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Abstract 

 

The controlled deposition of ultra-thin conformal silver nanoparticle films is of interest for applications 

including anti-microbial surfaces, plasmonics, catalysts and sensors. Although various techniques can 

produce silver films, only a limited number of techniques can offer highly conformal ultra-thin coatings 

on high aspect ratio surfaces and complex geometries, together with sub-nanometre control and 

scalability. Here we develop a self-limiting atomic layer deposition (ALD) process for the deposition 

of conformal metallic silver nanoparticle films.  

 

In this study, silver films have been deposited using direct liquid injection thermal ALD with 

((hexafluoroacetylacetonato) silver (I) (1,5-cyclooctadiene)) as the metal source. The ALD process has 

been compared and contrasted by using propan-1-ol as a co-reactant with the ALD process using tertiary 

butyl hydrazine as a co-reactant. A narrow ALD temperature window between 123 and 128 °C is 

identified for the propan-1-ol process with a nominal mass deposition rate of ~17.5 ng/cm2/cycle. The 

ALD reaction mechanisms have been elucidated using in-situ quartz crystal microbalance (QCM) 

measurements, showing chemisorption of the silver precursor, followed by heterogeneous catalytic 

dehydrogenation of the alcohol to form metallic silver and an aldehyde. A significantly wider 

temperature window between 105 and 128 °C (23 °C) is identified for the hydrazine based process with 

a nominal mass deposition rate of ~20.2 ng/cm2/cycle (a nominal growth rate of 0.18 Å/cycle). The 

effects of temperature, co-reactant dose and cycle number on the deposition rate and on the physico-

chemical and electrical properties of the films have been systematically investigated. Under self-

limiting conditions, films grown using propan-1-ol are non-conductive metallic silver with a nano-

textured surface topography. The size distribution of nanoparticles is narrow under ALD conditions and 

the number of ALD cycles can be used to accurately control nanoparticle sizes up until neighbouring 

particles begin to merge. The hydrazine based process produces less textured, more film like coatings. 

The films are found to be metallic silver and are electrically conductive. Also, better surface adhesion 

was achieved with scotch tape test in hydrazine based process compared with propan-1-ol.  



 
 

Silver is the most favourable metal for antimicrobial coatings due to its excellent antimicrobial activity 

against a wide range of microorganisms including inhibition of bacterial adhesion, broad anti-bacterial 

spectrum, and its tendency for being less prone to the increase of bacteria resistance compared to 

antibiotic. 

The need for artificial implants has raised due to aging populations and obesity and resulted in the 

number of implant-related infections. These infections result in the implant failure, revision surgeries, 

pain for the patients, more hospitalisation time and also hugely increase the financial burden on health 

services. One of the major bacteria associated with joint replacement complications is Staphylococcus 

epidermidis, having strong biofilm forming capabilities in deep wounds and on prostheses. In order to 

inhibit biofilm formation on surfaces of implants we developed 3D titanium structures using the 

selective laser melting technique and subsequently coated them with an ultra-thin conformal layer of 

metallic silver nanoparticles using (ALD). Silver coated implants showed high antimicrobial effect on 

S. epidermidis by reducing it up to 2-log fold. Ultrastructural examination of human fibroblasts (HS27), 

keratinocytes (HaCaT), endothelium (HMVEC and HUVEC) and bone (SAOS2) cells showed robust 

growth on both silver coated and control Titanium implant surfaces. The study shows that a nano-layer 

of silver coated SLM manufactured titanium implants have significant effect in reducing the pathogenic 

biofilm formation while retaining their biocompatible properties, making these surface-modified 

implants promising candidates for clinical orthopaedic applications.  
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1.1. Introduction 
 

Atomic layer deposition (ALD), which is also known as atomic layer epitaxy (ALE), was 

initially introduced by Suntola and Antson in the mid 1970’s in Finland to fabricate high quality 

luminescent ZnS and Al2O3 insulator for electroluminescent flat panel displays (TFEL)1,2. It 

was in the mid 1990’s that ALD technology has become a commercial achievement in order to 

provide the requirements for high-k oxides in microelectronics due to the need for decreasing 

the device dimensions. Since then, a diverse range of materials have been deposited by ALD 

including metal oxides3,4,5,6, metal nitrides7,8, pure metals (e.g. Ru, Pt)9 and metal sulphides10. 

ALD is a cyclic process developed from chemical vapour deposition (CVD) using alternating 

pulses of two or more gaseous precursors which are chemisorbed onto the substrate to form the 

desired film and eliminate unwanted reaction by-products11. ALD operates based on four steps 

including: precursor pulse, precursor purge, co-reactant pulse and co-reactant purge (Figure 

1.1). Precursor molecules initially are chemisorbed onto the surface and under suitable 

conditions, leads to a saturative layer of surface species12. Once saturation has been achieved, 

no further adsorption can occur and hence, excess precursor remains in the gas phase, where it 

is readily pumped away during the subsequent purge step. The saturation behaviour of ALD 

results in self-limiting film growth and hence, allows deposition of conformal and uniform thin 

films with precise thickness control even on high aspect ratio three dimensional structures. 

According to the literature, no other thin film technique can produce the high conformality 

obtained by ALD on high aspect ratio structures11. A suitable co-reactant is then introduced 

into the chamber which reacts with the chemisorbed precursor of the surface. A second purge 

step is used to complete the ALD cycle, which carries away all un-reacted species and by-

products, and making the surface ready for the next cycle. Not all ALD processes follow four 

steps using two reactants; in some cases three or more reactants are used in sequence13.  
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Figure 1.1: Schematic of the ALD process to deposit thin films 

 

ALD can offer several key advantageous compared to other deposition techniques such as 

electrochemical deposition, physical vapour deposition (PVD) or chemical vapour deposition 

(CVD). These key advantages are including industrial scalability due to the non-directionality 

of the ALD processes15, chemical selectivity (enable to deposit only on the regions with 

reactive surface species)14,15, highly control of the thickness down to the Angstrom level, the 

ability of conformal coating on high aspect ratio structures, large area uniformity, pin-hole free 

film and relatively low substrate temperatures8. 

ALD films have numerous applications in both commercial and research area. Various 

companies such as Intel, Aixtron, Applied materials, Beneq, etc16, use ALD technology for 

both commercial and research applications. ALD has become mostly an established process 

within the microelectronics industry and is rapidly becoming an enabling technology in an 

increasingly diverse range of sectors. Amongst other technology sectors, ALD is enabling 

significant developments in microelectronics17, renewable energy18, energy storage19, food 

packaging20, biomedical21 and photonics22. Unique features of ALD can be highlighted in each 

of these applications providing new levels of performance1. One of the potential application of 

ALD is antimicrobial coating over highly porous and complex three dimensional implant 

structures due to its superb sub-nanometre scale thickness control and excellent conformality.  

 

  

Precursor dose  

 

Co-reactant dose Co-reactant purge  

 

Precursor purge  

Repeat N times 
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Among a diverse range of materials which have been deposited by ALD, there has only been a 

very limited number of published studies concerning ALD of silver so far23,24,25,26,27,28. The 

deposition of silver films with both chemical vapour deposition (CVD)29,30,31 and physical 

vapour deposition (PVD)32 has been explored over a period spanning more than 40 years 

exploiting, however, silver ALD has been investigated more recently for less than 10 years. At 

the time of doing this research, only three publications of silver ALD was reported. The limited 

number of researches in this area perhaps reflecting the challenge involved in developing 

volatile silver precursors, which are stable enough to survive vaporisation. 

 

The ability of conformal coating of ultra-thin metallic silver nano-textured films are of 

significant interest for a range of applications including anti-microbial surfaces33, plasmonic 

enhanced thin film PV34, catalysts24 and gas sensors35. In these applications, control over the 

size, shape and distribution of the nanoscale features on the surface is often critical to the 

functional performance of the layer. As several of these applications involve non-planar 

surfaces, the current work seeks to develop a thermal ALD process for the deposition of silver 

due to its ability in conformal coatings onto complex non-planar surfaces. This process should 

be controlled by self-limiting surface reactions to enable the production of highly conformal 

coatings onto complex three dimensional surfaces. To the best of our knowledge, only two 

published studies have reported on thermal ALD of silver and both leave open unanswered 

questions relating to the ALD temperature window and to the self-limiting nature of the 

processes that they describe23,24. 

 

The first thermal ALD study of metallic silver by Chalker et al.24 used liquid injection ALD to 

demonstrate the growth of silver nanoparticles (NPs), using the organometallic precursor 

(hfac)Ag(1,5-COD) ((hexafluoroacetylacetonato) silver(I) (1,5-cyclooctadiene)) dissolved in a 

0.1 M toluene solution. The silver adsorbate species was reduced to metallic Ag NPs using 
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intermittent pulses of propanol. Transmission electron microscopy reveals that the NPs 

deposited in the temperature range 110 ºC – 250 ºC consist of face centred cubic, facetted silver 

crystallites. Although this seminal paper is of great interest, it focuses more on the properties 

of the nanoparticles rather than on the ALD process itself and hence it does not provide 

evidence that the process is self-limiting.  

The second thermal ALD study was done by Masango et al.23 reported on the deposition of 

silver nanoparticle films using trimethylphosphine (hexafluo-roacetylacetonato) silver (I) as a 

silver source together with either formalin (for the AB-type process) or with 

trimethylaluminum and water (for the ABC-type process) as co-reactants. In their process, 

growth rate is defined as being self-limiting between 170 and 200 °C, however, they also 

observe an increase in the growth from 2 to 10 ng/cm2/cycle as the temperature increases. This 

increase in growth rate together with the TGA data would appear to indicate that thermal 

decomposition of the silver precursor is at least partly contributing to the observed growth rate 

within this temperature range which is not conclusive to be truly self-limiting process. More 

detail is provided in chapter 2.  

 

The current research identifies different self-limiting thermal ALD processes for the deposition 

of metallic silver nanoparticle films. The motivation for this research is to exploit the self-

limiting property to coat complex three dimensional structures, such as biomedical implants. 

In the first part of the thesis the following objectives are identified: 

 

I. Make a contribution with respect to the ALD of metallic silver thin film by finding 

the optimum growth conditions for self-limiting growth 

 

II. Using different co-reactants and investigate their incorporation with silver 

stoichiometry 
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III. Systematic investigation on the effects of temperature, precursor dose, co-reactant 

dose and cycle number on the deposition rate and on the properties of the films. To 

investigate these properties, characterization tools including XRD, SEM, XPS, 

AFM, EDX and four point probe were used. 

 

IV. QCM was used as an in-situ characterization technique in order to analyse the  

reactions involved in the ALD process  

 

1.2. Antimicrobial coating of orthopaedic implants  

 

 
Although using antibiotics have saved millions of people’s life since 20th century by the 

discovery of penicillin by Alexander Fleming in 192836, the overuse of these antibiotics has 

started the increase of antimicrobial resistance. In 2013, Professor Dame Sally Davies 

(England’s Chief Medical Officer) warned disastrous consequence of antimicrobial resistance 

(AMR)37 which causes threatening the global public health. For instance, every year in Europe, 

25000 people die due to antibiotic-resistant bacteria38. In the United States, deaths caused by 

AIDS was less than deaths caused by a single mulita-resistance bacteria39. There are various 

ways which can threat the success of antibiotics in facing bacteria and causing antibiotic 

treatment failure39. Biofilm formation is one of the most certain reason which can cause 

bacterial resistance to the antibiotics and hence, bacterial infection40. Bio-films with three 

dimensional structures are a biologically active matrix of cells and extra cellular substances 

that are irreversibly attached to live surfaces41,42,43 and lead to survival of microbial cells up to 

1000 times more protected against most antibiotics44. Therefore, this can cause spreading the 
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infections by exchanging antibiotic genes between bacteria within bio-films and consequently, 

increase the formation of bacterial resistant strains45.  

One of the major failure caused by antibiotics resistance and biofilm formation has occurred in 

implanting orthopaedic devices. Due to aging populations and obesity, the need for artificial 

joint replacement and orthopaedic surgeries has increased and affect millions of people around 

the world over the last 35 years46. Increasing the need of these artificial implants also rises the 

number of implant-related infections which is extremely resistant to systematic antibiotic 

treatments. Implant infection is a serious issue and can lead to additional pain, revision surgery 

and even death.  

There is a ‘race for the surface’ between bacteria and host cells where they try to win the 

eventual fate of the implant47,48. Once biofilm forms, it is impossible to treat it with antibiotics 

and hence, lead to revision surgery. Thus, the strategies of preventing the spread of bacteria 

adhesion and bio-film formation on the implant surface is considered as one of the most critical 

and essential step in order to avoid implant-related infections49,50.  

Silver is the most favourable metal for antimicrobial coatings because of its exceptional 

properties including inhibition of bacterial adhesion, broad anti-bacterial spectrum, long lasting 

anti-bacterial effect, etc51. The antimicrobial effect of silver has been confirmed to work against 

more than 650 disease-causing microorganisms (bacteria, viruses, fungi, etc) even at low 

concentration52,53 and also found to be less harmful to the human body in comparison with 

some organic antimicrobial species54.  

