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ABSTRACT

Thin (100 nm) gold films were deposited on Si(001) substrates by direct current
magnetron sputtering. The effects of the deposition 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. It was
observed that the deposition of Au on Si(001) 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 to increase. Decreasing the distance between the target and substrate
from 19.5 cm to 5 cm and using a deposition rate of 0.1 A/s produced samples in the
second stages of the 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 substrate
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 average grain increased
by 44.7%. By adjusting the above parameters it was possible to obtain samples with
average grain size ranging 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 Si(001) for applications such as

cantilever sensing and for producing b ionalized tips for ic-f
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1 INTRODUCTION

1.1 Microcantilevers

are small beams of Si with dimensions ranging

from 200-300 pm in length, 30-50 wm in width, and 0.5-1 pm in thickness.
Microcantilevers can be made to be sensitive to specific target molecules by coating one

surface with a i If- (SAM). Once functionalized, 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 to parts per quadrillion [1]. These sensors provide high

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

Two experimental modes of the microcantilevers exist: static and dynamic. The static
mode measures the static deflection of the cantilever while the dynamic mode measures

the shift in the resonant frequency of the microcantilever.

Microcantilever sensors have a simple ionality. When molecular i

occur on the microcantilever surface between the immobilized receptors (sensor
molecules) and the targets (analyte molecules), the cantilever will deflect, due to the
change in the surface stress, see Figure 1.1. The deflection of the cantilever can be
measured using an optical beam deflection system. This system includes a laser beam and

a sensitive position detector. 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 determine the change in the surface stress.

Laser PhotoDetector

Figure 1.1: i ion of the ion of a mi i due to the
change in the surface stress caused by the interaction between the receptor and the target
molecules. Used with the permission [2].

Work on i i i has been i ing 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 i ication, there are still
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 ively by the mi il sensor ity to attach

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

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



[3]. Modified iol molecules (HS(CH»),X) consist of an alkanetihol

chain (HS(CHy),-) with a receptive end group (X). These molecules bind with a Au
surface forming well-defined SAMs without the need for external stimuli. These end-
groups are used to detect specific target molecules which define the selectivity of
cantilever sensors.

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 microcantilever-
based surface-stress sensing to become a viable technology, it is important to establish a
better understanding of the effect of Au morphology (c.g., grain size, film roughness) on
the sensitivity of cantilever sensors, as reported in the review by Ji et al. [4].

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

identify a definitive i ip between the Au 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. This enhanced
response is the result of rough surfaces having more surface arca, which produces a larger
number of binding sites to attract the analyte molecules. Lavrik et al. [5, 6], Tipple et al.
[7), and Headrick ct al. [8] have compared the response of cantilevers coated with smooth
Au to dealloyed Au. Table 1.1 summarizes the specific analytes detected by
functionalized cantilever sensors coated with cither smooth or nanostructured Au surfaces
used by each research group. According to the results of these studies, the dealloyed Au
is more efficient for enhancing the microcantilever surface stress in response to gas-phase

These i were observed to have a deflection two




orders of 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.

Rés::‘:;" Functionalized SAM Coating Sensing Analytes
Thiolated B-cyclodextrin (HM-B-
CD)

Tipple etal. [7] Dihydroxynaphthalene

and (2,3-O-diacetyl-6-O-fert-butyl-
dimeth-ylsilyl)-B-cyclodextrin
Lavrik et al. [5] HM--CD Protein A and biqtin»
labeled albumin

Lavrikoot al. (6] mdgC Dimethylnaphthalene

Headrick et al. Dihydroxynaphthalene
(2,3-0-Dimethyl-6-O-tert-butyl- | and a series of volatile

8] dimeth-ylsilyl)-f- i organic

Other researchers, however, have shown that smooth Au surfaces influence the
surface stress more strongly than rough surfaces. Godin et al. [2] showed 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 formation of

Ikanethiol SAMs on mis i coated with different Au film morphologies.

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



grain Au and large grain Au when exposed to alkanethiols. The microcantilever coated
with small grain Au (red curve) exhibited a smaller surface stress and deflection than the
microcantilever coated with large grain Au (black curve). These results indicate that the
microcantilevers coated with smoother Au (large grains) are more sensitive than those

coated with rougher Au films (small grain size).
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Figure 1.2:  The cantilever deflection and the surface stress induced by the formation of
iol SAMs on the mi il as a function of time for small- and large-

grained Au. Used with the permission [2].

Tabard-Cossa et al. have reported similar results for the adsorption of thiol-based
molecules [9]. However, these 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 stress induced by the adsorption of
alkylthiols, and found no relationship between the cantilever deflection and the Au film

roughness.

It s clear from the previously 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 discrepancy in the literature is that

different reaction i were used to i gate the i ip 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(001) cantilevers in order to increase cantilever sensors
sensitivity for detecting 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(001) substrates by sputter deposition. 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 have been studied to determine their properties, surface structure, chain
packing, and chemical reactivity [11-13]. It has been reported that the adsorption
geometry of such monolayers on the Au(111) surface is hexagonal-close-packed [12, 14-
16). This is, in general, the most stable configuration for thiol molecules to form 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 effect of the crystal orientation 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(100) and (111), and found
that Au with crystal orientation of (111) exhibited greater SAM/epoxy interfacial bonding
strength of the SAM-coated Au-epoxy system than Au with crystal orientation of (100).
However, the opposite result was exhibited for SAM-coated Au-Au joint. Furthermore,
Cheng et al. reported that crystal orientations of Au would affect on the atom
arrangements of the monolayers. Even though it is clear that the surface structure of Au
can have an effect on the self-assembly of alkanethiols, it appears that whether Au forms
as a flat extended surface or as an assembly of faceted particles, the main parameter that

affects the itivity of the mi i is the of the Au surface.




