
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4.1.5 Changing the Substrate Temperature 

To study the effects of temperature on the morphology of thin Au films. samples were 

prepared by sputtering Au at a rate of 0.1 and 0.6 Als at target/substrate distances of 5 

and \9.7 em and at deposit ion temperatures of -II, -8, -6, 0, 5, 6, and 12 ·C. The samples 

were analyzed using the texture parameters described in section 2.4.2 and the results of 

this analysis arc shown in Figure 4.7. The data shown in red represem samples prepared 

using a deposition rate of 0.1 A/s at a sputtering distanceof5 cm. The data shown in blue 

represent samples prepared using a deposition rate of 0.1 Als at a sputtering distance of 

19.7 em. Lastly, the samples shown in green were prepared using a deposition rate of 0.6 

Als at a sputtering distance of 19.7 cm. Figure 4.7a) indicates that the samples prepared 

using a deposition rate of 0.1 Als at a sputtering distance of 5 em showed a significant 

increase in grain size with an increase in temperature. except between 0 and 5 °C. as no 

statistical differences were measured, sec Table 4.4. These samples were observed to be 

at the coalescence stage of the Volmer-Weber growth stage and exhibited a morphology 

profile similar to that shown in Figure 4.6. The average RMS roughness of these samples 

decreased slightly with increasing temperature. which indicates thai the heighl of the 

surface features decreased as the average grain sizes increased. The result of increased 

grain sizes and decreasing RMS roughness values caused. as expected. a decrease in the 

surface-area ratio. Statistical analysis showed that there were only significant differences 

for the values of the RMS roughness and the surface-area ratio when the temperature was 

changed from -8 10 12°C. Because the kurtosis remained approximately constant at a 

value less than 3. we can also conclude that the grains are relatively broad in shape. No 

significant difference was measured for the values of the kurtosis except when the 
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temperature was changed from 5 to l20e. The samples prepared using a deposition rate 

of 0.1 A/s at a sputtering distance of 19.7 cm showed an almost negligible change and no 

significant difference in average grain size as the temperature was changed. The 

morphology of these samples was similar to that shown in Figure 4.1. The RMS slope of 

these samplcs also remained approximately constant as the temperature was changcd: 

however, the small changes in grain size and RMS roughness compounded to produce a 

dip in the surface-area ratio at O°C. No significant diffcrencc was measured for the values 

of the RMS roughness except when the temperature was changed between 0 and 12 QC, 

and no significant differences were measured as well for the values of the RMS slope and 

surface-area ratio. The samples prepared using a deposition rate of 0.6 A/s at a spunering 

distance of 19.7 em showed a modest increase in grain size with increasing temperature. 

As with the previous case, the morphology of these samples was also similar to that 

shown in Figure 4.1. Significant differences were obtained for the values of the average 

grain size when the temperature was ehangcd between 6 °c and the rest of the 

tcmperaturcs, and between 0 and 12"C. Whereas the grain size increascd slightly, the 

RMS roughness decreased, which caused the surf:lce-arca ratio to decrease slightly. 

Significant differences were obtained for the values of RMS roughness when the 

temperature was changcd between -II and 12°C, -6 and 0 QC, and -6 and 12°C. The 

kurtosis increased to values greater than 3 for all the samples made using a 

target/substrate distance greater than 19.7 cm. as seen in section 4.1.2. This result 

indicates that the grains became narrower as the frequcncy of the surface features 

increased, which is expected for smaller-sized grains. Significant diffcrcnccs wcre 

obtained for the valucs of RMS roughness when the temperature was changed between -
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11 and 6 uc. -11 and 12 °e, -6 and 0 ue, -6 and 12 °e, and 0 and 12 °C. For all the 

samples shown in Figure 4.7, the skewness and the RMS slope remained approximatel y 

constant, which indicates that the general shape of the surface features remaincd 

approximately the samc. 
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l'igure 4.7: a) The average grain size. b) RMS roughness (. ). surface-area ratio (0 ), 
RMS slope (X), c) skewness (_), and kunosis (. ) of the Au films ploued as a function 
of the temperature. The red curve is at deposition rate of D = 0. 1 A/s and target/substrate 
distance of d = 5 em. the blue curve is at D = O. [ Ais and d - 19.7 em. and the green 
curve is at D = 0.6 A/s and d .. \9.7 em. NOle: The standard deviation values for a 
number of tested samples arc indicated by the error bars 
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Table 4.4: T-Tcst analysis for samples produced at different deposition rates and 
target/substrate distances while changing the substrate temperature during deposition. 