 

For the first time, this research attempts to investigate if silver can be employed to reduce 

surface colonisation by clinically relevant pathogens by ALD coating of titanium implant 

structures for orthopaedic applications made with the Selective Laser Melting (SLM) 

technique. This can offer two main benefits by providing highly conformal coating on high 
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aspect ratio porous structures and also by sub-nanometre scale control over the coating 

thickness. The sub-nanometre control is also very important as high levels of silver in the body 

can result in adverse side effects55 and hence, ALD potentially offers a route to preventing this 

by minimising the amount of silver on the implant. In the second part of the thesis the following 

objectives are identified: 

 

V. Make a contribution with respect to the ALD of metallic silver thin film on flat 

titanium substrate and titanium implant structures and finding the optimum growth 

conditions for self-limiting growth 

 

VI. Assessing the microbial effects of silver coated orthopaedic implants for both in 

vivo and in vitro studies 

 

The numbering part of this thesis is structured as follows:  

 

Chapter 2 provides an overview of the related literature to this work from the basic principles 

of ALD technique and more specifically about the ALD of silver. Also in this chapter, problems 

associated with medical implants are discussed. In chapter 3, the experimental details of the 

ALD growth process are presented together with all other analytical methods used throughout 

this research.  

 

Chapter 4 investigates the self-limiting deposition of silver using thermal ALD with a direct 

comparison between propam-1-ol and butan-1-ol as two different alcohol based co-reactants.  

Chapter 5 presents the results and discussions of thermal ALD of silver using tertiary butyl 

hydrazine (TBH) and a direct comparison has been made between TBH and propan-1-ol as two 

different co-reactants.  
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In order to evaluate the effect of titanium surface on the microstructure and growth of silver 

thin films, chapter 6 presented a full study on growth of silver on titanium. Also, the 3D implant 

structures made by SLM are used in order to investigate the anti-microbial effects of silver 

ALD for both in vivo and in vitro studies. The last chapter (chapter 7) gives overall conclusions 

and highlights the main findings of this research and also, provides the ideas of the potential 

future work.
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2.1. Introduction 

 

This chapter provides a review of orthopaedic implants focusing on the key challenges 

associated with the prevention of infection. The review covers antimicrobial coatings that can 

be used to kill or inhibit the growth of microbes on surfaces. The review then moves to looking 

at thin film deposition techniques and how these may be used to coat implants. A major focus 

in this section is ALD which offers the potential to conformally coat high aspect ratio implants. 

In particular, ALD of silver nanoparticle films will be discussed, focusing mainly on their use 

as an anti-microbial agent with the advantages may accrue and how this will be noticed. 

 

2.2. Orthopaedic implants 

 

Orthopaedic implants are described as manufactured healthcare products56 which have been 

used in replacement surgeries with the aim of replacing the damaged bone and joint. Increasing 

obesity and increasingly aging populations have resulted in the growth of artificial joint 

replacement and orthopaedic surgeries and affect millions of people around the world57. For 

example, in the UK, the proportion of people aged more than 85 years will increase 100% by 

2031 and 300% by 207158. The joint replacement process is one of the most successful 

interventions in medicine with good impact on life quality59. Knee, shoulder, hip, wrist, ankle, 

spine and elbow implants59 are some examples of orthopaedic products for join replacements 

which have been used worldwide. In order to manufacture the orthopaedic implants, there are 

many different orthopaedic companies available worldwide. Figure 2.1 shows the top ten joint 

replacement companies around the world60. 
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Figure 2.1: Joint Replacement Company market (top ten)60 

 

In the US, it is expected that the demand for total hip and knee replacements will increase by 

174% to 572,000 and 673% to 3.48 million procedures respectively by 203061. In the UK, more 

than 50,000 primary hip replacement operations are taking place every year with the estimated 

cost of £250 million and are expected to increase up to 65,000 operations by 202662. These 

surgeries are increasingly common in people over 50 years of age and according to the 

predictions, the percentage of bone disease will double by 2020 in people over 50 years of 

age63. In the UK, 35.4% of patients for implant operations are under 65 years of age, and 12.2% 

are under 55 years of age64. 

Regardless of the huge success in short term results of these orthopaedic implant surgeries, the 

long term outcomes are still suffering from several problems. Implant failure, implant 

loosening, implant dislocation, damaging tissue around the implant and implant infection are 

some reasons that can lead to revision surgery65. Within 15 years old of an implant, more than 

one third of patients need revision surgery which is an expensive and painful procedure66. 

Revision surgery also increases the risk of damage to the structural integrity of surrounding 

tissue as additional material is removed and even, in some cases, can lead to patient death. 

After revision surgery, more than 15% of patients need additional surgery, of which almost 

44% need two or more additional operations67. Figure 2.2 shows X-ray of a knee replacement 

implant before the revision surgery where the primary knee replacement is unstable because of 
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the weekend bond (left image), and after a revision surgery where parts fit more strongly into 

the bones with good stability (right image)68. 

To avoid implant failure and costly revision surgery, the need to tackle the weak points of 

existing implants is becoming clearer. Several developments have been done in order to 

improve the orthopaedic implant structures including manufacturing structures with different 

pore morphology and size with the intention of accurate reconstruction of bone structure69 and 

required nourishing to cell survival70, progress in implant materials, implant surface coatings 

with biocompatible materials71 and antimicrobial surface coatings to avoid infections72. The 

investigation of antimicrobial surface coating is of particular interest of this study. 

 

 

Figure2.2: The primary knee replacement implant is unstable due to weakened bone (Left),Parts fit 

more securely into the bones and provide stability after revision surgery (Right)68 

 

2.3. Materials used for implants fabrication 

 
Orthopaedic implants are most frequently fabricated from Metals, ceramics and polymers73. 

Since these devices are used as temporary, permanent or biodegradable devices, they must be 

able to provide suitable mechanical properties (such as ductility, toughness, wear resistance), 
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surface biocompatibility with the host tissue, and also possibility to be manufactured into 

various shapes, at relatively low cost74,75. 

“A key tenet of bone tissue engineering is the development of scaffold materials that can 

stimulate stem cell differentiation in the absence of chemical treatment to become osteoblasts 

without compromising material properties.” (Dalby et al., 2007, p. 997)76. At present, the most 

common metallic biomaterials employed for the fabrication of medical devices include 

stainless steel, cobalt based alloys, titanium and titanium based alloys77. The interest in using 

metallic biomaterials for fabrication of medical devices is due to their high strength and 

resistance to fracture, which provides long-term implant performance together with the relative 

ease of manufacture of different shapes using existing manufacturing methods (i.e. machining, 

casting)77. 

 

Titanium and its alloys are considered as the most suitable metallic biomaterials for fabrication 

of orthopaedic implants78,79due to excellent in-vivo corrosion resistance (TiO2), strong 

osseointegration tendency79, and excellent biological performance80. Titanium alloys are of 

interest because of their high strength to density ratio81.  

 

In the early 1940s, Beaton and Davenport82 were the first researchers who introduced titanium 

into the medical world by implanting it into a rat and find out no adverse reaction to titanium. 

Due to the bio-stability of titanium and its alloys, the number of titanium medical implants has 

increased more and more over time.  For example, in dental implants, pure titanium has been 

used as the dominant material78. Figure 2.3 shows titanium orthopaedics medical devices for a 

total knee replacement (a) and a total hip replacement (b)83,84. 
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Figure 2.3: Titanium orthopaedics medical devices: (a) Total knee replacement; (b) Total hip 

replacement85,86 

 

To provide implant fixation to the host bone, suitable implant devices must be manufactured 

to supply appropriate environments for tissue development. In the past, fixing the orthopaedic 

implants has been achieved mostly using screws and acrylic bone cement to obtain a firm bond 

with the host bone, which leads to increase in the effects of stress shielding, necrosis and final 

failure of the implant87. Therefore, porous implant structures have been manufactured to 

provide suitable bonds with the host bone. Pore size, interconnectivity, porosity and the surface 

texture are the main factors that vastly influence on the cell growth and attachment into the 

porous devices and can lead to long term performance and stability via creating a strong 

physiological bond87. The roughness of the orthopaedic implants can help to promote the bone 

growth via raising the osteoblast attachments88. Pore dimension is a key factor in bone cells 

attachment to the implant surface over time and anchoring in place via the help of surrounding 

bone during the healing process without any extra fixation87. 

 

Also, a large difference in stiffness between the metallic implant and the surrounding human 

bone can lead to mismatch of implant-bone and eventually implant loosening due to the stress-

shielding89. Stress-shielding can occur when implant and bone reply in a different way to 

applied forces90. By adding porosity to the implant structure the decrease in the stiffness of 
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implants can be obtained resulting in less stress shielding and a lower risk for implant failure, 

due to the fact that stiffness reduces with the square of porosity in porous materials89. 

Several manufacturing processes have been developed to fabricate porous implant 

structures91,92. Selective Laser Melting (SLM) is one of these methods which have been used 

for development of novel porous titanium structures for orthopaedic implants93 with the ability 

of manufacturing both porous structure to provide good support for bone in growth and solid 

structure to supply better strength for the bone attachment. A description of the SLM 

methodology and its principle is available in chapter 3. This technique has the ability to produce 

porous parts with the optimal pore size between 100 and 700 µm, which is compatible with the 

natural pores in human bones and provide most effective porous implants94. SLM is used as a 

manufacturing process for fabrication of implants throughout this research. 

In addition to consider all of the mentioned points, the introduction of implants in the human 

body is typically combined with the risk of infection, specifically for revision surgeries and the 

fixation of open-fractured bones75. Therefore, this motivates researchers to develop and 

investigate new methods for implants surface treatment to avoid infections or at least reduce 

them as low as possible, which is of particular interest of this study. 

 

2.4. Bacterial infections of orthopaedic implants 

Implant infection is a serious issue and can lead to additional pain, revision surgery and even 

death. Revision surgery is also very expensive and can be three to four times the initial costs 

for the patient and society95 and also can result in higher morbidity. ‘The Centre for Disease 

Control and Prevention’ has stated that removal of one or two breasts results in a 2% chance 

of SSI (the surgical site infection), which increases to 12% when breast implants are used96. 
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One of the most successful and cost-effective joint replacements is total hip replacement 

(THR)97, which shows excellent clinical results, and more than 62,000 have been completed in 

the United Kingdom (National Joint Registry, 2014)98. Nevertheless, these total hip 

replacements have an overall rate of perioperative infection ranging from 0.5 to 2%99, which 

leads to an additional cost to the NHS of £300 million each year (almost £70,000 per patient to 

treat)64. A number of reasons can increase implant-related infections, such as contamination on 

the surface of implant devices100, increased operational time, existence of bacteria in the body, 

unclean surgical staff hands throughout the surgery, etc101. 

 

Bio-films are formed a result of bacteria adhesion to an implant surfaces and cause implant-

related chronic infections102. Bio-films with three dimensional structures are a biologically 

active matrix of cells and extra cellular substances that are irreversibly attached to live surfaces 

and medical implants41. Figure 2.4 schematically illustrates the four major stages of bio-film 

formation: initial attachment, irreversible adhesion, maturation, and detachment and dispersal 

of bio-film cells43. Due to the formation of these bio-films, microbial cells can survive up to 

1000 times more protected against most antibiotics43. Hence, this can result in spreading the 

infections by exchanging antibiotic genes between bacteria within bio-films and therefore, 

increase the formation of bacterial resistant strains45. The time before the bacteria firmly attach 

to the surface is called the window of opportunity for host cells103 (Figure 2.4 (a)). Thus, there 

is a ‘race for the surface’ between bacteria and host cells where they try to win the eventual 

fate of the implant104. Bio-film development for bacterial cells will be difficult as soon as the 

host cell achieves irreversible attachments on the surface (i.e., if the host cells are the 

winner)105, Figure 2.4 (b) and Figure 2.4 (c) schematically shows this process.  

 

Bio-films are responsible for more than 80% of microbial infections in the body106. Therefore, 

the strategy of preventing initial microbial growth on the surface and hence increasing the 
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opportunity for host cell adhesion is one of the most important approaches towards the 

prevention of bio-film formation following orthopaedic implant surgery. 

 

 
 

Figure 2.4: (a) Schematic illustration of the four major stages of bio-film formation and 

development43, (b) and (c) Schematic illustration for window of opportunity for host cells or local 

antibiotics against anti-biofilm plans105 
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2.5. Bacteria classification of implant-related infections 

 
 

Implant-related infections can happen via three routes including microbial colonisation during 

implantation procedure, haematogenous spreading of the pathogen to the implant or through 

direct spreading from an adjacent infection107. There are many different types of bacteria which 

can cause implant-related infections such as staphylococci, Staphylococcus aureusincluding 

methicillin-resistant strain (MRSA), Staphylococcus epidermidis, Escherichia coli, 

Citrobacter, Lactobacillus, Acinetobacter, Serratiamarcescens, Klebsiellapneumoniae, 

P.aeruginosa, Haemophilusinfluenzae, Corynebacterium, etc59. Figure 2.5 shows frequency of 

main types of bacteria which can cause implant-related infections. Among all these bacteria, 

coagulase-negativestaphylococci, and particularly Staphylococcus aureus and Staphylococcus 

epidermidis are the most dominant bacteria responsible for orthopaedic implant-related 

infections up to two-thirds of all pathogens108. These pathogens are able to form strong bio-

film in deep wounds and on prostheses. Very low number of these organisms (103 – 104) can 

cause serious infections in patients and need for revision surgeries.  