Through a study of the equilibrium structures and thermodynamic properties of

d i If- on small and larger Au nanocrystallites,

Luedtke et al. [17] found that on extended flat Au(111) and Au(100) 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

Several studies have been conducted 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 been 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

sputtering Au films on Si has not, to our knowledge, been reported in the literature.

1.5 Scope of Thesis

The purpose of this thesis is to report the effects of different sputter deposition
parameters on the surface morphology of thin Au films deposited on Si(001) substrates
for the purpose of developing a method to control the roughness of Au films. The thesis
is organized as follows: Chapter 2 discusses the details of the thin-film deposition and

8



growth. This chapter also reviews the analytical methods and texture parameters used to
characterize the surfaces of thin films. Chapter 3 presents the experimental setup that was
used to deposit thin Au films on Si substrates, 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 short iption of the atomic-fi

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

results and analysis of the samples ized and outlines the ion between the
deposition parameters, grain size, and surface roughness. Finally, concluding remarks of

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



2 THIN FILM: DEPOSITION AND ANALYSIS

2.1 Introduction

Thin films have become an integral part of numerous scientific applications, such as
sensors, electronic packaging, integrated circuits, optical devices, and protective and
decorative coatings [25]. A thin film is a solid layer that ranges in thickness from a few
nanometers to many micrometers. The properties of thin films are affected by the

and micre Therefore, the thin-film

process is essential for controlling the properties of thin films for specific applications.
Sputter deposition is one of many methods used to make thin films. This chapter will
describe the sputter deposition process, discuss how to image thin films by atomic-force

microscopy, and characterize them using texture parameters.

2.2 The Process of Thin-Film Depo.

2.2.1 Sputter Deposition

The sputter deposition system used in this work was a dc magnetron sputtering 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 material acts like the cathode of an electrical circuit
as it is held at a high negative dc voltage. The substrate, which acts as the anode, is

10




placed opposite the target, as shown in Figure 2.1a). These electrodes are housed in an
evacuated chamber called the sputtering chamber. The sputter deposition process begins
when argon ions enter the sputtering chamber and are accelerated towards the target as a
result of an applied high negative potential (see Figure 2.1a). As the ions collide with the
target, they expel target atoms through a transfer of momentum (see Figure 2.1b). The
target atoms (black circles) move away from the target in all directions including the
direction of the substrate. As the target atoms accumulate on the substrate, they start to

form a thin film [26].

Vacuum chamber

substratef anode)
Argon in
-
: |OF
f

Magnetron

Pump (cathode)

(a) ®)

Figure 2.1: (a) Schematic of the sputtering system. (b) Interaction of an Ar' ion with a
surface expelling target atoms (black circles) from the target, where 7 is the angle
between the incident direction of the Ar' ion and the direction normal to the target
surface, and ¢ is the angle between the sputtered atom and the direction normal to the
target surface. Used with the permission [27].



2.2.2 Quartz Crystal Monitor

Film properties, such as resistivity, optical igth, and ivity, can
be altered by the film thickness [28]. Other factors, such as crystal structure, adhesion,
and stress, can be affected by the rate of deposition. In this work, a quartz crystal monitor
(QCM) was used to measure the film thickness and the deposition rate. A QCM uses the
piezoelectric effect to measure the change in resonant frequency of the surface of the
crystal. When an rf voltage is applied to the quartz crystal, the latter oscillates at its
natural resonant frequency. When a film is deposited onto the crystal, the oscillation
frequency changes. The change in frequency is related to the change in mass of the
material deposited on the crystal according to the Sauerbrey equation, which is applicable

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

am_ 8f(ugpe)"” @n
A 23 '
where Af'is the measured frequency shift, /; is the initial frequency of the quartz crystal
prior to a mass change, Am is the mass change, 4 is the piezoelectrically active area, p, is
the density of quartz, and g, 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 arca of the film. The mass per unit area is related to the film thickness and

. A
film density, 2



2.3 The Process of Thin-Film Growth

2.3.1 Growth Modes

During the initial nucleation stage, three characteristic growth modes are observed:
Volmer-Weber (VW) mode, Frank-van der Merwe (FM) mode, and Stranski-Krastanov

(SK) mode. These growth modes can be disti; by the ther

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 the substrate
surface is covered by a complete monolayer. In the VW growth mode, however, the
deposited atoms are more strongly bound to each other than to the substrate surface;
therefore, the islands grow three-dimensionally and thereby minimize the interaction
between the deposited grains and the substrate surface. The SK mode is the intermediate
mode that occurs when the deposited grains are initially strongly bound to the substrate
surface. After the substrate surface is covered by a few monolayers, the film growth
switches to three-dimensional islands because of a strain introduced by a lattice mismatch

between the film and the substrate surface [30].



a) Volmer-Weber
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Figure 2.2: Growth modes for thin films: a) Volmer-Weber, b) Stranski-Krastanov,
and ¢) Frank-van der Merwe.




The generation of different morphologies is governed by the surface energy of
the thin film, y; the surface energy of the substrate, y,, and the interfacial energy
between thin the film and the substrate, y5. Another factor that affects the surface
morphology is the contact angle (see Figure 2.3). The contact angle is a function of
the surface energies between the substrate surface and the particle surface given by

Young’s equation [31]:

cos@ = Vs 22)
v

)

Figure 2.3: The contact angle, 6, is a function of
the surface energies between the substrate surface
and the particle surface.

For the VW mode, 6 > 0, and therefore island growth occurs. The surface
substrate has a lower free energy than the surface 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 [30].

For the FM mode, 6 = 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
[30].

For the SK mode, the contribution of the induced strain due to lattice

15



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 for thicker

films [30].

2.3.2 Thin-Film Growth

The target atoms adsorb on the substrate after losing their velocity component normal
to the surface. The target atoms then form larger clusters by interacting with each
other. A portion of target atoms may re-evaporate if they are not in thermal
equilibrium with the substrate surface. Clusters eventually 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 stage, the nuclei
grow larger and merge into larger clusters, called islands, which leads to a decrease
in the area occupied by the separate nuclei and the formation of a discontinuous film
structure. When the 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 di i structure to a i film. The latter stage may

occur only when the film thickness reaches several hundred angstroms [31].