For sa mples 
For sa mples mlldeat .'orsamples made at 

Texture made at 0 = 0.1 
Parameter A/sa nd atd = 

0 = 0. 1 A/s, and at d 0 = 0.6 Als, and d '" 

19.7cm = Sem 19.7e m 

SO only between: 

SO for all values 6and- ll oC 

Average ND except between: 6 and-6°C 

grain size (T.testp>0,05) Oand5 uc 6andO °c 

6and 12°C 

Oand 12°C 

SO only betweew 
SDforal1 values 

SD only between: except between: 

RMS -Sand 12°C 
- I I and 12°C Oand 12 °C 

roughness o and 12 °C -6andO °C 

-6 and 12 °C 

SO only between: 

- I I and_6 °C 
SO on ly between: 

- I I andO "C 

Surfaee- ND -8 and 12 °C 
- I I and6 "C 

(T-tcstp> 0.05) Oand 12 °C 
-II and 12 °C 

5 and 12 "C 
o and 12 °C 

Oand6 °C 

SO only between: 
SD only hclwecn: SO on I y between: 

-II and 12°C 
-8 and 12 ~C -8 and 12 °C 

Skewness -6 and 12 °C 
o and 12 °C o and 12 °C 

Oand 12 "c 
5 and 12 °C 5 and 12 °C 

6and 12°C 

SR 



Kurtosis 

RMS 
Slope 

SDonlybetween: 

5and 12°e 

NO 

(T-testp>O.05) 

SD only between: 

Sand 12°e 

SDonlybetwecn: 

-Sand 12°C 

Oand ]2°C 

SD only between: 

-II and6 °e 

-II and 12 0e 

-6 and 12°e 

Oand 12 °C 

SDonlybetween: 

-II and6°C 

-II and 12°C 

Oand6 °C 

Oand 12°C 

SD " Stalts\leal D1fference, ND '" No D1fference. 

4.1.6 Changing the Gas Flow Rate 

The samples discussed in sections 4.1.2 to 4.1.5 were deposited using a gas flow r.lle of 

50 SCCM. Samples wcre synthcsized using a gas flow rate of 10 SCCM with a 

target/sample distance of 5 em with zero bias and at a temperature of 12 °C. The 

morphology of the Au film changed significantly when a gas flow rate of 10 seCM was 

used. as shown in Figure 4.8, compared to a sample synthesized under simi lar conditions 

using a gas flow rute of 50 SCCM as shown in Figure 4.6. The sample shown in Figure 

4.8 is displayed with a height scale from black to white of 0-102 nm compared to the 

samplc shown in Figure 4.6 displayed with a much smaller height scale from 0-15 nm 

Based on the two images shown in Figures 4.6 and 4.8, the sample synthesized at a lower 

gas flow rate exhibits significantly larger surface fcatures compared to the sample 
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synthesized with the higher gas flow rale. It appears also Ihal Au surfaces can no longer 

be identified as grains even Ihough Ihe Pieolmage software ea[cu[ated an average grain 

size. The roughness analysis of the samples prepared with the two different values of gas 

flow rale is shown in Tab[e 4.5 and clearly reflects Ihe increase in roughness of the 

samples prepared with a [ow gas flow rate 

Table 4.5: Analysis ofsamp[es synthesized under identical conditions with the exception 
of different flow rates. 