 

 

Figure 2.5: Frequency of main types of bacteria which can cause implant-related infections108 
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Figure 2.6 shows the X-ray of total hip replacement infection due to coagulase- negative 

staphylococci diagnosis. A loosening line around the stem and the cup is a sign of infection 

which is visible and shown by (➜). To kill the bacteria and reduce infection, using antibiotics 

as a systematic therapy can help, however, due to the poor accessibility to the implant site, it 

can lead to low drug absorption at the target part. Increasing the antibiotic doses can also result 

in toxicity of antibiotics in particular organs and increase in resistant bacteria and produce 

allergic reactions109. It can be imagined that some of these implant related difficulties may be 

solved via local delivery system of antibiotics110. Although local delivery system offers some 

advantages over using antibiotic doses such as avoiding systematic toxicity by better control 

of antibiotics distribution111 and a low rate of bacterial resistance, it suffers from certain 

drawbacks including poor penetration into the tissues, need another operation for removal after 

finishing the antibiotic release, hospitalization to monitor drug levels, etc112. The prevention of 

infection has become a high priority for orthopaedic studies and motivates researchers to 

develop new strategy against implant infections. Therefore, antimicrobial coating of implants 

has been established to prevent infections of implants and to overcome some of mentioned 

issues. 

 

Figure 2.6: The X-ray of total hip replacement infection due to coagulase- negative staphylococci in 

77-year-old man, [(➜) shows infection]113 
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2.6. Antimicrobial coatings of orthopaedic implants 

As it has been already discussed earlier on in this chapter, one of the worst probable outcomes 

of orthopaedic implants is bacterial colonization and bio-film formation on the implant-tissue 

interface which are extremely resistant to systematic antibiotic treatments. Microscopic images 

reveal that bio-films consist of microorganism in vertical structures which sometimes take the 

shape of tower or mushrooms114 and they can quickly develop from the initial adhesion of 

bacteria to an implant surfaces and lead to implant failure. Thus, preventing bio-film formation 

is considered as the most critical and essential step in order to avoid implant-related 

infection49,50. As biofilm grow in a matrix form, having a not fully coated surface can also 

facilitate the arrival of other bacteria by providing diverse adhesion sites and develop the matrix 

to hold the biofilm together115 and therefore, lead to implant failure. Figure 2.7 shows 

schematically the biofilm formation on fully uncoated surface (a), an antimicrobial coated 

surface with some uncoated parts (b) and a fully antimicrobial surface coated (c). Therefore, 

using methods with the ability of fully and uniform coating specifically over the high aspect 

ratio and complex geometries of implant structures (i.e. porous) is a significant issue that needs 

to be reflected. 
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Figure 2.7: Schematic of (a) 100% un-coated surface, (b), partly antimicrobial coated surface, (c) 

100% antimicrobial coated surface 

 

Various investigations have been done relating to antimicrobial coating of implant surfaces 

with different materials116,117,118,119,120. In this section, methods and material requirements for 

antimicrobial surface coatings on orthopaedic implants have described with the aim of 

preventing implant-associated infections. Commonly, two different forms of implant coating 

have been defined, known as active coatings and passive coatings: 
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Partly coated surface (b) 
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1) Passive surface coating: 

 

In passive coatings, there is no releasing bactericidal agent, but the implant surfaces are 

designed to reduce the bacterial adhesion via surface chemistry or kill bacteria upon surface 

contact121. Therefore, surface features including surface energy, surface chemistry, surface 

roughness and surface conductivity play a significant role51 in controlling the early bacterial 

adhesion and implant infection which resulted in the success of this type of coating. The 

physiochemical surface modification in passive coatings of the implant surfaces can happen in 

a reasonably straightforward and cost-effective ways. For instance, there is an available study 

showing that crystalline modification of titanium oxide layer can lead to achieving a bacterial 

anti-adhesive surface and decrease the bacterial attachment122. Another example is using 

ultraviolet light irradiation to enhance “spontaneous” wettability on TiO2 in order to reduce the 

bacterial attachment on titanium implant surfaces123,51,124.  

 

In addition to the anti-adhesive coatings to the implant surfaces, there are some other studies 

with the focus on surface structure and design to manage and control the biological reaction by 

the implant surfaces. For instance, according to Singh et.al.,125, bacteria cells preferably 

attached on the smooth surfaces compared with rougher surface due to the fact that rough 

surfaces enhance the formation of proteins clusters and therefore, proteins may perform as a 

passivation layer which slows down the bacteria attachments. 

 

However, it is useful to point out that these mentioned anti-adhesive coating methods suffer 

some drawbacks and challenges. One of the main challenges of these methods is incapability 

to find a comprehensive way of treatment which can be applied to all bacteria and all surfaces. 

Another challenge of passive coating methods is that the success of these coatings against 
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bacterial adhesion is still limited and largely dependent on the bacterial types. Also, the in vivo 

efficiency of these methods against bacteria is weakly recognized and more studies and analysis 

are required to be able to introduce these techniques to the markets121.  

 

 

2) Active surface coating: 

 

In active coating, on the other hand, bacteria and infection can be controlled and killed due to 

the coating releasing bactericidal agents like silver ions, antibiotics, antiseptics, or other 

organic and inorganic compounds121. Antimicrobial implant coating can provide some 

advantages such as locally controlled delivery of drugs lasting from weeks to months and 

increased implant longevity126. Active antimicrobial implant coatings must have the ability to 

release a controlled dose of drugs throughout the implantation time. There are various factors 

that can affect the time and release rate of drugs from the coated implant including 

homogeneity, porosity, chemical nature, coating materials and, preparation methods127. For 

example, the homogeneity and uniformity of the coating can increase the release time and 

stabilise the antimicrobial effect and hence, reduce the chance of bacterial colonisation128,129. 

In the future, the implant surface may be designed as a ‘smart surface’ which is expected to be 

able to be multifunctional and be responsive to different stimuli and biological tasks at the same 

time including the presence of bacteria105,121. Figure 2.8 show a rough scheme of 

multifunctional coated implant surface in total hip replacement. However, these kinds of coated 

implants are still in the early stages of progress. 
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Figure 2.8: The future scheme of multifunctional coated implant surface in total hip replacement 

The reaction depends on the exact capabilities of the coatings obtained throughout the manufacturing 

procedure105 

 

Despite all of the advantages of antimicrobial coated implants, there are still several obstacles 

that need to be overcome such as cytotoxicity, providing high enough coating adhesion to be 

able to sustain mechanical stresses during the surgical procedures, the risk of rising in bacterial 

resistance, provide highly uniform and homogeneous coatings even at high aspect ratio and 

highly textured (i.e. porous) structures to stabilise the antimicrobial effect of the coating and 

also avoid and minimise the chance of bacterial bio-film formation by fully coating  the 

complex 3D implant surfaces105. 
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2.7. Material requirements for antimicrobial coatings 

 

Antimicrobial coatings must meet several requirements such as: non-toxicity in the human 

body, wide-spectrum activity against microorganisms, long-lasting antimicrobial effect, 

reasonable manufacturing cost, no unwanted long-term side effects in the body, etc130. Organic 

materials (antibiotics, anti-infective peptides, etc), metals (silver, zinc, copper, zirconium, etc) 

and non-metal elements (i.e. selenium) are types of materials which can be used in 

antimicrobial surface technologies105.  

 
 
 

2.7.1. Metals 
 

Although a clear explanation of the mechanism of metallic antimicrobial materials has not yet 

been provided, the antimicrobial activity of the most metal coatings is related to the metallic 

ion or Nano form regardless of the bulk properties of the material131. As an example, metallic 

silver has no antimicrobial effects on its own and therefore it relies on releasing silver ions 

from the surface. The possibility can be explained as the positive charged metallic ions attached 

to the negatively charged bacterial cell walls and hence, lead to cell lysis and death132. Silver, 

copper and zinc show strong antimicrobial activity and have potent antimicrobial effect against 

broad spectrum of microorganisms121. 

 

In 1999, Shopsin et al. stated that there is a good possibility of using zinc oxide in medical 

world133. Antibacterial effect of zinc oxide nanoparticles have been identified versus many 

microorganisms including Klebsiella pneumoniae134, Methicillin-resistant Staphylococcus 

aureus (MRSA)135,136, Escherichia coli and Pseudomonas fluorescens137. Zinc oxide 

nanoparticles has shown a considerably good antimicrobial activity against Methicillin-
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resistant Staphylococcus aureus (MRSA) which is one of the most important bacteria in 

implanted-associated infections and can lead to a large number of infections such as 

pneumonia, bacteraemia, surgical site infections (SSI)133. The coating of zinc oxide 

nanoparticles have important features including effective antimicrobial activity, chemical and 

physical stability and also high catalysis activity133,138.  

 

Copper is another metallic surfaces known to have good antimicrobial properties against 

bacteria, yeasts and viruses since ancient times139. It has been used in several applications such 

as door handles, touch plates, bed rails, call buttons, toilet seats, etc, due to its excellent contact 

killing mechanisms139. There are different available studies on titanium coated copper surfaces 

for exploring antimicrobial effects of medical implants140,141,142. Even though copper is a trace 

metal in the body and an important part of various enzymes, it can also cause cytotoxicity143,142.  

 

Although zinc and copper show good antimicrobial effects against many microorganisms, 

silver is the least cytotoxic144 and the most common and effective antimicrobial coating against 

bacteria145, being approximately 10 times as powerful as copper. Even though silver has a wide 

antimicrobial range with excellent antimicrobial activity and low toxicity146, use of silver-

coated implants stays relatively limited. As the main focus of this review is antimicrobial 

coating of silver and its mechanism, a more detailed report on silver and its antimicrobial 

mechanism will be provided in the following section. 
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2.7.1.1. Silver and its antimicrobial mechanism 

 

Silver is the most favourable metal for antimicrobial coatings because of its excellent properties 

including inhibition of bacterial adhesion, broad anti-bacterial spectrum, long lasting anti-

bacterial effect, etc51. There are different ways that silver can be absorbed into the human 

body147, including silver-coated medical implants, dermal contact, ingestion and inhalation148. 

Due to the antimicrobial effect of silver, it has been utilised in many products in everyday life 

(washing machines, wound dressing, cloths containing silver, etc) since ancient times with no 

awareness of its working mechanism132.  

 

The antimicrobial effect of silver has been confirmed to work against more than 650 disease-

causing microorganisms (bacteria, viruses, fungi, etc) even at low concentration and also found 

to be less harmful to the human body in comparison with some organic antimicrobial 

species52,53.  Although silver is a heavy metal and can be tolerated better than most heavy metals 

in the body149, its relative high toxicity can be a concern. For instance, there are some reports 

about the toxicity of silver ion on human cells in concentrations above 10mg/L150. The 

concentration level of silver must be sufficient against bacteria but not harmful for humans at 

the same time. In addition, some studies show that not only the concentration of silver but also 

its form can affect the toxicity level151. For example, according to Rosenman et.al.,152 soluble 

silver compounds can be absorbed much more easily than metallic silver in human body and 

therefore, may lead to undesirable effects on human health151. 

 

There are a number of mechanisms which can potentially explain the antimicrobial activity of 

silver; however, there is no obvious and precise explanation of this mechanism96.  It is reported 

that metallic silver (Ag°) has no antimicrobial effect and it’s antimicrobial activity is due to the 

release of silver ions (Ag+)130.   
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Figure 2.9 shows the mechanism of the antimicrobial activity of silver ions. According to 

available studies, the mechanism of the silver ion that produces the antimicrobial effect is due 

to “inactivation of membrane proteins, binding with the bacterial DNA and disrupting DNA 

replication, impairing the ability of ribosomes to transcribe messenger RNA into the vital 

proteins required by the cell to function, inactivation of the cytochrome b, and consequent 

bactericidal activityˮ153. Silver ions can bind to live bacteria and also to dead bacteria, blood, 

serum, etc, and this can result in lower antimicrobial activity of the silver ions and to them 

being released in an undisciplined manner154. 

 

 

 

Figure 2.9: Schematic representation of the mechanism associated with the antimicrobial behaviour 

of silver ions155. 
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2.7.1.2. Silver nanoparticles and their antimicrobial effect 

 
 
Silver nanoparticles are clusters of silver atoms which are in the range of 1 to 100 nm in 

diameter size;156 they have been used for many purposes including wound dressings, catheters, 

various household products157 and bone cements158 due to their antimicrobial activities. 

According to existing studies, using silver in the form of nanoparticles can result in an increase 

in the antimicrobial effects of the silver159. The increase in antimicrobial activity of silver 

nanoparticles compared with other forms of silver is due to the greater surface area presented 

for the microbes to be exposed to160 and increases potential interactions with bacteria161. To 

investigate the exact consequences of nanoparticle size on the antimicrobial effect, 

nanoparticles must roughly have the same size and shape, and this is difficult to achieve with 

many synthesised methods. Therefore, a need for a coating technique which is able to provide 

uniform distributions of nanoparticles is clear.  