Film Thickness
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Figure 2.4: The microstructural stages of thin-film growth,



2.4 Analysis

Characterizing the film is necessary to quantify the surface morphology and roughness.
Control of these parameters is important for the manufacture of electronic devices, multi
layers, and ultra-thin films. The surface morphology of thin films generally depends on

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

using atomic-force mi (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
end of a microcantilever, is scanned over the sample surface. Figure 2.5 shows a
schematic of a typical AFM system which consists of a microcantilever probe with a
sharp tip, a piezoelectric actuator, and a position-sensitive photo-detector (PSD). AFM
systems are operated in three modes: contact mode, non-contact mode, and tapping mode.
In this work, constant-force contact mode AFM was used to study 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 force that results in the deflection of the cantilever. The deflection
can be detected by capacitive, piezoresistive, or optical means. A piezoelectric tube
clongates or contracts to maintain a constant force of the cantilever on the surface. The
change in length of the piezo is displayed as a function of the lateral position of the

cantilever to provide a 2-dimensional profile of the surface topography. Figure 2.6 shows

18



an example of an extracted profile measurement from an AFM image. A 3-dimensional
representation of the surface topography is generated by repeating the collection of traces

throughout the sample [33].

Sample Surface

Figure 2.5: ic of an atomic-fc including the piezo-tube actuator,
the cantilever, 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.



2.4.2 Texture Parameters

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

logical based on the ional O ization of ds (ISO). The

sq (RMS) Sy, was d using the following equation:

N Gine? @3
Py

where z; is the surface height, 4. is the mean value, and N is the total number of points of

Sq

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

the surface of thin films. U this only 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 of RMS roughness [34].
For this reason, other surface-texture parameters must be included when surfaces are
characterized to provide further insight into the topographic changes of the sample. The

following 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 this work. The skewness and the kurtosis, also known as the third and

fourth moment of the distribution, provide a rough ing of the shape of the

height distribution profile of a sample. The skewness is defined as:

N — 3
Ssk = ZM(:I-—“') @4
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where ¢ 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 parameter 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 2.7) [35, 36].

The kurtosis, which is defined as:

(25)

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 distribution 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].



a) b) Negative
Skewness
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Skewness
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Figure 2.7: i ion of the relationship between surface features and

skewness. a) Broad peaks and narrow valleys lead to a distribution b) that is
toward the right, thereby providing a negative skewness. ¢) A surface that has

kewed
sha
hifted to the left, thereby giving

The RMS slope, Sdg, was also used to analyze surfaces. Sdq is the root-mean-
square of all of the surface slopes at every point within the sampling area [37]. Sdg is

defined by

==

] TR T

where, in this equation, the summation is separated over both x and y directions. As the
surface roughness increases, the Sdg increases due to the increased number of large

slopes.




A useful measure of the roughness of a sample is the surface-arca ratio, Sdr,
which represents the percentage of the excess surface area of the sample relative to the

base, defined as [37] (see appendix A):

Sdr =

[Arcauf S - Area of thesu

100%
Area of thesubstrate ]x . @n

The Sdr is one of the few characterization functions that give an estimate of the
surface roughness relative to the actual size of the sample. Clearly, when the Sdr values
approach 0%, the surfaces are extremely flat. When the Sdr 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 films to find
the statistical significance of changing the sputtering parameters and to confirm their
effects on the films. For example, it is useful to determine if there is a significant
difference between two mean values of the average grain size when the target/substrate
distance is changed from 19.7 cm to 5 cm during the sputtering of Au on a Si substrate.
To do this, a criterion was established, called the null hypothesis, to use in deciding
whether to accept or reject the hypothesis. This hypothesis states that 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
low a value (p = 0.05). In other words, a null hypothesis is rejected when the probability

of observing a difference between the mean data for two different sputtering parameters




due to a sampling error is less than 5%. Therefore, p < 0.05 refers to a statistically

significant difference [38].

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 this work, the independent
samples T-test was used to evaluate the difference between two means of the texture
parameters values as a function of the sputter parameters. The general formula for the
independent samples T-test is given by the following:

t= %= X_Z, (2.8)

SH-%

where X; and X are the means for the first and second samples, respectively. Sg=_x- is

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

. 2.9

where Sg; is the standard error of the mean for the first sample, and Sg; is the standard
error of the mean for the second sample. Once the t-value is calculated, it must be
compared with the critical t-value that is determined by the level of significance (usually
0.05) and the degrees of freedom (df) which equals the summation of the two sample
sizes together and subtracting it by 2, df = n, +n, — 2. The table of the critical t-values
can be found in many statistical books. The null hypothesis is rejected when the
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calculated t-value is greater or equal to the critical t-value, thus there is a statistical
significant difference between the two sets of sample data [38]. In this work, the T-test
was directly calculated, using the Excel software, between every two sets of each texture

parameter and for each sputtering parameter.



3 EXPERIMENTAL SETUP AND METHOD

3.1 Experimental Setup

3.1.1 Introduction

In this chapter, the experimental setup used to sputter thin Au films on Si substrates is
discussed along with the methods used to control the deposition parameters and
characterize the sputtered Au surfaces. The primary setup includes a DC magnetron
sputter deposition system connected to a dry-lab. Gold was sputtered on Si wafers that
were placed inside a sputtering chamber while various deposition parameters were
changed. These parameters include the deposition rate, targetsubstrate distance,
orientation, bias, temperature, and gas flow rate. Specific techniques needed to be

d For example, a cooling system

ped for ing these
was developed to decrease the substrate temperature during the deposition. After the
samples were sputtered, they were transferred to the dry-lab and were characterized using
an atomic-force microscope (AFM). AFM images were analyzed using the software

program Picolmage.