Gas F'low 
Ra te 

Average RMS 
Grain Size Roughness Skewn ess Kurtosis 

(nm) (nm) 

10SCCM 180 ± 10 21 ±5 -0.[ ± 0.2 2.61.0.2 

50 SCCM 93 ± 6 31.0.2 0.1 ± O. I 2.5 :i. 0.1 

T-Test SD SD ND ND 

Surfacc-
Area 
Rat io 
(%J 

12 ± 5 

1.1 ± 0.2 

SD 

SD '" Statistical Difference, ND No Difference. 

60 

RMS 
Slope 
(nm) 

0.5 ± 0.1 

0.1 ± O 

SD 



a) 

b) 

c) 

Figure 4.H: a) I" I flm1 AFM images of Au films grown on Si substrates at deposition 
rate of 0.1 Also target 10 subslnllc distance of 5 em, bias of 0 V. and gas flow mtc of 10 
SeeM. b) The binary image after identifying the grains. c) Three dimensional 
representation of the Au surface. The color contrast scale from black (low) 10 white 
(high) isO-I02 nm 
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4.2 Discuss ion 

It was mentioned in section 2.3.1 that the generation of different morphologies is 

governed by the surface energy of thin films through equation 2.2. The Si(OOI) substrates 

used in this work have a native oxide as the exposed surface. Since the surface energy of 

Au(IIIF' of about [41J YAu = 1.5 J/m2 which is higher than the surface energy ofSi02 

of about Ysw~ = 0.28 J/m2, Volmer-Weber (VW) should be the expected growth mode 

for the formation of thin Au films on 5i(001) substrates. The analysis of the samples 

prepared in this work suggests that the fonnation of thin Au films on Si(OOI) substrates is 

consistent with the VW structure modc. [n this Iype of growth mode, the deposited atoms 

have a higheraftinity for each other than for the substrate, which initially results, in the 

nucleation of discrete islands on the substmte. This stnlCture mode is consistent with the 

observed results of the samples prepared at distances greater than 5 em exhibiting semi-

spherical surface features. The next stage in thc vw growth mode, known as 

coaleseenec, oeeurs when neighboring scmi-spherieal grains come together to fonn 

elongated island-shaped grains. as was observed for samplcs deposited at a rate of 0.1 Als 

at a targetJsubstrate distanecof5 em. [42] 

The hemispherical shape of the grains observed in thc Au films is similar to those 

observed by others [7. 10.43. 44J. For instance, Menens et al. obtained granular surfaecs 

for 20 and 80 nm thick Au films deposited on Si by thermal evaporation at rates of 0.2 

and 0.02 Als, respectively. The main difference between these films and ours was the size 

of the hemispherical grains. For e)(ample, the average grain size of the 20 nm thick Au 

I" Although we did not perfonn any X -rdY di fTra~tion measurements (0 confirm lhat the Au surfaces 
produced in Ihis work were orienled in Ihe (Ill) direc1ion. unpublished work done preyiou~ly has shown 
SPUIlCR-dAu films 10 be predominalclyorienlalcdin the ( I 11) direclion 
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films ranged from 30 to 35 nm with an RMS roughness of 1.7 nm [10], which is simi lar 

to our results obtained when the substrate bias and temperature were varied at a 

deposition rate of 0.6 Als and target/substrate distance of 19.7 em. The average grain size 

of the 80 nm thick Au films (which is closer to our film thickness) was approximatcly60 

nm with an RMS roughness 1.6 nm LlOj. These results are also consistent with our 

observations. 

4.2.1 Changing the Target-to-Substrate Distance 

The target-to-substrate distance has been discussed rarely in the literatuTC. Sun et al. 

positioned their Si substrates 6 cm from the sputtering larget [23], whereas Golan ct al 

placed their Si substrates 23 cm above the target [18]. In many othcr cases, the target-to

substrate distance was not mentioned [10, 22, 44]. In th is work, changes in the 

target/substrate distance significantly influenced the surface morphology of the Au films: 

the greater the distance between the target and the substrate, the smaller the grain size. 