 

Some theories have suggested possible ways that silver nanoparticles could affect bacteria and 

produce antimicrobial effect. One possible mechanism of silver nanoparticles causing 

antimicrobial effect is the ability of anchoring to the bacterial cell wall and penetrating it and 

therefore, leading to some fundamental changes in the cell membrane which can lead to death 

of the cell (Ag NPs contact killing lead to100% mortality against both E. coli and B. subtilis 

bacterial strains in 2 hours)162. Another possible mechanism can be explained via releasing 

silver ions by the silver nanoparticles and inactivating vital enzymes, damaging the cells and 

consequently, leading to cell death160. Figure 2.10 shows different mode of action of silver 

nanoparticles on bacteria; however, more detail studies are required to understand the exact 

mechanisms.  
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The size, shape and concentration of silver nanoparticles have a significant effect on 

nanoparticles activity163. For instance, silver nanoparticles with size smaller than <30 nm 

showed better antimicrobial activity compared with larger nanoparticles against 

Staphylococcus aureus and Klebsiella pneumonia due to the ease of penetration into bacteria163.  

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Different mode of action of silver nanoparticles on bacteria160 

 

Silver nanoparticles have been used against both Gram-positive and Gram-negative bacteria as 

an antimicrobial agent163. Commonly, gram-negative bacteria (i.e. E.coil) appeared to be less 

tolerable to silver compared with gram-positive (S.aureus) and this is perhaps due to the 

differences in their cell wall structures. The gram-positive cell wall has several layers of 

peptidoglycan with strong negative charge, which may possibly stop the action of silver ions 

through the bacterial cell wall163. Escherichia coli, S. typhi, Staphylococcus epidermidis and S. 

Aureusare types of bacteria that silver nanoparticles have shown clear antimicrobial effect 

against them164 (S. aureus and S. epidermidis are the most dominant bacteria responsible for 

orthopaedic implant-related infections). 
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2.7.2. Classification of implant-related infections 

 
 

 

Sign of infection can occur during the first 3 months after surgery, referred to as early infection, 

usually as a result of virulent microorganisms (e.g. Staphylococcus aureus) with various 

clinical evidences such as fever, continuing local pain, erythema, edema, etc165. Also, symptom 

of infection can occur between 3-24 months after surgery, referred to as delayed infection, 

mostly due to low virulent microorganisms (e.g. coagulase-negative staphylococci). 

Nevertheless, it is difficult to distinguish the exact signs of delayed infections from aseptic 

failure because they are usually caused by bacterial bio-films that display little or no systematic 

symptoms59. If the infection occurs more than 2 years after surgery, it is called as late infection. 

 

 

2.7.3. Health effects of silver coatings 

 

In addition to all the positive effects of silver antimicrobial coatings, there are some possible 

side effects including effects of silver on human physiology, increases cytotoxicity, blood 

compatibility of silver coatings, etc55,96. 

 

a) Effects of silver on human physiology 

 
Silver can exposed to the human body via several ways including ingestion, inhalation, 

skin contact, catheters, dental amalgams, etc166. Continual ingestion or inhalation of 

silver can lead to the most frequent health effects in the human body which are known 

as argyria (in the skin) or argyrosis (in the eyes)151. Although these conditions are 

harmless conditions, they can cause irreversible cosmetic consequences by discolouring 

the skin and eyes. A recent study on a patient with serious agyrosis has shown no silver 
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toxicity to the kidney96. According to several investigations, argyrosis is mostly caused 

by silver compounds such as silver nitrate and silver colloid solutions rather than 

metallic silver167. 

 

b) Effects of small silver particles on cytotoxicity 

 

Although previous researches have shown low toxicity of silver ions/salts, the use of 

silver nanoparticles needs some investigations in order to clarify silver toxicity in NPs 

form as they are increasingly being used in medical devices and household products. 

According to some reports, silver nanoparticles change the membrane structure by 

attaching into it and cause damage to the cell membrane of the bacteria168. Studies show 

that bacterial properties of silver nanoparticles can significantly change according to 

the size and shape of the nanoparticles169.  

There are a few available in vitro and in vivo studies on the toxicity of silver 

nanoparticles168,170, however, the lack of enough data relating the toxicity remained as 

a significant challenge and more detailed investigations need to be done before making 

the final conclusion on silver nanoparticles toxicity168. 
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2.8. Deposition techniques 

 
In order to have effective antimicrobial substrate coatings, deposition techniques can play an 

important role on the success rate of antimicrobial coated samples. These techniques should be 

able to fulfil a number of key requirements including strong adhesion to the implant substrate, 

long-term stability, control over chemistry and coating morphology, uniform and also 

conformal coating even on complex geometries, cost-effective process, etc171,172. Various 

methods have been used to deposit antimicrobial coating127 including wet chemical coating 

(sol-gel method)173, layer-by-layer (LBL) method174, PVD coatings175, CVD coatings176,177, 

spray146 and also dipping178. In the following section, some of these techniques will be briefly 

reviewed and their advantages and limitations will be highlighted. The three main categories 

of deposition techniques are known as mechanical (i.e. dip-coating, spray), physical (i.e. PVD, 

MBE) and chemical (i.e. MOCVD, Sol-Gel) techniques179.  

 

 

2.8.1. Physical based deposition (PVD) 

 

 

PVD has been used in medical device industry including surgical instruments, dental 

instruments, and orthopaedic implants in order to deposit wear-resistant thin film coatings since 

the late 1980s180. Due to possible contamination of the film by the atmosphere, physical based 

deposition techniques usually need a high vacuum or ultra-high vacuum (UHV) environment. 

This is to provide a long mean free path of molecules, in order to help them to travel in space 

and not being scattered181. Evaporation and sputtering are the most commonly used PVD 

methods where atoms transferred from a liquid or solid material to be deposited onto a 

substrate182. A wide variety of substrate materials can be coated by PVD (such as metals, 
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polymers, ceramics, glass, etc) as well as a large number of coating materials (such as metals, 

alloys, semiconductors, metal oxides, carbides, nitrides, sulphides, etc)183.  

The PVD process is widely used in medical application and antimicrobial coatings as PVD can 

offer superior cohesion and adhesion due to ion bombardment during deposition and graded 

interfaces of plasma coatings172. Antimicrobial PVD silver coated on orthopaedic devices has 

been reported184. However, PVD methods are not able to coat complex parts and high aspect 

ratio structures conformally185 as deposition is line-of-sight. This can be explained due to 

vapour tendency in travelling in a straight line under the high mean free path conditions and 

consequently, it results in poor conformality. Figure 2.11 shows a schematic of a PVD chamber 

and its line-of-sight deposition (blue arrows). Therefore, PVD is not a suitable technique in 

order to coat porous and highly textured implants with complex structures.  

 

 

 

Figure 2.11: Schematic of a PVD chamber which shows line-of-sight effect186 
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2.8.2. Chemical based deposition 

  

Chemical Vapour Deposition (CVD), Aerosol-Assisted Chemical Vapour Deposition 

(AACVD)187 and Plasma-Enhanced Chemical Vapour Deposition (PECVD)188 are some 

examples of different types of chemical based deposition methods. The appropriate reactor can 

be chosen depending on the application requirements for coating, substrate, precursor, 

morphology and thickness.   

 

2.8.2.1 Chemical vapour deposition (CVD)  
 

 
CVD is a broadly used technology which relies on the formation of solid films on a substrate 

by gas-phase and surface reactions189. CVD has been used to deposit most of the elements in 

the periodic table190. Figure 2.12 illustrates a simple schematic of the physicochemical steps in 

a typical CVD reaction. Evaporation, mass transport, gas phase reactions, absorption, surface 

diffusion and deposition are the main steps in these types of reactions. 

 

 

 

Figure 2.12: Schematic diagram of the CVD process191 
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A broad range of applications in thin film technology use CVD processes in areas such as 

microelectronics, optoelectronics, protective and decorative coatings, optical coatings, medical 

devices coatings, etc191 where activation energy is typically supplied in the form of heat 

(thermal CVD). This can lead to some restrictions on its use as some substrates cannot 

withstand the heat required to react the precursors. To overcome this, a number of energy 

enhanced CVD processes have been developed including photo-assisted CVD and plasma-

enhanced CVD. These methods enable the deposition process to take place at very low 

temperatures as energy to drive the reactions is provided by other sources191,192. 

 

CVD process can offer versatility in choosing materials (metals, oxides, nitrides and carbides 

and a relatively high deposition rate185,193, however, it usually requires high process 

temperatures which may not be compatible with some materials (i.e. polymers)194 and  also, 

provides limited thickness control and conformality195 of coating particularly over complex 

structures196 due to uncontrolled chemical reactions. 

 
 

2.8.3. Layer-By-Layer deposition (LBL) 

 
LBL deposition technique is a dip-coat approach where layers are physically absorbed onto a 

substrate197 and has developed since 1990s for the surface coatings198 within the biomaterials 

field due to its ability to grow films on any type of substrates. Although films deposited by 

LBL display good thermal stability198, it is not able to provide entirely dense and pin-hole free 

films199 with the uniform coating on complex high aspect ratio structures. Therefore, a coating 

technique that can offer highly conformal film coverage on high aspect ratio micro-structures 

of implants and sub-nanometre scale control over the coating thickness is required to overcome 

all these mentioned challenges. In this work, we developed a coating method for orthopaedic 

implants by using Atomic Layer Deposition (ALD) technique.  
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2.9. Atomic layer deposition 

 

Suntola and Anston in 1977 reported a rather different chemical variation of CVD called atomic 

layer deposition (ALD)200, which has now become widely used in applications requiring ultra-

thin films. Atomic layer deposition (ALD), also known as atomic layer epitaxy (ALE), is a 

cyclic growth process201 developed from CVD. ALD is a method based on introducing pulses 

of the precursors onto a surface and deposition subsequently occurs via two or more surface 

reactions or chemisorption usually at low temperatures202 with monolayer precision. The 

process relies on alternating pulses of two or more precursors with inert gas purges between 

them to avoid gas phase reactions181. As a thin film technique method, ALD can provide precise 

thickness control down to angstrom11,203, highly conformal coating on complex three 

dimensional structures including high aspect ratio structures (such as deep trenches and narrow 

pores)204, highly repeatable process and pin-hole free coatings205.  

Figure 2.13 schematically illustrates a coating comparison between PVD, CVD and ALD 

techniques. As is clear from the illustration, ALD can offer excellent conformality of coating 

on the complex structure due to its self-limiting surface reactions206, whereas CVD shows non-

uniformity over some parts of the surface and PVD shows some sections left un-coated (line-

of sight effect), however, CVD shows some improvement in coating compared with PVD. 

Although ALD is a slow process, it can be applied to many substrates at the same time, enabling 

batch processing which makes it economically viable as a thin film process.  

 

ALD has been applied in the deposition of various kinds of materials including 

oxides207,208,3,209, metals210,  nitrides211,7 ,212,213, carbides214 and many others203. It has numerous 

applications including optical coatings215,216, doping applications217,218, catalyst219, 

microelectronic industry220,221, solar panels222, fuel cells202, sensors223, etc224.  
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ALD is becoming a main stream technique and has been reviewed in reasonable details in a 

number of sources11,12,225,201,207. As ALD is the main growth technique used in this current 

project, a reasonably detailed review will be presented in this chapter. 

 

 

 

 

 

                                 

Figure 2.13:  Illustration of coating film (filled in red) on complex structures by (PVD), CVD and 

ALD226. 

 

2.9.1. Fundamental features of ALD  

 

The way that the coating material is arranged on the surface influences the thin film 

performance and this is known as a growth mode227. Generally, there are three basic growth 

modes due to competing energy terms during the ALD film deposition228, which are recognized 

as: a) layer by layer growth or Frank-van der Merwe growth mode, b) island growth or the 

Volmer-Weber growth mode and, c) random growth mode229 (Figure 2.14).In the ‘Frank-van 

der Merwe’ growth mode (Figure 2.14 (a)), material is preferentially deposited in un-coated 

areas between the existing islands from the previous ALD cycles and atoms are bonded to the 

substrate more strongly than each other and therefore, grows monolayer-by- monolayer (NPs-
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to-substrate energy dominates). This growth mode leads to deposition of a very smooth thin 

film230 and this is the most common growth mode in ALD.  

In the ‘Volmer-Weber’ growth mode (Figure 2.14 (b)), the deposited material prefers to grow 

on sites where nucleation has already occurred (NPs-NPs energy dominates) and results in 

different shapes and sizes of islands. In the ‘random deposition’ mode (Figure 2.14 (c)), there 

is the same possibility that material will be deposited on top of all surface sites in an ALD 

reaction cycle. The roughness in this film growth mode is smaller than the island growth mode. 

There is also a possibility of mixing these modes by deposition of a layer of ALD coating and 

continuing to grow the islands, this growth is known as Stranski-Krastanov230 (Figure 2.14 (d)).  

 

Figure 2.14: Schematic illustration of growth modes: (a) layer-by-layer growth mode; (b) island 

growth mode and (c) random deposition mode, (d) Stranski-Krastanovin ALD231 

 

 

(a) 

(b) 

(c) 

(d) 



Chapter 2                                                                                                         Literature Review 
 

41 
 

2.9.2. Principles of ALD  

 

Figure 2.15 illustrates a typical cyclic surface reaction of ALD, which typically consists of four 

steps: 1) precursor dose, 2) precursor purge of the reaction chamber, 3) co-reactant dose and 4) 

co-reactant purge of the reaction chamber232. Depending on the desired film thickness, the ALD 

growth cycles can be repeated and each cycle adds a certain amount of growth (usually 0.05-

0.1 nm per cycle)233 onto the surface. The growth rate is typically measured in terms of growth 

per cycle (GPC)233. For thermal ALD, the substrate temperature is usually set and stabilized at 

a certain temperature (< 350°C) before starting the procedure. The temperature must be 

sufficient to thermally drive the surface reactions but must not cause thermal decomposition of 

the precursors234.  