3.1.2 Sputtering Machine

Au films were deposited using a commercial DC magnetron sputtering system
(Corona Vacuum Coaters, Vancouver, BC, Canada) using a circular 5 cm (2 inch)
diameter Au target (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. When the door is closed, a turbo pump (VSSI,
Varian), which is connected to the chamber, is used to evacuate the sputtering chamber.

After the system is evacuated to a pressure of approximately 10 torr, the deposition can

be s

arted.

Figure 3.1: The DC
sputtering machine (a)
Opened,  with  the
inside visible, where
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
are attached to the
machine.




Dry-Lab

A dr

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
attached to a glovebox in which the deposited samples are placed. The antechamber has
two doors: one door can be opened to the ambient air and another can be opened to the

glovebox. The deposited samples are transferred in and out of the glovebox using the

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

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

Figure 3.2: The glovebox used in this work



3.2 Experimental Methods

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

experimental techniques used to control the deposition parameters.

3.2.1 Cleaning Silicon

The substrates used in this work were 1 x 1 cm” chips cut from lightly-doped p-type
(100)-oriented prime grade crystalline Si wafers (International Wafer Service). The
cleanliness of the substrate surface prior to the deposition plays a critical role in
determining the properties of deposited films because contaminants on the substrate
surface can reduce the film adhesion to the substrate and alter the properties of the
deposited thin film [39]. Given the importance of cleanliness, a specific procedure was
followed to clean the substrate surface before deposition. Piranha solution (3:1
H,804/30% H>0,) was used to clean the surface by submerging the Si substrates in the
solution for 1 h. This solution is extremely oxidizing and reacts violently with organic
compounds; therefore, extreme care was used when handling this solution [40]. Next, the
Si substrates were rinsed using Millipore water and dried under a gentle stream of high-

purity argon or nitrogen gas.



3.2.2 Deposition 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 torr), and the sputtering power (20 W). Figure 3.3 shows the

schematic diagram i ing the used to vary the

These components are the substrate table, copper water-flow cooling block, Peltier
cooling device, bias plate, and orientation 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

fixture. The parameters that were varied during deposition are: the deposition rate,

2 distance, orientation, bias, and gas flow rate.
. Deposition Rate and Thickness

The thickness of the Au films and the sputtering rate were measured using a quartz
crystal monitor. The deposition rate used was either the low rate of 0.1 A/s or the slightly
higher rate of 0.6 A/s during deposition. It has been reported that [10] small deposition
rates lead to large grain sizes. The lowest deposition attainable using the sputter
deposition system in our laboratory is 0.1 A/s. Others in our group have, in the past, used
a deposition rate of 0.6 A/s. 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 deposition rate can give a significant change in surface features.



Substrate Table

(a

Figure 3.3: Schematic diagrams illustrating the methods used to vary the: a) substrate
orientation, b) substrate bias and/or target/substrate distance, and ¢) substrate temperature
and or target/substrate distance. Diagram not to scale.

. Target to Substrate Distance

Thin Au films were also deposited at different distances by moving the Si substrate either
away from or toward the Au target. The farthest distance the Si substrate was placed from
the Au target inside the sputtering machine was 19.7 cm, and the shortest distance was 5
cm. Figure 3.4 shows the cooling block, where samples were mounted, and two rods that
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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

The cooling
block and the threaded rods
that are used to change the
target-to-substrate distance,

. Substrate Orientation

Au films were also deposited on substrates 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 180° with respect to the face of the target



(a) (b)

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

. Substrate Bias

In some cases, a negative bias was applied to the substrate during the deposition process.
To achieve this, the substrate was electrically connected to one of the power supplies of
the sputtering system to apply a voltage between -50 and -350 V. Figure 3.6a) shows the
plasma that was emitted during the deposition. When the bias was applied, a bright light
was observed on the substrate as shown in Figure 3.6b). This indicated that the plasma

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

igure 3.6: Plasma emitted during deposition () with no bias and (b) with bias applied

to the substrate.

. Substrate Temperature

The substrate temperature was controlled using a combination of a copper water-flow
cooling block and a Peltier cooling device (Melcor, USA), sce Figure 3.7. A Peltier
cooling device creates a heat flux between two different materials by passing an clectric

current through the device. One side of the device is used for heating, and the opposite

cater the current

side for cooling. The greater the difference in temperature, the

necessary to transport heat. To reduce the substrate temperature, the hot side of the Pelticr

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

C durin

the deposition. This temperature was the standard

fixed temperature of

temperature for most of the sputtering experiments. In some cases, the temperature of the

substrate was reduced using the Peltier cooling device, which allowed temperatures from

1210 -11 °C to be reached during deposition



Figure A Peltier cooling
s attached to the cooling
to reduce the substrate

temperature

. Gas Flow Rate

The gas flow rate was set to 50 SCCM"" during the deposition. However, in a few cases,

(see section 4.16) thin Au films were made using a gas flow rate of 10 SCCM

3.2.3 AFM Instrumentation

The sputtered Au films on Si were imaged using contact-mode AFM at room

using a PicoSPM, (Agilent technologics, formally Molccular Imaging, USA), shown in

ure 3.8. In all Si 1 (NSC12, Mik h, Estonia) with a

resonant frequency of approximately 100 kHz were used. All images were acquired at a

resolution of 256 x 256 pixels with an image size of 1 x 1 um’

V'SCCM refers to Standard Cubic Centimeters per Minute
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The AFM was housed inside a closet lined with acoustic foam on the inner walls

e distortions due to surroundin

o reduce imag g noise. To further reduce sources of noise,
vacuum pumps and other instruments in the laboratory were turned off whenever possible

while imaging samples. Samples were imaged at several locations to obtain better

statistics.

8: A molecular-imaging PicoSPM scanner, seen here with the AFM attachment



4  RESULTS AND DISCUSSION

4.1 Experimental Results and Analysis

In this chapter, AFM topographs of thin Au films deposited on Si(001) substrates by
sputter deposition will be presented. In most cases, three to five samples were produced
for each experiment. Each sample was imaged more than ten times at more than three
locations, and the best three to 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 of values obtained for cach texture parameter for all of the samples deposited under

identical conditions.