Specifically, average grain sizes of 65 ± 3 and 37 ± 6 nm were observed when the 

target/substrate distance was set to 6.5 and 19.7 cm, respectively, with a deposition r.lte 

was 0.6 Als. These grain sizes arc approximately 20% larger than those rcporced by Sun 

et aI., who found an average grain size of 54.3 nm at a target/substrate distance of 6 cm. 

and by Golan et aI., who obtained an average grain size of 25 nm at a target/substrate 

distance of 23 em. The difference in average grain size may be due to the deposition rate. 

In this work, a reduction in the deposition rate from 0.6 to 0.1 Als caused the average 

grain size to increase from 37.2 to 53.2 nm. This result agrees with those of Mertens et 
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aI., who observed a decrease in the average grain size with an increase in deposition rate 

[10]. The previously cited results from Golan et aL were obtained at a higher deposition 

rate of I Als, which could easily account for the 20% difference. Unfortunately, the 

deposi tion rate used by Sun et al. was not specified. 

4.2.2 Changing the Substrate Orientation 

Investigations of the effects of changing the substrate orientation was inspircd by The 

work of Kawasaki [45], who obtained unique results in the literaTUre for the growth of Au 

films on mica by simple DC glow discharge sputtering. In this work layer-by-layer 

growTh was observed when Au films were deposited on mica by placement of the 

subsTrate in a vertical configuration 3 cm away from the edge of a Au targct being hcld 

horizontally. Although mica is clearly a significantly differcnt substmte than 5i, it was of 

intcrcst to see if the sample orientation had any effcct on the surface morphology. 

Thcrefore, 5i substrates were placed at diffcrent orientations with respect to the Au target 

to invcstigate the effect of thc substmte orientation on the surface morphology 

Unfortunately, changes in the substrate orientation cxhibited no significant influence on 

the surface morphology ofthc Au films sputtered onto Si 

4.2.3 Changing the Substrate Bias 

When a negative bias is applied to the substrJte during the sputter deposition process, 

argon ions become attracted to the substrate and therefore move toward it. The film 
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surface becomes act ivated and gives sufficient energy to the surface Au adatoms to 

enhance intcrlayer mass trnnsport, which involves the adatoms moving from higher 

regions to lower regions [45). However, according to Chun, this process has little efTect 

on thin films thicker than 10 nm [46]. The Au films synthesized in this work consistent ly 

remained in the vw growth mode irrespective of the application of a substrnte bias. 

However, the applied voltage did have a small efTect in reducing the average grain size 

which is consistent with the results obtained by Chun [461 

4.2.4 Changing the Substrate Temperature 

A reduction of the substrnte tempernture reduces the difTusion coefficient of the Au 

adatoms as they are deposited onto the substrate [47J. Therefore, a reduction of the 

substrnte tempernture during the deposition process would be expected to lead to a more 

unifonn thin film with fewer surface features. From the results observed in this work, the 

reduction o f the substrnte temperature during the deposition process reduced the average 

grain size, which indicates that the Au adatoms travel shoner distances after they make 

contact with the substrnte. Substrate cooling had the largest efTcct when the 

target/substrate distance was 5 cm and the deposit ion rate was 0.1 Als. No efTect was 

observed when the targetisubstrate distance was increased and the deposition rate was 

kept low at 0.6 Als. We hypothesize that in the first two cases, cooling the substrate 

reduced the kinetic energy of the Au adatoms, thereby reducing their ability to difTuse 

along the sample surface. [n the case in which the targctisubstrate distance was increased 

but the deposition rate was kept low, it is believed that the kinet ic energy of the Au atoms 
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was already low when they reached the substrate, therefore reducing the effect of 

substrate cooling. 

The previously discussed results are consistent with the effects ofperfonning Au 

deposition at elevated temperatures or perfonning post deposition annealing [18-22, 241. 