 

Precursor molecules are chemisorbed onto the surface and under suitable conditions, leads to 

a saturative layer of surface species12. Once saturation has been achieved, no further adsorption 

can occur and hence, excess precursor remains in the gas phase, where it is readily pumped 

away during the subsequent purge step.  Therefore, due to this surface control, the ALD process 

is capable of precise thickness control which is linearly proportional to the number of ALD 

cycles and can lead to conformal coating in large batches and even on very high aspect ratio 

structures235. A suitable co-reactant is then introduced into the chamber which reacts with the 

chemisorbed precursor of the surface. A second purge step is used to complete the ALD cycle, 

which carries away all un-reacted species and by-products, and making the surface ready for 

the next cycle. Not all ALD processes follow four steps using two reactants; in some cases 

three or more reactants are used in sequence13. 

 

It is worth mentioning that usually the growth rate in ALD is less than an exact monolayer per 

cycle and more than one cycle is needed to complete one monolayer236, this may be due to 
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limited surface sites or steric hindrance of precursors. Steric hindrance occurs when each atom 

within a precursor molecule occupies a certain amount of space and blocking of access to a 

reactive site by near groups237.  

 

 
Figure 2.15: Schematic illustration of a typical ALD process using self-limiting surface chemistry238 
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2.9.3. Different types of ALD 

 

Various forms of ALD have been investigated including plasma-assisted ALD (also referred 

to as plasma-enhanced ALD and in some cases as radical-enhanced ALD)239, thermal or 

conventional ALD207 and photo-assisted ALD240. Deposition aspects vary between these 

techniques and each of these methods can offer several merits.  

For instance, plasma-enhanced ALD can provide coating at lower substrate 

temperatures241,242,243, better growth rate244,245,246, more choice of precursors247,248 and highly 

controlled film composition249,250,251 in comparison with thermal ALD. High-k dielectric 

layers252,253, encapsulation254,255 and spacer-defined double patterning256 are some of the 

promising PEALD applications. Radical-enhanced ALD (REALD)257, direct plasma-assisted 

ALD258,259 and remote plasma ALD260,261 are some of the different forms of energy enhanced 

ALD processes that have been used for PEALD262,263.  

In REALD method, the plasma source and the substrates are in a distant location respect to 

each other and therefore, only radicals are able to contact the substrate which leads to removal 

ion and electron on the substrates264. REALD can offer deposition at very low temperatures 

with high growth rate and was successfully used for deposition of metals (i.e. copper, silver) 

and oxides (i.e. tantalum oxide, aluminium oxide), however, REALD is not suitable for porous 

materials and high aspect ratio structures due to its high reactivity of its radicals which may 

lead to recombination264.  

Plasma-assisted ALD is another form of energy enhanced ALD which can also provide some 

potential benefits such as low growth temperature, low impurity levels, ability to deposit wide 

range of materials, etc265. However, a big challenge for plasma-assisted ALD is also inability 
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to produce conformal coating on high aspect ratio structures due to the possibility of 

recombination of radicals at the sidewalls of the structure265.  

Thermal ALD can offer some advantages over PEALD266,267. Thermal ALD is a well-known 

self-limiting technique to deposit conformal and uniform film with ultra-precise thickness 

control, even onto high-aspect ratio structures or porous materials. PEALD cannot produce 

conformal film on high aspect ratio structure as well as thermal ALD as the radicals can 

decompose due to collisions with surfaces; hence, PEALD is more dependent on ‘line of sight’. 

Similar to PEALD, photo-assisted ALD is another form of ‘energy-enhanced’ ALD processes 

and the use of light to motivate the growth is possibly thermal or photo-chemical in nature268. 

The process has been shown to use a lower temperature process compared to thermal ALD and 

higher growth rate268. However, despite the mentioned merits of this technique, very little has 

been published so far on photo-assisted ALD269,240,270. 

 

2.9.4. Self-limiting behaviour of ALD 

 

Figure 2.16 (a) illustrates how ALD growth rate is affected by temperature and shows the key 

‘ALD window’ where self-limiting behaviour is observed271,272. ALD is generally carried out 

within this ALD temperature window as it provides reproducible and highly uniform films in 

a self-limiting manner. Outside of the ALD temperature window, growth rate is affected by 

processes such as precursor condensation12, insufficient reactivity273, decomposition246 and 

desorption274; these are summarized in Figure 2.16 (a). When the temperature is less than the 

ALD temperature window, condensation or insufficient energy can affect the GPC.  

 

 



Chapter 2                                                                                                         Literature Review 
 

45 
 

If precursor condensation occurs below the ALD window, results in an ‘apparent’ increase in 

growth rate, however the resulting film often contain un-reacted precursor. Alternatively, the 

GPC may decrease at low temperatures if there is insufficient energy to drive the chemisorption 

reaction of either precursor molecules or co-reactant into the substrate (low temperature can 

affect one or both of the ‘half-reaction’).  

 

At temperatures above the ALD temperature window thermal decomposition or desorption can 

occur275. Thermal decomposition leads to CVD-like film growth and it may lead to 

contamination into the film with elements from precursor ligands. The GPC may also be 

decreased because of desorption of chemisorbed molecules on the surface. 

 

In addition to the ALD temperature window, precursor and co-reactant pulse length play an 

important role in achieving a self-limiting growth rate (Figure 2.16 (b)). Increasing the 

precursor pulses initially results in an increase in the growth rate, however, it self-limits due to 

surface control reaction when the dose is sufficient to saturate the surface (all sites on the 

surface are already occupied when surface is saturated)276. This feature allows deposition of 

conformal and uniform thin films even on complex high aspect ratio three dimensional 

structures. Growing films in a self-limiting way can achieve dense and pin-hole free film, 

brilliant conformality on high aspect ratio structures, precise thickness control, large area 

uniformity and the ability to easily scale up181. In some cases, an ideal ALD window cannot be 

obtained, increasing or decreasing growth rate can occur in the saturation region because of 

decomposition or etching respectively. Both effect need to be minimised in order to reach self-

limiting deposition. 
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Figure 2.16: (a) Growth rate in ALD as a function of temperature and, (b) precursor pulse 

duration277 

 

In addition to the ALD temperature window and precursor doses, Figure 2.17 (a) shows a linear 

relationship of film thickness by the number of ALD cycles, which is a good indicator to show 

the accurate thickness control of a self-limiting ALD process. From published data, it can be 

seen that noble metals grown on oxide substrates via thermal ALD show linear growth as their 

general tendency278,279,280. 

 

Although many ALD processes follow a linear trend in thickness with number of cycles, it is 

not uncommon to see non-linear behaviour during the initiation phase of the process, typically 

during the first few cycles. In many cases initial growth is enhanced due to substrate enhanced 

growth (Figure 2.17 (b)) or delayed due to substrate inhibited growth (Figure 2.17 (c))277. If 

the monolayer capacity on the surface is more than deposited material, the thickness shows 

increase in the initial phase of growth which is called substrate-enhanced growth (i.e. ALD of 

HfO2 on Silicon oxide surfaces)281. If on the other hand, in the initial phase of the growth 

process, the thickness shows decrease and then increases to a constant value is called substrate- 

inhibited growth (i.e. the ALD of WO3)
282.  
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Figure 2.17: Film thickness as a function of number of cycles a) linear growth, b) substrate-enhanced 

growth, c) substrate-inhibited growth277 

 

Due to the self-limiting nature of the growth, which largely gives a constant GPC, ALD is able 

to conformally coat complex three dimensional structures. Figure 2.18 illustrates STEM 

analysis of a highly conformal high-k oxide laminate coating by ALD for MIM capacitor 

applications with an aspect ratio of 50:1at Fraunhofer Institute for Photonic Microsystems283. 

This image is a good example of high quality and conformal coating by ALD on high aspect 

ratio structures. Another good example of conformal coating via ALD is a high aspect ratio of 

5000:1 which has been achieved by ALD for ZnO coating on a Nano porous AA membrane by 

Elam.et.al.,284,204. 
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Figure 2.18: STEM analysis of a highly conformal high-k oxide laminate coating by ALD for metal-

insulator-metal (MIM) capacitor applications with an aspect ratio of 50:1283 

 

2.9.5. Benefits and challenges of ALD 

 

The films grown by ALD methods show that ALD is a very promising technique and is already 

being used fora wide variety of applications (i.e. energy conversion285, biology286, and 

photonics287). The increased interest in deposition using ALD approach is due to several key 

selling points and benefits that ALD can offer. Excellent uniformity, conformality and sub-

nanometre scale control over the coating thickness is achievable by ALD even on high aspect 

ratio structures due to its self-limiting reaction property204. ALD has enabled the deposition at 

relatively low growth temperature which is important for temperature sensitive substrates such 

as polymer substrates and also biochemical applications288. Moreover, ALD can offer some 
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other merits such as highly repeatable processes, scalable to batch production, good control of 

film composition and microstructure, etc265. 

 

In spite of some beneficial aspects of ALD, it is important to mention that ALD also suffers 

from some limitations and drawbacks289,276.One of the most important limitations of ALD is 

its slow growth rate in comparison with CVD and PVD techniques. One ALD cycle regularly 

leads to a coating thickness in the Å range and therefore, it is not suitable for thick films 

application. However, as ALD is not a light-of-sight deposition technique, its slow growth rate 

can be compensated by up-scaling the process to large batches of substrates in one run290.   

 

Choosing suitable precursor with good enough volatility, reactivity and thermal stability at low 

temperature is another concern for using ALD method since it can limit the process. However, 

chemists are producing compounds to decrease the processing temperatures for many different 

materials (i.e. Pd, Ta, Ti, HfO2, etc)290,291. Another challenge related to using ALD method is 

the costs of precursors which are usually very high. However, the usage amount of the 

precursor can be reduced by optimizing the saturation dose and therefore, decrease a large 

amount of precursor waste in the purging step290. 
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2.9.6. Metal precursor/co-reactant  

In the ALD processes, precursor chemistry is a significant factor and has been assessed in many 

studies292,293. Metal precursors in ALD depend on chemisorption of a monolayer on the surface 

and they can be gases, liquids or solids294. In the selection of a suitable metal precursor, a 

combination of volatility, reactivity, and thermal stability need to be considered277 (Figure 

2.19). Other metal precursor properties such as low cost, non-toxicity and ease of handling are 

also important to consider; however, in many cases, not all conditions are readily achievable. 

 

 

 

 

 

 

 
 
 
 
 
 

 

Figure 2.19: Triangular of metal precursor requirements277 

 
 

 

In order to achieve the requirements for ALD processes, various precursors have been 

examined. A range of metal precursors for ALD have been developed and can be categorized 

as halides, -diketonates, alkoxides, alkyls, cyclopentadienyls, amides, imides, amidinates, 

etc295. There are several ALD studies showing the successful results in using β-diketonates-

type precursors for deposition of metallic thin films296,297. This is perhaps due to the fact that 

the combination of noble metals (also near-noble metals) with acetylacetonate (or the related 

β-diketonate) ligands can provide enough volatility for an ALD precursor (i.e. using Cu(thd)2 

precursor for deposition of copper via ALD)298. 
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In addition to the metal precursor, one or more co-reactants are typically required in the ALD 

process. A suitable co-reactant in an ALD processes is as significant as choosing a suitable 

precursor. For example, complexity in finding appropriate co-reactants has caused difficulty in 

ALD deposition of some metals such as copper. Thermal ALD298, REALD and PEALD 

techniques264 have been used for deposition of copper by utilizing molecular hydrogen280, zinc 

vapour299 and alcohols300 as co-reactants respectively.  

 

As copper and silver are both noble metals and are in the same group in the periodic table, it is 

expected that they have similar chemical properties and therefore, there is a good possibility to 

be able to use the same precursors and co-reactants for both elements. For instance, there are 

ALD reports on both Copper300 and silver24 using [hfac= hexafluoroacetylacetonate] as 

precursor. However, this research specifically focuses on the ALD coatings of silver and more 

detailed explanations will be provided in the following sections on silver ALD. Water, 

hydrogen peroxide, and ozone for oxygen; hydrides for chalcogens; ammonia, hydrazine, and 

amines for nitrogen have been used as non-metal precursors so far207.  

 

 

2.9.7. ALD precursor delivery methods 
 

Stability and reliability in precursor delivery methods are critical factors in ALD in order to 

achieve success in manufacturing processes by avoiding precursor waste and minimising cost. 

To obtain a uniform thickness of the desired layer, precise control of the precursor dose, co-

reactant dose, purge time and temperature is necessary for efficient ALD deposition. Due to 

the volatility of the precursor, the dosing method must be carefully selected. Any high or low 

temperature point in the precursor delivery line should be avoided because it could cause 

thermal decomposition or condensation of the precursor respectively. In some cases, ALD 

precursors are in solid form and they need to be changed into the gas phase via evaporation. 
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Additional carrier gas may be used to help precursor delivery to avoid condensation of the 

precursor vapour in the delivery line277. A number of delivery methods may be used to deliver 

precursors into the reactor including vapour draw, bubbling, direct liquid injection301, vapour 

boost, nebulising, vapour push, aerosol assisted (AACVD), etc. All these methods will be 

explained briefly in this section. 