Although many samples were prepared under various conditions, the general
topography of the Au films 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 parameters mostly resulted in changes in the
size of the hemispheres, except in the few cases in which coalescence of the Au film was

observed.



Figure 4.1:a) 1x1 um® AFM image of 100 nm thick Au film grown on Si substrate at a
deposition rate of 0.1 A/s, orientation of 0%, temperature of 12 °C, bias of 0 V, and
substrate distance of 19.7 cm. b) Three dimensional representation of the Au
ace. The height scale for the image from black (low) to white (high) is 0-19.4 nm.




4.1.1 Grain Size Calculation

The grain size of the deposited Au films was measured using the Picolmage 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 1 of Figure 4.2. The second step
involves taking the superposition of the original surface and the result of step 1 to recover
only the grains. In the final step 3, the grains are separated by removing everything below
a given threshold height. When the grains on the surface are identified, the average grain
size can be calculated directly. It should 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 for characterizing

the shape of these surface features.



Figure 4.2: The steps used to identify the grains and calculate the average grain size by
the Picolmage software: 1) converting the surface to a binary image, 2) taking the
superposition of the original surface, and 3) separating the grains.
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4.1.2 Changing the Target-to-Substrate Dist:

To study the effects of the target/substrate distance on the morphology of the thin Au
films, samples were prepared by sputtering Au at a rate of 0.6 A/s at distances of 6.5, 8.0,
14.0, and 19.7 cm 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
4.3q) indicate the consistency of the grain size between samples. The decrease in the
average grain size and RMS roughness caused the surface-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 distance of 19.7 ¢cm, the further reduction of the grain size
and grain height caused a decrease in the surface-area ratio. The kurtosis, shown in
Figure 4.3b), starts at values less than 3 for short target/substrate distances and increases

to values greater than 3 when the target/substrate distance inci . These results

indicate that the grains at smaller target/substrate distances are broad, as expected of
larger-sized grains, and subsequently become narrower as the frequency of the surface
features increases, as expected 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 hemispherical 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 are larger both in diameter and in height. Therefore,
the surface features are expected to give rise to larger slopes, as shown in Figure 4.3b).
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As the grains decrease in diameter and height, the RMS slope also decreases

y. Statistically signi i (T-test p < 0.05) were found for the

values of the average grain size, RMS roughness, RMS slope, skewness, and kurtosis,
when the target/substrate distance was changed from 19.7 cm to 6.5 cm, see Table 4.1.
No significant differences (T-test p > 0.05) for the values of the surface-area ratio were ‘

measured when the target/substrate distance was changed from 19.7 cm to 6.5 cm.

|
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Figure 4.3: a) The average grain size, b) RMS roughness
RMS slope (%), and surface-area ratio (0) of the Au films are plotted as a function of
target/substrate distance at deposition rate of 0.6 A/s. Note: The standard deviations for a
number of tested samples are indicated by the error bars.



Table 4.1: T-Test analysis for samples produced using a deposition rate of 0.6 A/s while

changing the target/substrate distance during deposition.

Texture
Parameter

T-test Analysis

SD only between:

Average grain 6.5and 8 cm
size 6.5and 14 cm
6.5and 19.7 cm
SD for all values except between:
RMS roughness

8 and 14 cm

Surface-area

ND (T-test p > 0.05)

ratio
SD for all values except between:
Skewness 6.5 and 8 cm
14 and 19.7 cm
SD for all values except between:
Kurtosis 8and 19.7 cm
14and 19.7 cm
SD only between:
RMS Slope 6.5and 19.7 cm

14 and 19.7 cm

SD = Statistical Difference, ND = No Difference.




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 sputtering Au at a rate of 0.1 A/s 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 increased 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 are 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-test p > 0.05), see Table 4.2,
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Figure 4.4: a) The average grain size, b) RMS roughness (), kurtosis (#), surface-arca
ratio (0), skewness (w), and RMS slope (%) of the Au films 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.




Table 4.2: T-Test analysis for samples produced at a deposition rate of 0.1 A/s while
changing the substrate orientation during deposition.

Texture

T-test Analysi:
Parameter pate e

Average grain

it ND (T-test p > 0.05)

SD for all valucs except between:
RMS roughness
30 and 60°

SD only between:

Surface-area 0.and 90°
Tetio 30 and 90°
60 and 90°
Skewness ND (T-test p > 0.05)
Kurtosis ND (T-test p > 0.05)

SD only between:
0and 90°
RMS Slope
30 and 90°

60 and 90”

SD = Statistical Difference, ND = No Difference.



4.1.4 Changing the Substrate Bias

Next, the effects of the substrate bias on the morphology of thin Au films sputter
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 samples were imaged and analyzed using the texture parameters

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

shows that the application of a substrate bias has a small effect on the morphology of the
Au films. The data shown in red represent samples prepared using a deposition rate of 0.1
AJs at a sputtering distance of 5 cm. The data shown in blue represent samples prepared
using a deposition rate of 0.1 A/s at a sputtering distance of 19.7 em. The data shown in
black represent samples prepared using a deposition rate of 0.6 A/s at a sputtering
distance of 6.5 cm. Lastly, the samples shown in green were prepared using a deposition
rate of 0.6 A/s at a sputtering distance of 19.7 em. Figure 4.5a) indicates that changes in
the target/sample 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) difference between the values of the average grain size when the
target/substrate distances were changed, see Table 4.3. However, the application of a
negative bias to the substrate reduces the average 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 A/s at a sputtering distance of 5 cm 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 0.1 A/s at a sputtering
distance of 5 cm 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 to -350 V were significantly higher than at 0 V. The
samples prepared using a deposition rate of 0.1 A/s at a sputtering distance of 19.7 cm
(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
significant difference for the values of the RMS roughness were measured when the
substrate bias was changed, except, between 0 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 the 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