In these cases, an increase in the temperature increased the mobility o f the Au admoms. 

which allowed the adatoms to move greater distances along the surface. This increased 

transport distance led to an increase in the average grain size. For instance, Golan et al. 

observed an increase in grain size from 30 to 45 nm for thin Au films sputtered on Si. and 

from 2S to 120 nm for thin Au fi lms evaporated on Si after annealing the samples at 2S0 

°C [18J. Similarly. Santos et al. studied the surface evolution of annealed Au thin films 

deposited on Si02 substrates using thennal evaporation. Their results showed that as the 

annealing temperature was increased from 300 to 900 °C, the mean grain size increased 

from 2S to 88 nm and the RMS roughness increased from 8.3 to 56.5 nm [21]. 

4.2.5 Changing the Substrate Gas Flow Rate 

The sputtering gas flow had the reverse effect to the sample temperature. A reduct ion of 

the sputtering gas flow decreased the number of collisions the Au adalollls encountered 

when travell ing from the target to the substrate. This resulted in an increase in the kinetic 

energy and the impinging rate of the deposited Au atoms. A change in the gas flow rate 

from 50 SCCM to \0 SCCM resulted in an increase in the average grain size and in the 

surface roughness, as predicted. These results are in agreement with those of Chan ct aI., 
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who observed a reduction in the deposition gas flow (sputtering pressure) resulted in 

rougher films when Cu was sputter coated onto Si [481. 
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5 Conclusion 

5.1 Summary of the \ \fork 

A study has been conducted on the effects of deposition rale. target/substrate distance, 

substrate orientation, substrate bias, substrate temperature, and gas flow rate on the 

morphology of thin Au films deposited on Si(ool) substrates by DC magnetron sputter 

deposition. The data collected in this work suggest that the deposition of Au on Si follows 

the typical Volmer-Weber growth mode. The morphology of the Au films in most cases 

was characterized as hemispherical grains dispersed uniformly on the surface. In some 

cases. the coalescence stage was observed as the hemispherical grains joined logether 

fanning elongated grains on the surface. The deposition rate, target/substrate distance, 

and gas flow most strongly affectcd the Au morphology. In particular, by increasing the 

sputtering rate, target/substrate distance, and gas flow rate smaller Au grains were 

produced. These observations were consistent with those reported by others [10, 48]. 

Cooling, applying a bias. and/or changing the orientation of the substr.lte during the 

dcposition caused only small changes (if any) to the surface morphology. As shown in 

Table 5.1, by varying the dcposition parameters it is possible to obtain a wide mnge of 

grain morphology which can be tailored for a given application 



Table 5.1: Changing the various deposition parameters allows a wide range of average 
grain size and RM S roughness to be achieved. 

Variable Range Average Grain RMS 
Comments 

Size Roughness 

Target/Substrate 6.5 to 65 ± 3 to 3.2 ± 0.3to Deposi tion ra te 
Distance 19,6cm 37 ± 6 nm 1.3 ± 0.1 nm - 0.6Als 

Substrate 50 ± 8 to 4 ± 0.2to Deposition rate 
o to 90° 

Orientation 55± II nm 9 ± I nm = 0.1 A/s 

93 ± 6 to 3 ± 0.2 to 

73 ± 8 11m 5 ..1: 0.8 nm 

53±8.5 to 4 ± 0.2to 

5 1 ±611m 4 ± 0.7 nm 
Varying the 

Substrate Bias 
Oto- target/substrate 
350 V 65 ± 3 to 2 ± 0.1 to distance and 

deposition rate 
57 ± 4 nm 3±0.3 nm 

37 ± 6 to I ± O. I to 

38±6nm 0.8 ..1: 0.1 nm 

95 ± 5 to 3 ± 0.2 to 

64±4nm 5 ± 0.9nm 

54 ± 3 to 4 ± 0.2to 
V(lryingthe 

Substrate 12to - target/substrate 
Temperature II "c 55±8nm 5 ± 0,9nm distance and 