 

Vapour draw: 

When the precursors have a higher vapour pressure than the chamber pressure, they are 

easy to transport to the chamber using a simple vapour draw source. Basically in this 

method, the precursor is heated and provide vapour which can simply be sucked off and go 

through the reactor chamber302 (Figure 2.20 (a)). Trimethylaluminum (TMA) and water are 

good examples of precursors that can be used with vapour draw303.  

 

Vapour boost: 

Using a boost valve on the delivery system allows low vapour pressure precursors to be 

delivered more efficiently with the help of a gas pressurized cylinder. Low temperature 

ALD deposition of iron oxide is a good example where they used vapour boost system for 

precursor delivery304.  

 

Vapour push: 

Using an inert push gas valve (vapour push technology) can offer a solution for low vapour 

pressure precursors and improve the quality of the deposited film (Figure 2.20 (b)). A 

comparison between the vapour push and vapour draw system for deposition of TiO2 films 
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on Si (100) was made at University of Liverpool showed that better quality film with 

increased growth rate for vapour push system was obtained302. 

Bubbling: 

Bubbling method is a conventional delivery method often used whilst the vapour pressure 

is insufficient to overcome the chamber pressure, but still high enough to have surface 

reactions181. In this process, an inert carrier gas (such as argon or nitrogen) is used to help 

carry the precursor vapour into the chamber (Figure 2.20 (c)). The actual rate of vapour 

transportation can be established via Equation 2.1 at a given temperature: 

 

F liquid =  
M (liquid)

22.4 l/m
 . 

Pp

P (bubbler)−Pp
 . F carrier                                                    (Equation 2.1) 

 

where F liquid is the mass flow rate, F carrier is the gas flow rate, M liquid is the molecular weight 

of the liquid, Pp is the partial pressure of the liquid at temperature T and P bubbler is the total 

pressure in the bubbler305. The problem with this method often occurs in providing enough 

temperature to make sure that the chemical is vaporised, whilst making sure that no thermal 

decomposition is taking place306. The temperature of the precursor bubbler should be 

measured by an accurate and stable thermocouple to ensure the temperatures recorded are 

real. Any cold spot in the delivery line can lead to condensation; to avoid that happening, 

all the delivery line gaseous and the reactor chamber should be heated to a certain 

temperature (usually higher than the precursor temperature). 
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Direct liquid injection (DLI); Nebulising; Aerosol Assisted (AA): 

To transport low volatility precursors high temperatures are needed to increase the vapour 

pressure, however, the thermal stability of the precursor need to be considered as this 

temperature rise can lead to precursor break down and decompose and hence, poor shelf 

life. Partial thermal decomposition of the precursor may also result in a CVD-like reaction 

and prevents self-limiting ALD. 

Therefore, some delivery systems such as direct liquid injection, nebulising and aerosol 

assisted have been developed to help manage these challenges307. Using DLI, nebulising or 

AA system can lead to higher deposition quality for several reasons as; a) due to the 

possibility of storing the precursor at low temperature, the risk of thermal decomposition 

is reduced, b) flow evaporation of a ‘mist’ of the liquid is used and therefore, this minimised 

the chance of thermal breakdown while efficiently getting the precursor into the vapour 

phase, c) also the vapour can be provided exactly when it is needed (vapour-on-demand) 

and the accurate ratio can be achieved308. Unlike bubblers, DLI are very capable at 

producing vapour from liquid.  

In these methods, the precursors can be stored at room temperature under an inert gas 

(usually Ar). Only at the time of its transportation into the vaporizer is the precursor heated 

to a certain temperature in the vaporizer and then transported to the deposition chamber via 

injectors which can be set to the pulse or continues mode277.  However, in LIALD, the 

injectors are always set to the pulse mode309. Accurate, pure and repeatable vapours can be 

transported into the system by a direct liquid injection delivery method310. A liquid 

injection system has been used in this research due to the low volatility and poor thermal 

stability of the precursor. Figure 2.20 (d) shows a simple schematic of a direct liquid 

injection delivery system. 
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Figure 2.20: Schematic representation of precursor transportation using a) vapour draw, b) 

vapour push, c) bubbling302, d) DLI311 
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2.10. Silver ALD 

 

Like copper and gold, silver belongs to the coinage metals25. Silver typically has a face centred 

cubic crystal structure (fcc) but the hexagonal close packed (hcp) structure has been reported 

for silver as well312. Silver has been used for many applications such as industrial applications 

(catalysts), electrical and electronics uses (batteries), dental and medical uses (serious burn 

injuries, antimicrobial coatings313), etc314. Due to the potential uses of highly conformal silver 

thin films in various subjects such as plasmonic devices26, gas sensors315, reflective mirrors316, 

etc, there has been an increase in the attention paid to the ALD of silver. Silver thin films have 

been deposited by CVD317,318,319,320 and PVD321. However, CVD deposition of silver was found 

to be a challenging process due to the low volatility and low thermal stability of silver 

precursors322.  

In recent years, deposition of silver thin films by ALD has been reported only a few times in 

the literature25,26 ,24 ,23,27,28. At the time of doing this research, only three publications of silver 

ALD was reported. This is largely due to the lack of appropriate volatile and stable precursors. 

Silver precursors that have been used in CVD are more often adducted β–diketonates and 

carboxylates323. The main barrier in using the CVD precursors for deposition of silver is 

limitation in the thermal stability, unlike many other ALD processes which used CVD 

precursors26. Precursors for CVD are typically activated by thermal energy to deposit the film 

via decomposition, whereas suitable precursors for ALD need to chemisorb on the surface as a 

monolayer and reach saturation. While low thermal stability in CVD precursors may be 

advantageous as they can readily decompose on the heated substrate to form a film, they are 

not suitable for ALD.  
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There have so far been three studies on silver thin films by plasma-enhanced atomic layer 

deposition (PEALD)26, radical-enhanced atomic layer deposition (REALD)25 and a very recent 

one on atmospheric pressure plasma enhanced spatial ALD27.  

 

In 2007, Ritala and his group published the first study on deposition of silver thin films by 

REALD using Phosphine-Adducted Silver Carboxylates. The precursor they chose was the 

most thermally stable precursor used for CVD of silver which was Ag (O2C
tBu)(PEt3) and 

hydrogen radicals as co-reactants. The silver precursor was synthesized and then characterized 

by mass spectroscopy (MS), nuclear magnetic resonance (NMR), thermogravimetric analysis 

(TGA) and infrared (IR) spectroscopy. Ag (O2C
tBu) (PEt3) crystals melted at low temperature 

and evaporated readily, which led to a good thermal stability for REALD deposition.  

 

Silicon and glass were used as substrates and silver precursor evaporation temperature and 

deposition temperature were found to be 125 °C and 140 °C respectively with a growth rate of 

0.12 nm per cycle. The films were found to be polycrystalline by XRD. Although conformal, 

uniform (even on a patterned trench substrate with an aspect ratio of 9:1) and self-limiting 

growth was found at 140 °C, it was limited to only one single temperature. Films with 40 nm 

thickness appeared to have low resistivity of 6 µΩ.cm. Furthermore, the actual film at ALD 

temperature was found to have a significant quantity of impurities including phosphorus (4.0 

at. %), oxygen (10 at. %), hydrogen (5 at. %), and carbon (1 at. %). Figure 2.21 shows SEM 

images of a trench with uniform silver deposition. 

 



Chapter 2                                                                                                         Literature Review 
 

58 
 

 
 

Figure 2.21: A silver thin film deposition on a trench substrate by cross-sectional SEM images with 

9:1 aspect ratio25 

 

In 2011, Ritala and his research group published another study on deposition of silver thin films 

by Plasma-enhanced atomic layer deposition (PEALD) on 200 mm-diameter wafers in an 

industrial developed reactor. They used Ag(fod)(PEt3) (fod = 2,2-dimethyl- 6,6,7,7,8,8,8-

heptafluorooctane-3,5-dionato) as a precursor with plasma-activated hydrogen as a co-reactant. 

An ALD temperature window was obtained between 120 to140 °C, with a growth rate of 0.03 

nm per cycle.  

 

They explained that the low growth rate of the silver films was due to the steric hindrance in 

the chemisorptions layer caused by bulkiness of the fod-ligand in comparison with the growth 

rate in the first ALD study of silver. In addition, the shorter exposure time of the plasma-

activated hydrogen led to lower growth rate deposition on the substrates. This indicates that 

the co-reactant does not support for self-limiting growth. The resistivity of the film was 6-8 

µΩ.cm with the 20 nm film thickness.  In the ALD temperature window, the deposited films 

were found to have 85 at. % of pure silver and 15 at. % of impurities including hydrogen, 

carbon and oxygen. Figure 2.22 shows an SEM image of a 17 nm thick Ag film deposited at 

120 °C. 

 



Chapter 2                                                                                                         Literature Review 
 

59 
 

 

Figure 2.22: SEM image of a 17 nm thick Ag film deposited at 120 °C temperature26 

 

 

In 2015, Bruele and his research team published a study on deposition of silver thin films by 

plasma enhanced spatial ALD using Ag(fod)(PEt3), triethylphosphine(6,6,7,7,8,8,8-

heptafluoro-2,2-dimethyl-3,5-octanedionate) silver(I), and an N2–H2 plasma as a co-reactant. 

The silver film was characterized by energy dispersive x-ray analysis (EDX) for composition 

analysis, high resolution scanning electron microscopy and four-point-probe to measure the 

resistivity. Silicon was chosen as a substrate and deposition temperature were 100 and 120 °C 

which revealed good purity level with a resistivity of 18 µΩ.cm27. They showed that silver 

grown as islands and the size and distribution of these islands can be controlled by different 

temperatures (between 100 and 120 °C) and exposure times. This process allows to control the 

silver film morphology accurately at all atmospheric conditions. Figure 2.23 shows SEM 

images of silver morphology on silicon after 2250 cycles at 100 °C (a) and 120 °C (b). 

 

200 nm 



Chapter 2                                                                                                         Literature Review 
 

60 
 

 

 

Figure 2.23: SEM images of surface morphology of the silver films after 2250 cycles deposited at (a) 

100 °C and (b) 120 °C27 

 

In addition to the three previous studies of silver thin films deposited by PEALD and REALD, 

two more studies have reported on thermal ALD of silver nanoparticles.  In 2010, deposition 

of silver nanoparticles via liquid injection atomic layer deposition (LIALD) was reported by 

Chalker et al and developed for the potential applications in plasmonics, catalysts and 

analytical methods24.  

 

The sequential doses of (hexafluoroacetylacetonato)silver(I)(1,5-cyclooctadiene) and propan-

1-ol was used at relatively low substrate temperatures (< 150 °C) to produce nanoparticle films 

of silver via a catalytic oxidative dehydrogenation of the metal precursor by the co-reactant. 

Prior to their study, the same precursor was used in MOCVD to deposit silver on a TiN 

adhesion layer. However, no silver films was achieved due to the fact that the precursor loses 

(a) 

(b) 

200 nm 

200 nm 
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alkene and forms [Ag(hfac)]n at or below the sublimation temperature and therefore, lead to 

insufficient volatility for CVD319.  Hence, they realized that the same precursor can be suitable 

for ALD of silver. They showed in their paper the evidence for the deposition of crystalline 

metallic silver nanoparticles using a cyclic thermal ALD process and also presented that the 

particle size and distribution can be controlled by temperature and by cycle number. Figure 

2.24 shows bright field and dark field TEM images of silver nanoparticles at different number 

of ALD cycles. Although this study was of great interest, it focused more on the properties of 

the nanoparticles rather than on the ALD process itself and hence it did not provide evidence 

that the process is self-limiting.  

 

 
 

Figure 2.24: Upper: bright field TEM images of silver nanoparticles deposited at 130 °C for various 

ALD cycles. Lower: corresponding high angle annular dark field TEM images24 

 

As well as the previous studies, a very recent study has been published by Masango et al23 on 

the deposition of silver nanoparticle films using trimethylphosphine 

(hexafluoroacetylacetonato)silver(I) as a silver source together with either formalin (for the 

AB-type process) (Figure 2.25 (a)) or with trimethylaluminum and water (for the ABC-type 

process) (Figure 2.25 (b)) as co-reactants.  
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Masango et al used in-situ QCM to characterise the growth processes and to confirm that they 

were self-limiting. In their AB-type process, growth rate was defined as being self-limiting 

between 170 and 200 °C, however, they also observed an increase in the growth from 2 to 

10 ng/cm² per cycle as the temperature increased.  

This increase in growth rate together with the TGA data (presented in the supplementary 

information of the paper) would appear to indicate that thermal decomposition of the silver 

precursor is at least partly contributing to the observed growth rate within this temperature 

range. If a CVD-like reaction contributes to growth, then the overall ALD process is unlikely 

to be truly self-limiting. Although the QCM data showed a clear stepwise increase in mass with 

each ALD cycle, this on its own is not conclusive evidence of self-limiting ALD. To confirm 

that an ALD process is self-limiting really requires the effect of precursor dose on the growth 

to be assessed. It is perhaps worth pointing out that even CVD processes can be controlled in 

a stepwise fashion using short doses of precursor. 