changed between 0 and -100, 0 and -175, and 0 and -200 V. For all the samples shown in
Figure 4.5¢), 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 remained constant for all the samples, except those prepared using a
deposition rate of 0.6 A/s at a sputtering distance of 19.7 cm. The kurtosis values of these
samples increased to values greater 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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Figure 4.5: a) The average grain size, b) RMS roughness (e), surfacc-arca ratio (o),
Kkurtosis (#) c) skewness (m), and RMS slope (%) of the Au films plotted as a function of the
bias. The red curve is at deposition rate of D = 0.1 A/s and target/substrate distance of d = 5
cm, the blue curve is at D = 0.1 A/s and d = 19.7 em, the black curve is at D = 0.6 A/s and d
5 cm, and the green curve is at D = 0.6 A/s 9.7 em. Note: The standard
on values for a number of tested samples are indicated by the error bars.




¢ 4.6: a) 11 um’ AFM images of Au films grown on Si substrates at deposition rate
of 0.1 A/s, target/substrate distance of 5 cm, and bias of 0 V. b) The binary image after
identifying the grains. ¢) Three dimensional representation of the Au surface. The color
contrast scale from black (low) to white (high) is 0-15 nm.
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Table 4.3: T-Test analysis for samples produced at different deposition rates and
target/substrate distance, while changing the substrate bias during deposition.

For samples For samples For samples For samples
Texture | madeatD=0.1 | madeatD=0.1 | madeatD=0.6 | madeatD=0.6
Parameter [ A/s,andatd=5 | A/s,andatd= | A/s,andatd= | A/s,andatd=
em 19.7cm 6.5cm 19.7 cm
SD only between: SD only
Average ND ND be :
arin sigé -50 and -350 V. ctweea:
(T-test p >0.05) (T-test p >0.05)
150 and 2001V -100 and 200 V
SD only between: ey
SD only between: ctween:
0and-150 V SD only between:
N L1‘1gr;‘/l"sc . T 0.and -100V
0and 200V 0and-100V
0 300 0and-175V
-150 and -200 V ISR
SD only between: | SD only between: SD only
between:
Surface- ND 0and-50 V 0and -100V
arearatio | (Test>0.05) | 0and-200V 0and-175 V 0and -100V
0and-350 V 0and-200 V R 2007
ND SD only between: ND ND
Skewness
(Testp>005) | 0and-50V | (T-testp>0.05) | (T-testp>0.05)
ND ND SD only between: ND
Kurtosis
(T-testp >0.05) | (T-testp>0.05) | 0and-100V | (T-testp>0.05)
SD only between:
RMS ND 0and-50 V ND ND
Slope | (Ttestp>005) | 0and200V | (T-testp>0.05) | (T-testp >0.05)
0and-350 V

SD = Statistical Difference, ND = No Difference.



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 A/s at target/substrate distances of 5
and 19.7 em and at deposition temperatures of -11, -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 are shown in Figure 4.7. The data shown in red represent samples prepared
using a deposition rate of 0.1 A/s at a sputtering distance of 5 cm. The data shown in blue
represent samples prepared using a deposition rate of 0.1 A/s at a sputtering distance of
19.7 cm. Lastly, the samples shown in green were prepared using a deposition rate of 0.6
AJs at a sputtering distance of 19.7 cm. Figure 4.7a) indicates that the samples prepared
using a deposition rate of 0.1 A/s at a sputtering distance of 5 cm showed a significant
increase in grain size with an increase in temperature, except between 0 and 5 °C, as no
statistical differences were measured, see 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 that the height 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 to 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 12°C. 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 samples also remained approximately constant as the temperature was changed;
however, the small changes in grain size and RMS roughness compounded to produce a
dip in the surface-area ratio at 0°C. No significant difference was measured for the values
of the RMS roughness except when the temperature was changed between 0 and 12 °C,
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 sputtering
distance of 19.7 cm 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 changed between 6 °C and the rest of the
temperatures, and between 0 and 12°C. Whereas the grain size increased slightly, the
RMS roughness decreased, which caused the surface-area ratio to decrease slightly.
Significant differences were obtained for the values of RMS roughness when the
temperature was changed between -11 and 12 °C, -6 and 0 °C, 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 frequency of the surface features

increased, which is expected for smaller-sized grains. Signi g were

obtained for the values of RMS roughness when the temperature was changed between -




11 and 6 °C, -11 and 12 °C, -6 and 0 °C, -6 and 12 °C, and 0 and 12 °C. For all the
samples shown in Figure 4.7, the skewness and the RMS slope remained approximately
constant, which indicates that the general shape of the surface features remained

approximately the same.
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Average Grain Size (nm)

Sq (nm), Sdq, and Sdr (%)

Ssk and Sku

Temperature (°C)

Figure 4.7: a) The average grain size, b) RMS roughness (e), surfacc-area ratio (0),
RMS slope (X), c) skewness (w), and kurtosis (#) of the Au films plotted 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 cm, the blue curve is at D = 0.1 A/s and d = 19.7 em, and the green
curve is at D = 0.6 A/s and d = 19.7 cm. Note: The standard deviation values for a
number of tested samples are indicated by the error bars.




Table 4.4: T-Test analysis for samples produced at different deposition rates and
target/substrate distances while changing the substrate temperature during deposition.