deposition rate 
37 ± 6 to 0.8 ± 0.1 to 

26± I 11m 2± 0.lnm 

Substrate Gas 10 10 50 180 ± 10 to 21 ± 5 to Deposition rme 
Flow R(lte SCCM 93 ± 6nm 3 ± 0.2 nm "" 0.1 Als 
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One clear result of this work is that the RMS value, by itself, is insufficient for 

characterizing the roughness of surfaces. Although the RMS roughness gives an excellent 

indication on the distribution of the surface heights, it gives no any indication of the 

average grain size. This is obvious from Table 5.1 that changing the deposition 

parameters can have an effect on the morphology of Au film and can change the average 

grain size, but still has simi lar values ofRMS roughness. For this reason, it is imperative 

when characterizing the morphology of surfaces to include other texture parameters. At 

the very least including the average grain size with the RMS roughness provides 

infonnation both the average vertical and the horizontal length scales associated with the 

sample surface. 

S.2 Future Work 

Additional experiments, such as changing the value of the gas flow rate during 

deposition, should be conducted to expand on the results obtained in this work. Also, 

flame annealing the samples after deposition has been shown to produce atomically flat 

Au films on mica. It would be interested to see what the effect of hydrogen flame 

annealing of Au films on Sisubstrates. 

In the introduction of this text, it was discussed how the influence of the 

roughness of thin Au films on the sensitivity of cantilever sensors is still unknown. It was 

hypothesized that this is possibly due to the lack of consistency between different 

experiments [2, 5-IOJ. Sinee it is now possible to deposit Au with a wide range of 

morphologies. it would be bcnclicialto attempt to understand the erfeet of these different 
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Au morphologies on the sensitivity of cantilever sensors by a specific experimental plan. 

This can be done by perfonlling a series of systematic experiments and testing all the 

deposite<l Au films in this work with at least two different reaction mechanisms. Once 

done, the influence of the Au film morphology on the cantilever sensitivity can hopefully 

be positively determined. This will lead to unders tanding the affect of Au films on the 

microcatilver sensors and in detecting more molecules in a given environment. Although 

this work seems to have narrow applications. the wide range of average grain size and 

RM5 roughness that were obtained for depositing Au films on 5i (00 1) with changing the 

deposition parameters can be helpful for researchers to choose the desired morphology 

fordifTerent future applications 
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Appendix A 

The Developed Surface-Area Ratio 

The area of the sample A can be estimmed by triangulating fracture-surface topographic 

data, as shown in Figure A, and taking the total of all triangular clement areas Aij. 

Because the four corners of the rectangular plane may not be at the same height, the 

interfacial area of the smallest sampling rectangle ABeD at (x;,YI) (i = 1, .... M-l; j = I . 

... , N- t) may be considered to consist of the average of two sets of triangular areas, 

(ABC and ACD) and (AI3D and BCD) [37J: 

= ~(IAliI + Iwl) + (IADI + IBCI) (A2) 

=1{ (i'Y' + (>(>"y,) _>(>"y,,,»),]l + i'Y' + (>(>,,,,y,,,) _,«,,,,y,»)'jl). }, (A.J) 

4 (I"" + (>(>",,) -,«"y,,,»),[," + i"" + (>(>"y,,,) -,« .. "y,,,»)'],,,) 

where z;J= r(x,. YI) is the surface height at the position (.l~ Yi)' 

Because the area ofthcsarnple is exprcsscd by: 

(A.4) 

thcdevclopcdsurface-arcarntiob\.'Comcs: 
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Stir ",(Area of IhcSamplc - Arcaof thCSUbSITatC) x [00"10 
Mroor,h",b""" . (A.5) 

The Sdr is given by: 

Sdr = I.7; 1! I.~11 AI} - (M - I}{N - J)ll.x · 6y .100%, 
eM 1)(N 1)6x· fly 

(A.6) 

where L\X is the sampling step along the x-axis, and toy is the sampling step along the y-

axis. 

.-igure A: Schematic of the developed area surface-area ratio. 
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