 

 

Figure 2.25: HAADF image of as-prepared (a) 10 AB-type Ag ALD NPs on alumina-coated silica gel 

at 200 °C, b) Ag NPs by 20 cycles ABC-type ALD on alumina-coated silica gel at 110 °C23 

 

 

 

(a) (b) 
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2.11. Summary of the chapter  

Ultra-thin metallic silver nano-textured coatings are of significant interest for a range of 

applications including anti-microbial surfaces, plasmonic enhanced thin film PV, catalysts and 

gas sensors. In these applications, control over the size, shape and distribution of the nanoscale 

features on the surface is often critical to the functional performance of the layer. While a range 

of techniques, including wet chemistry, electrochemistry, chemical vapour deposition and 

physical vapour deposition, can readily be used to deposit nano-textured films, each has 

limitations when it comes to precise and repeatable nanoscale control of the coating. These 

techniques also have limitations when it comes to the production of highly conformal coating 

on complex three dimensional surfaces as might be found in biomedical implants or in non-

planar semiconductor devices. One deposition technique that excels at offering highly 

repeatable nanoscale control over an ultra-thin film together with exceptional conformality on 

complex three dimensional structures and compatibility with large scale manufacturing is 

atomic layer deposition (ALD). The self-limiting nature of the process results in truly atomic 

scale control of the deposition and can produce ultra-thin films with excellent uniformity and 

conformity, even on large area or high aspect ratio three dimensional structures. 

 

A diverse range of materials have been deposited by ALD including oxides, nitrides, 

chalcogenides as well as some metals. To date, there has only been a very limited number of 

published studies concerning ALD of silver; two studies relating to thermal ALD with 

unanswered questions relating to the ALD temperature window and to the self-limiting nature 

of the process, and a further four relating to plasma/radical enhanced-ALD. The limited number 

perhaps reflecting the challenge involved in developing volatile silver precursors, which are 

stable enough to survive vaporisation.  
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Although plasma/radical enhanced-ALD offers several potential benefits over thermal ALD, it 

also has limitations, particularly when it comes to coatings onto complex non-planar surfaces. 

Therefore, developing a thermal ALD process for self-limiting deposition of silver is necessary 

to enable the production of highly conformal coatings onto complex three dimensional 

surfaces. 

 

Silver shows antimicrobial activity against a wide range of microorganisms and is the most 

favourable metal for antimicrobial coatings because of its excellent properties including 

inhibition of bacterial adhesion, broad anti-bacterial spectrum, and its tendency for being less 

prone to the increase of bacteria resistance compared to antibiotic. 

 

Due to aging populations and obesity, the need for artificial joint replacement and orthopaedic 

surgeries has increased and affect millions of people around the world. Increasing the need of 

these artificial implants has raised the number of implant-related infections and resulted in 

implant failure, revision surgeries, extra pain for the patients, more hospitalisation time and 

also hugely increased the financial burden on health services. Therefore, there is an urgent need 

for preventing the spread of bacteria adhesion and bio-film formation on the implant surface 

and reduce colonisation of implanted titanium based biomaterials by surface modification. To 

modify the surface of implants to decrease the bacterial colonisation, one method is using 

metallic elements to coat the implant surface and silver is the most favourable metal for 

antimicrobial coatings due to its excellent properties identified above.  

Various types of methods have been used for antimicrobial coating surfaces so far, including 

wet chemical coating (sol-gel method), chemical bonding of antimicrobial agents, dipping, 

layer-by-layer (LBL) method, spray, PVD coatings and also CVD coatings. None of these 
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techniques is able to provide a highly conformal, ultra-thin uniform and sub-nanometre scale 

control coating over the complex implant structures.  

Hence, using ALD of silver for antimicrobial coating of orthopaedic implants is an 

advantageous method by providing two key benefits: 

 

 Sub-nanometre scale control over the silver coating thickness as high levels of silver in 

the body can result in adverse side effects and therefore, ALD potentially offers a route 

to preventing this by minimising the amount of silver on the implant. 

 Highly conformal film coverage, even on very high aspect ratio micro-structures such 

as the foam and solid orthopaedic implants.
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3.1. Introduction 

 

This chapter describes experimental methods used in this thesis for sample preparation and 

characterisation. Initially, the growth technique used for films deposition is described together 

with details of precursor and co-reactants and other parameters involved in the coating process. 

Following the film growth, mass deposition was consistently measured by weight gain 

measurements and monitored by an in-situ Quartz Crystal Microbalance (QCM).  Four point 

probe (FPP) has been applied to measure electrical resistivity. X-

ray photoelectron spectroscopy (XPS) has been used to assess the chemical composition of the 

films. Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM) have been 

used to determine film microstructure and morphology. X-Ray Diffraction (XRD) has been 

employed to explore film microstructure. Selective Laser Melting (SLM) has been utilized to 

manufacture 3 dimensional bone-implant structures. All of the structures were fabricated by 

Dr. Joseph Robinson and Samuel Evans at the University of Liverpool. These experimental 

methods have been optimised to achieve high quality data while minimising experimental 

errors. For biological assessment, both in vivo and in vitro analyses have been applied. All 

biological studies in this thesis were conducted by Professor Christopher Mitchell, Aine Devlin 

and Naomi Todd at the University of Ulster and all experimental procedures for this section 

can be found in Appendix A.  

 

 

 

 

http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
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3.2. Sample preparation 

 

Two different form of samples were used in this research as flat samples and SLM parts which 

will be explained with their preparation details in the following sections. 

 

3.2.1. Flat samples 

 

Three types of substrate were used in each run including 75 × 25 mm standard Soda lime glass 

microscope slides, 30 × 30  mm n-type Si (100) wafer (Compart Technology Ltd. Virgin test 

grade) and 30 × 30 mm titanium sheet (Goodfellow Cambridge Ltd, 99.6% purity) to allow 

using different characterisation methods. The glass slides were cleaned by rinsing in 

isopropanol and drying using nitrogen. The glass slides were used for electrical resistivity 

measurements due to having non-conductive surface.  

 

The silicon wafers were used as-supplied with no additional preparation with ~ 20 Å of native 

oxide on the surface. In order to obtain thickness measurements and microstructure analysis 

silicon wafers were employed due to its surface smoothness and well oriented grains crystalline 

structures. Titanium samples were cleaned by immersion in 5 % micro-90 detergent (Decon, 

Sussex, UK) in distilled water at 60 °C using an ultra-sonic bath (VWR, Radnor, USA) for 90 

minutes, followed by rinsing in distilled water, sonication at 70 °C in distilled water for a 

further 90 minutes before a final rinse in distilled water. The samples were then dried at 80 °C 

in an oven before being used for the deposition process324. Titanium samples were used to 

investigate any change in the nucleation (size, density, etc) and mass gain of grown silver. As 

the application of this research is silver coated titanium implants, a detail study on titanium 

substrate for each run was required. After each run, all samples were wrapped with optical lens 
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tissues and kept in sealed plastic bags to protect them from dust, contamination or surface 

scratches.  

 

3.2.2. Selective Laser Melting (SLM) 

 

3.2.2.2. Manufacturing equipment and process condition 

All of the structures including porous and solid geometries used in this research were fabricated 

by Dr. Joseph Robinson and Samuel Evans at the University of Liverpool using a SLM Realizer 

2 - 250 (MCP, Germany). In the Appendix B, a schematic of the SLM machine as well as brief 

background information can be found. This equipment can build structures with a maximum 

height of 240 mm on a 250 × 250 mm2 build plate. This system uses a ytterbium fibre laser 

with maximum power of 200 W and continuous wave with λ=1.06 μm (IPG, Germany)87. The 

build platform is joined to an elevator which is lowered after each build layer has been 

completed. A fresh layer of powders is then applied and levelled using a wiper blade. The laser 

is scanned over the powder bed using scanning mirror controlled by a computer.  

To produce a fully dense parts the build speed is roughly 5 cm3 per hour87. The software used 

in the present study was Realizer (Realizer, GmbH, Borchen, Germany) which is in charge of 

manipulation the CAD files. Before starting the manufacturing process by SLM, the chamber 

is flushed with Argon gas and the amount of residual oxygen is determined via a Rapidox 2100 

gas analyser (Cambridge Sensotec Ltd., St Ives, UK). The flushing is continued until the 

oxygen level is under 250 ppm before the manufacture process is started. To achieve finest 

results in terms of the quality of the components and the speed of the process, the particle 

diameters of the powders is chosen between 10-75 µm. 
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3.2.3. SLM bone-implant samples 

 

In this research, the materials used to manufacture the implants (porous and solid) are 

commercially pure grade one titanium powder (CpTi) (Sumitomo, Japan) of mean particle 

diameter 28.5 microns with 90% of the particles being under 45 microns produced by gas 

atomization. The powder layer thickness was 50 microns and laser beam diameter 80 microns, 

with the laser power and exposure set to produce melt spots of nominal diameter 180 microns 

in order to produce a wire frame structure with a nominal porosity of 65%87.  

The final implants dimensions were 2.0 mm in diameter and 1.5 mm in height for both solid 

and porous structures. Scaffolds were cleaned by immersion in 5% micro-90 detergent (Decon, 

Sussex, UK) in distilled water at 60 °C using a ultra-sonic bath (VWR, Radnor, USA) for 90 

minutes for 3 times. Then, they were sonicated at 70 °C in distilled water for a further 90 

minutes before two final rinses in distilled water. The structures were then dried at 80 °C in an 

oven overnight being ready for sintering process. The reason for cleaning the samples before 

sintering was to remove residual powder and avoid contaminations entering the oven.  

The sintering process was carried out in a VFS HEQ 2624 vacuum furnace (Philadelphia, USA) 

at 1400 °C under a 5 Torr vacuum for 3 hours for both porous and solid structures. Then, 

samples were cooled down with backfilled argon flow in the vacuum furnace to room 

temperature for a period of almost 2 hours93. All the sintering process were carried out by Lewis 

Mullen at the department of advanced technology, Stryker orthopedics, New Jersey. The 

structures were cleaned after sintering in the same way that they were cleaned before sintering 

and were wrapped with optical lens tissues and kept in sealed plastic bags ready for the further 

steps.  

 



Chapter 4                                                          ALD Growth of Ag/Alcohol Based Co-reactant 
 

71 
 

Figure 3.1 demonstrates the high resolution SLM images before and after sintering. The 

sintering procedure can help to decrease any internal porosity and remove any small defects in 

the strands and also can help to merge any early developed melted powder and therefore, 

resulted in the development of a homogeneous and consistent macrostructure. The sinter cycle 

leads to smoother and more rounded parts which can decrease the free energy, with any 

remaining powder being merged into the parts87.  

 

 

  

Figure 3.1: SEM images showing the microstructure of the a) pre-sintered and b) post-sintered SLM 

cylindrical implants structures 

 

In order to mount the porous and solid samples, samples were designed with attached 5 mm 

tab. Figure 3.2 shows a CAD model of a solid cylindrical implant samples with the attached 

tab. To design 3D structures and components in this research, the software package has been 

utilized was Pro Engineer Wildfire 3. This package has been used to design all orthopedic 

(a) 

(b) 

10 µm 

10 µm 
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component models in this study with the ability of converting CAD files into STL format for 

additional changing. 

 

 

Figure 3.2: An original CAD model file of cylindrical implant samples 

 

In order to design a sample holder for mounting samples in the ALD reactor a few important 

considerations was made. The sample holder is a key contributor to transferring the thermal 

energy from the graphite susceptor to the component, therefore the height of the sample holder 

was designed to be the same as the sample tabs which was 5 mm. The sample holder was 

designed with size consideration of the AIXTRON chamber and was positioned at the front 

part of the reactor to optimize the precursor flow throughout the samples.  

 

The sample holder was also designed with the purpose of easy access for mounting and un-

mounting samples before and after coating respectively. Due to the large amount of samples 

needed for this research for both in vivo and in vitro studies, the sample holder was designed 

to maximize the number of samples in each run while still absorbing gas flow/precursor 

exposure. Figure 3.3 illustrates an original CAD model file of the sample holder with 

dimensions of 70 × 40 × 5 mm and the maximum number of 85 cylindrical sample spaces. 

 

5 mm 

2 mm 

1.5 mm 

1 mm 
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Figure 3.3: An original CAD model file of the sample holder 

 

As already discussed in chapter 2, temperature has a major effect on the coatings of silver ALD 

and the process is very sensitive to temperature changes. Therefore, any temperature below or 

beyond the ALD window can lead to condensation or thermal decomposition respectively. A 

careful consideration of temperature variances was investigated here due to additional 5 mm 

height from the orthopaedic cylindrical samples to the reactor’s graphite heater.  