For samples
& For samples madc at | For samples made at
Texture | madeatD=0.1| 1o 2 andatd | D=0.6Als,andd=
Parameter | A/sandatd=
=5cm 19.7cm
19.7cm
SD only between:
SD for all values 6and-11°C
e ND except between: 6 and -6°C
grainsize | (Liest p > 0.05) 0and5°C 6and 0°C
6and 12°C
0and 12°C
SD only between: SDforall vaues
SD only between: except between:
RMS vand 12 8and 12°C 1and 12°G
roughness P
0and 12°C 680 0°C
6.and 12°C
SD only between:
-1l and -6 °C
SD only between:
“11and 0°C
. ND gand 12°C
Surface- 11 and6°C
arearatio | (p_est p > 0.05) 0and 12°C
“1land 12°C
5and 12°C
0and 12°C
| 0and 6°C
SD only between:
SD only between: | SD only between:
| “11 and 12°C
and 12°C 8and 12°C
Skewness “6and 12°C
0and 12°C 0Oand 12°C
0and 12°C
5and 12°C 5and 12°C
| 6and 12°C
|



SD only between:

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 rate of
50 SCCM. Samples were synthesized using a gas flow rate of 10 SCCM with a
target/sample distance of 5 c¢m 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 SCCM was
used, as shown in Figure 4.8, compared to a sample synthesized under similar conditions
using a gas flow rate 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
sample 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 features compared to the sample
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-11and 6°C
SD only between: | SD only between: -11and 12°C
Kurtosis
Sand 12°C Sand 12°C -6and 0°C
-6and 12°C
0and 12°C
SD only between:
SD only between: -11and 6 °C
RMS W
Slope gand 12°C -11and 12°C
P (T-test p > 0.05)
0and 12°C 0and 6°C
0and 12°C
SD = Statistical Difference, ND = No Difference.




synthesized with the higher gas flow rate. It appears also that Au surfaces can no longer

be identified as grains even though the Picolmage software calculated an average grain

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

flow rate is shown in Table 4.5 and clearly reflects the increase in roughness of the

samples prepared with a low gas flow rate.

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

Average RMS Surface- | pyg
Gas Flow crag | Area
Grain Size | Roughness | Skewness | Kurtosis A Slope
Rate i) s Rato | [P
(%)
10scem | 180410 2045 | 00602 | 26402 | 12E5 | 05£01
50SCeM | 9346 3402 | 0001 | 25601 | ME02] 0120
T-Test D SD ND ND D SD
SD - Statistical Difference, ND = No Difference.
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100

Figure 4.8: a) 1x1 pm” AFM images of Au films grown on Si substrates at deposition
rate of 0.1 A/s, target to substrate distance of 5 cm, bias of 0V, and gas flow rate of 10
SCCM. b) The binary image after identifying the grains. ¢) Three dimensional
representation of the Au surface. The color contrast scale from black (low) to white
(high) is 0-102 nm




4.2 Discussion

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(001) substrates
used in this work have a native oxide as the exposed surface. Since the surface energy of
Au(111) of about [41] ¥4, = 1.5 J/m’ which is higher than the surface energy of SiO,
of about sig, = 0.28 J/m?, Volmer-Weber (VW) should be the expected growth mode
for the formation of thin Au films on Si(001) substrates. The analysis of the samples
prepared in this work suggests that the formation of thin Au films on Si(001) substrates is
consistent with the VW structure mode. In this type of growth mode, the deposited atoms
have a higher affinity for each other than for the substrate, which initially results, in the
nucleation of discrete islands on the substrate. This structure mode is consistent with the
observed results of the samples prepared at distances greater than 5 cm exhibiting semi-
spherical surface features. The next stage in the VW growth mode, known as
coalescence, occurs when neighboring semi-spherical grains come together to form
clongated island-shaped grains, as was obscrved for samples deposited at a rate of 0.1 A/s

ata target/substrate distance of S cm. [42]

The hemispherical shape of the grains observed in the Au films is similar to those
observed by others [7, 10, 43, 44]. For instance, Mertens et al. obtained granular surfaces
for 20 and 80 nm thick Au films deposited on Si by thermal evaporation at rates of 0.2
and 0.02 A/s, respectively. The main difference between these films and ours was the size
of the hemispherical grains. For example, the average grain size of the 20 nm thick Au

@ Although we did not perform any X-ray diffraction measurements to confirm that the Au surfaces
produced in this work were oriented in the (111) direction, unpublished work done previously has sh
sputtered Au films to be predominately orientated in the (111) direction.
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films ranged from 30 to 35 nm with an RMS roughness of 1.7 nm [10], which is similar
to our results obtained when the substrate bias and temperature were varied at a
deposition rate of 0.6 A/s and target/substrate distance of 19.7 cm. The average grain size
of the 80 nm thick Au films (which is closer to our film thickness) was approximately 60
nm with an RMS roughness 1.6 nm [10]. These results are also consistent with our

observations.

4.2.1 Ch ing the Target-t bstrate Di:

The target-to-substrate distance has been discussed rarely in the literature. Sun et al.
positioned their Si substrates 6 cm from the sputtering target [23], whereas Golan et al
placed their Si substrates 23 cm above the target [18]. In many other cases, the target-to-
substrate distance was not mentioned [10, 22, 44]. In this work, changes in the

distance signi i the surface 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 rate
was 0.6 A/s. These grain sizes are approximately 20% larger than those reported by Sun
et al., who found an average grain size of 54.3 nm at a target/substrate distance of 6 cm,
and by Golan et al., who obtained an average grain size of 25 nm at a target/substrate
distance of 23 cm. 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 A/s 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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al., 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 1 A/s, which could easily account for the 20% difference. Unfortunately, the

deposition 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 inspired 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 target being held
horizontally. Although mica is clearly a significantly different substrate than Si, it was of
interest to see if the sample orientation had any effect on the surface morphology.
Therefore, Si substrates were placed at different orientations with respect to the Au target
to investigate the effect of the substrate orientation on the surface morphology.
Unfortunately, changes in the substrate orientation exhibited no significant influence on

the surface morphology of the Au films sputtered onto Si.

4.2.3 Changing the Substrate Bias

When a negative bias is applied to the substrate 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 activated and gives sufficient energy to the surface Au adatoms to
enhance interlayer mass transport, which involves the adatoms moving from higher
regions to lower regions [45]. However, according to Chun, this process has little effect
on thin films thicker than 10 nm [46]. The Au films synthesized in this work consistently
remained in the VW growth mode irrespective of the application of a substrate bias.
However, the applied voltage did have a small effect in reducing the average grain size

which is consistent with the results obtained by Chun [46].

4.2.4 Changing the Substrate Temperature

A reduction of the substrate temperature reduces the diffusion coefficient of the Au
adatoms as they are deposited onto the substrate [47]. Therefore, a reduction of the
substrate temperature during the deposition process would be expected to lead to a more
uniform thin film with fewer surface features. From the results observed in this work, the
reduction of the substrate temperature during the deposition process reduced the average
grain size, which indicates that the Au adatoms travel shorter distances after they make
contact with the substrate. Substrate cooling had the largest effect when the
target/substrate distance was 5 cm and the deposition rate was 0.1 A/s. No effect was
observed when the target/substrate distance was increased and the deposition rate was
kept low at 0.6 A/s. We hypothesize that in the first two cases, cooling the substrate
reduced the kinetic energy of the Au adatoms, thereby reducing their ability to diffuse
along the sample surface. In the case in which the target/substrate distance was increased

but the deposition rate was kept low, it is believed that the kinetic energy of the Au atoms



was already low when they reached the substrate, therefore reducing the effect of

substrate cooling.

The previously discussed results are consistent with the effects of performing Au
deposition at elevated temperatures or performing post deposition annealing [18-22, 24].
In these cases, an increase in the temperature increased the mobility of the Au adatoms,
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 25 to 120 nm for thin Au films evaporated on Si after annealing the samples at 250
°C [18]. Similarly, Santos et al. studied the surface evolution of annealed Au thin films
deposited on SiO, substrates using thermal evaporation. Their results showed that as the
annealing temperature was increased from 300 to 900 °C, the mean grain size increased

from 25 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 reduction of
the sputtering gas flow decreased the number of collisions the Au adatoms encountered
when travelling 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 10 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 et al.,



who observed a reduction in the deposition gas flow (sputtering pressure) resulted in

rougher films when Cu was sputter coated onto Si [48].




5 Conclusion

5.1 Summary of the Work

A study has been conducted on the effects of deposition rate, target/substrate distance,
substrate orientation, substrate bias, substrate temperature, and gas flow rate on the
morphology of thin Au films deposited on Si(001) 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 together
forming elongated grains on the surface. The deposition rate, target/substrate distance,
and gas flow most strongly affected 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 substrate during the
deposition caused only small changes (if any) to the surface morphology. As shown in
Table 5.1, by varying the deposition parameters it is possible to obtain a wide range of

grain morphology which can be tailored for a given application.
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Table 5.1: Changing the various deposition parameters allows a wide range of average
grain size and RMS roughness to be achieved.

Variable Range | Average Grain RMS Comments
Size Roughness
Target/Substrate | 6.5 to 65+3t0 3240310 | peposition rate
Distance 196em | 374 60m 1340, am =0.6Als
Substrate . 50+8to 4£02t0 Deposition rate
ubstral 01090 ey
Orientation 554 110m o — =0.1 Als
Bi6wo 310200
7348 nm 540.8nm
538510 440210
Varying the
. Oto- 5146nm 4+070m | yroesubstrate
Substrate Bias | "% A "
3 654310 2401t jstance an
deposition rate
57+4nm 3403 nm
37 £61t0 1£0.1to
3846nm 0.840.1 nm
951500 3102 0
64+4nm 5 £0.90m
Varying the
Substrate 12t0- 54+3to 4£02t0 target/substrate
Temperature | 11°C 548 0m S:09nm | distanceand
deposition rate
37610 08+0.1to
26+ 1nm 2401 nm
Substrate Gas | 101050 [ 18041010 2L£5t0 | peposition rate
Flow Rate | SCCM | 934 6 nm o =0.1Ass
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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 similar values of RMS 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
information both the average vertical and the horizontal length scales associated with the

sample surface.

5.2 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 Si substrates.

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, 5-10]. Since it is now possible to deposit Au with a wide range of
morphologies, it would be beneficial to attempt to understand the effect 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 performing a series of systematic experiments and testing all the

deposited Au films in this work with at least two different reaction mechanisms. Once

done, the influence of the Au film on the cantilever itivity can hopefully
be positively determined. This will lead to understanding 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
RMS roughness that were obtained for depositing Au films on Si (001) with changing the
deposition parameters can be helpful for researchers to choose the desired morphology

for different future applications.
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Appendix A

The Developed Surface-Area Ratio

fracture-surface

The area of the sample A can be estimated by

data, as shown in Figure A, and taking the total of all triangular element arcas Aj.
Because the four corners of the rectangular plane may not be at the same height, the
interfacial area of the smallest sampling rectangle ABCD at (x;, yy) (i = 1, ..., M-1; j=1,

..., N-1) may be considered to consist of the average of two sets of triangular areas,

(ABC and ACD) and (ABD and BCD) [37]:
1 R U S o N a, [N
A;,:E[(EHZAxBC|+E|DAxDC|)+(E|ABxAD|+E|CB><CD\)] (A1)

(A2)

QR S
=7 ([4B] + [cD]) + (|4D] + [BC])

i ([Ayz+(z(x,,mfzmy,.,))’]i[Ayz+(z(x...,m—z(x‘.,‘y,))’]i)- s
(e e s+ s+ e - ) )

where z;;= z(x; ;) is the surface height at the position (x;, ).

Because the area of the sample is expressed by:

A= E5 T Ay (A4)

the developed surface-area ratio becomes:



Arca of theSample - Arca of thesubstrate)

Sdr = Jx100% (AS)

Area of thesubstrate

The Sdr is given by:

TS BN Ay — (M - (N - DAx- Ay
(M —1D(N - D)dx- by

Sdr = +100%, (A.6)

where Ax s the sampling step along the x-axis, and Ay is the sampling step along the y-

axis.

Figure A: Schematic of the developed area surface-area ratio
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