 

The graphite heater was adjusted until a low mass thermocouple attached to the top of one of 

the samples stabilized at 125 °C. The graph below (Figure 3.4) shows a study on the 

temperature stabilization time on the orthopaedic cylindrical sample under vacuum in the 

AIXTRON reactor. This study has been done to minimise any temperature effect on the 

coating. As it is clear from the Figure, by setting the temperature to 125 °C, the cylindrical 

sample temperature rises rapidly to 180 °C and then decrease slowly over time and reach to 

125 °C. Therefore, to minimise any temperature effect, the 20 minutes time period for 

temperature stabilisation prior to the coating process was added to the AIXTRON software.   
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Figure 3.4: Study on the temperature stabilization time on the orthopaedic cylindrical sample 
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3.2.4. SLM split cube samples 

 

As described in chapter 2, one of the most challenging issues associated with coating 3D 

structures is conformality. Self-limiting atomic layer deposition should be able to produce 

ultrathin and conformal films even on high aspect ratio structures325. To assess the conformity 

of the ALD coating within complex three dimensional surfaces, test structures in the form of 

porous titanium foam were fabricated by SLM using the randomized foams and same method 

as described in the section 3.2.3. ‘Split cube’ samples with a porosity of ~ 65% were designed 

to enable SEM of internal surfaces within the three dimensional structures without the need for 

sectioning, while might damage the coating on titanium. Each sample was made up of two 2.5 

× 5 × 5 mm foam blokes tightly wired together to form 5 × 5 × 5 mm cubes. 

 

The samples were coated using ALD with different doses of precursor. Following ALD, the 

two halves of the cubes were separated and SEM was used to look at the coating on the internal 

surfaces. Figure 3.5 shows a schematic of split cube structure showing how the sample is wired 

together and orientated in the ALD reactor. The triangle on top of the each split half was used 

as an orientation marker to identify the sample orientation with request to the flow direction. 

                   

 

Figure 3.5: A schematic of split cube structure showing how the sample is wired together and 

orientated in the ALD reactor 

 
Flow direction 
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3.3. Precursor preparation 

 

A 0.1 M solution of (1, 1, 1, 5, 5, 5-hexafluoroacetylacetonate cyclooctadiene Ag (hfac) 

(COD)) [(hfac) Ag (1,5-COD)] (C13H13AgF6O2) (supplied by SAFC Hitech Ltd) in anhydrous 

toluene (Sigma Aldrich) was used as the silver precursor. Figure 3.6 shows chemical structure 

of [(hfac) Ag (1,5-COD)]  molecule. Once in solution, the silver precursor is moisture and light 

sensitive and hence solutions were carefully prepared in a nitrogen glove box and were then 

stored under inert gas in the dark. The silver precursor was introduced into the reactor at a rate 

of 17.5 μl/s by direct liquid injection along with 200 sccm of argon (99.999 %, BOC) carrier 

gas. To measure the precursor rate, a flow meter sensor was installed at the inlet of the reaction 

chamber to monitor the precursor rate during all experiments. It helped to find out the 

consistency of the injector behaviour throughout the whole deposition time. Precursor delivery 

using direct liquid injection method was described in chapter 2.   

 

 

Figure 3.6: Chemical structure of the [Ag (hfac) (COD)] molecule326. 
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3.4. Co-reactants  

 
3.4.1. Propan-1-ol/Butan-1-ol 

 

Propan-1-ol (HPLC grade from Fisher Scientific) and butan-1-ol (99 %, HPLC grade from 

Sigma Aldrich) were used as alcohol-based co-reactants. These co-reactants were introduced 

via vapour draw (as described in chapter 2) with a high speed ALD valve (Swagelok) to ensure 

accurate dosing. They were held in glass bottles at room temperature.  

 

3.4.2. Tertiary Butyl Hydrazine (TBH) 

 

Tertiary butyl hydrazine (98 %, HPLC grade from Sigma Aldrich) (C4H12N2) was used as a 

highly volatile co-reactant due to its strong protonating agent compared to alcohols. The TBH 

was delivered into the reactor via a high speed Swagelok ALD valve (operation time of 5 ms) 

by a vapour draw system and held in a bubbler at room temperature306. At the end of each run 

using TBH, the chamber was cycled for 20 minutes pump/purge sequence (2 minutes pump/ 2 

minutes purge) with a continuous 200 sccm Ar flow clean the reactor chamber from any 

residual molecules in the gas phase.  
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3.5. Atomic Layer Deposition 

  
3.5.1. Aixtron AIX 200FE 

 

All deposition in this study was carried out using direct liquid injection atomic layer deposition 

(LIALD) using a modified Aixtron AIX 200FE reactor. A schematic of the Aixtron AIX 200FE 

can be found in Appendix C.  In this reactor substrates sit on a graphite heating stage which is 

heated using five infrared lamps and can go up to 650 °C. To control and measure the 

temperature, a thermocouple is embedded inside the graphite susceptor. The reactor is 

connected to a Jipelec TriJet® liquid precursor delivery system, which provides up to three 

precursor sources. The precursor is dissolved in a solvent such as anhydrous toluene, is stored 

at room temperature in pressurised glass containers under argon to ensure the lifetime of the 

precursor is maximized (normally 1200 mbar).  

 

The precursor solution is sprayed into the heated vaporiser using an injection nozzle327 and 

with a steam of argon carrier gas to help with vaporization. The liquid injection delivery method 

is explained in details in chapter 2. Five stage dry pumps are used to evacuate the reactor. A 

vacuum gauge is applied to measure the pressure of the chamber and a throttle valve is then 

used to control the chamber pressure. Mass flow controllers (MFCs) were used for controlling 

all gas flows in the reactor. To set up and control all features in the reactor the CACE software 

was used which lets the user change different parameters and recipes for various growth 

process309.  
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A typical ALD cycle for silver coating in this research is shown in Figure 3.7 which can be 

repeated N times to form a film of N number of cycles. In this research a fixed number of 500 

ALD cycles is used for the investigation of deposition rates. However, the effect of cycle 

number on the film growth was also investigated.  

 

 

                

  

 

 

Figure 3.7: Schematic of the ALD process to deposit Silver NPs 

 

Due to the effect of temperature on the ALD process, a low mass thermocouple was inserted 

into the chamber to enable in-situ monitoring of surface temperature under growth conditions. 

The measurements demonstrated that there is little fluctuation in temperature across the entire 

susceptor area, with the largest fluctuations of up to ± 0.3 ºC compared to the set point (Figure 

3.8). 

 

 
 

 

Figure 3.8: A Schematic Illustration of Aixtron Chamber for temperature measurements across the 

substrate holder when heated at 125 °C. 
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Growth parameters for silver deposition ALD are summarised in table 3.1 using Aixtron 

thermal reactor. Reactor pressure and vaporisation temperature have been chosen after several 

experiments to establish the most favourable conditions for the growth of (hfac) Ag (1,5-COD) 

in this reactor before by Paul Marshal at the University of Liverpool. Other growth parameters 

have all been investigated throughout this research.   

 

 

Table 3.1: Growth parameters for silver deposition using AIXTRON thermal reactor 

 

Precursor (hfac) Ag (1,5-COD) 0.1M toluene 

solution 

Co-reactant 
None/propan-1-ol/butan-1-ol/tertiary 

butyl hydrazine 

Substrate temperature (°C) 80-200 

Flow rate through the precursor 
(sccm) 

30 

Vaporisation temperature (°C) 130 

Flow rate of Argon through lines 
(sccm) 

200 

Reactor pressure (mbar) 5 

ALD recipe 0-8s/0-8s/0-8s/0-8s 
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3.6. Material characterisation and analysis techniques  

3.6.1. Quartz Crystal Microbalance (QCM) 

 

A Maxtex TM - 400 deposition monitor was used in this research fitted with a custom made 

sensor head holder installed in the centre of the ALD reactor chamber as an in-situ mass 

deposition measurement. The reason for using a custom made sensor head holder was 

providing a good thermal contact between the quartz crystal and its holder to avoid any 

precursor condensation due to the high temperature sensitivity of the silver precursor. Also, a 

thermocouple was placed directly to the surface of the QCM to monitor the temperature 

accurately. Figure 3.9 shows a picture of the custom made sensor head holder used in this study. 

Background information about this method can be found in Appendix D.  

 

 

Figure 3.9: Picture of the custom made sensor head holder used in this study 

 

A Y-11° cut GaPO4 high temperature crystal (0 - 460 °C) was used in this study due to its 

excellent thermal stability328 with a crystal density of 3.57 g/cm³ and sheer modulus of 2.147 

g/cm s² operating at resonant frequency of 6 MHz181. Before using the QCM to monitor the 

silver ALD process, initial test runs using TTIP + H2O were carried out. The TTIP + H2O 

process is well established as an ALD process and therefore provides an opportunity to test and 
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calibrate the QCM. A 0.1 M solution of TTIP in toluene was prepared and used for the initial 

testing, which was carried out at 200 °C.  

 

Figure 3.10 shows the mass gain recorded for 19 ALD cycles with 6 s of TTIP dose and 15 s 

of purging Ar (200 sccm) to explore as a part of the calibration process. The long purge time 

was used to ensure stabilization of the QCM frequency after dosing the precursor and co-

reactant. To investigate the agreement in mass gain between QCM and analytical microbalance 

a silicon substrate was used alongside the in-situ QCM. The mass gain achieved by analytical 

microbalance on silicon was 0.00016 ± 0.0001 g, whereas QCM showed 0.00028 g. This result 

confirms high measurements precision between two techniques.  

 

 

 

Figure 3.10: Mass gain monitored by the QCM at 200 °C for 19 ALD cycles using (TTIP) for an 

Ar purge (200 sccm) of 15 s for both TTIP and H2O 
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3.6.2. Weight gain 

 
3.6.2.1. Measurement information 

To assess mass deposition rate, a Mettler Toledo XS205 analytical microbalance was used to 

measure mass before and after each deposition on silicon and titanium surfaces. The 

microbalance has high accuracy up to five decimal points329 and the film thickness (T) can be 

estimated from the mass gain using equation 3.1. 

 

T = ∆M / A × ρ                                                                                                                        (Eq. 3.1) 

Where T is the thickness (cm), ΔM is the weight gain (g), A is the surface area (cm²), and ρ is 

the film density (g/cm³). It is difficult to directly measure the film density, hence a bulk density 

for silver of 10.49 g/cm3 was assumed. It is however important to note that the actual density 

of the deposited material may be significantly different from the bulk value, hence at best this 

method is just an approximation330.  

 

In this study, due to small deposited weight, each sample was weighted 3 times before and after 

the deposition to decrease errors by checking the reading stability and the balance was zeroed 

each time. Details of repeats of measurements have been shown in Appendix E. By avoiding 

the lowest and the highest measurements, the average of the other values was used to evaluate 

the mass gain. An uncoated 2" silicon wafer was also measured before and after the deposition 

as a reference sample. This sample has been measured for more than three years to check the 

reading stability (measured ~1200 times). Equation 3.2 was used to calculate the weight gain, 

 

∆M = (Mr1 + Ms1) – (Mr0 + Ms0)                                                                                            (Eq. 3.2) 

 

Mr0 and Mr1 are the reference sample weight before and after deposition respectively, while 

Ms0 and Ms1 are the sample weight before and after deposition respectively181.  
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This method can help to decrease the measurement shift of the microbalance at different times. 

Figure 3.11 illustrated 600 measurements during the study as a histogram. A measured value 

between 1.3666 g to 1.3667 g was obtained with the error limit of ±0.00010 g confirming the 

95% reliability of the data. 

 

Other potential errors for this technique can arise by small changes in the area of the substrates 

which may vary dramatically between different substrates. All the possible errors are measured 

and justified in the results section. Many of the films in this study go down as nanoparticles 

rather than as planar films, hence film thickness is of limited value. Instead of thickness, mass 

deposition rate is more meaningful.  

 

 
Figure 3.11: A histogram for the measured weigh of a reference sample. 

 

 

Weight gain measurement was also used to evaluate the uniformity of the deposited film by 

coating 13 silicon samples (1 cm × 4 cm) across the reactor length.  

 

 

1.36659 ± 0.00010 (95%) 
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3.6.3. X-ray Diffraction (XRD) 

 
All XRD measurements throughout this work were carried out using a Rigaku Miniflex powder 

diffractometer with water-cooled Cu Kα x-ray source (1.54 Å wavelengths, 40 kV, 50 mA). 

Fundamentals about this method and the schematic of the equipment used in this research can 

be found in Appendix F.  

By doing some preliminary studies on the samples, a range of scattering angles between 30° to 

50° was chosen as the main characteristic features of silver are in this range and therefore useful 

information can be achieved on the phases and crystal structures. There are two more planes 

outside this range between 60° and 80° as (220) and (311),  however, they have been avoided 

due to the slow scan speed for 0.01 degree per minute to improve the signal-to-noise ratio of 

the spectra. After applying ‘Peak Search’ software to remove background noise, the peak fitting 

with the Gaussian function was used to interpret and analysed the data to produce valuable 

information331.  

Figure 3.12 shows the X-ray diffraction pattern of synthesized crystalline silver nanoparticles 

from JCPDS database (File No. 04-0783). These standard patterns are compared with the 

experimental patterns to discover plane for each peak and also the phase of the specimen. The 

diffraction pattern of the standard patterns represents planes for (111), (200), (220) and (311) 

reflections of the face centred cubic (fcc) structure of metallic silver.  



Chapter 4                                                          ALD Growth of Ag/Alcohol Based Co-reactant 
 

86 
 

 

Figure 3.12: X-ray Diffraction pattern of crystalline silver nanoparticle332 

 

The peak-fitting results showed the peak position errors between 0.01° and 0.04° together with 

the errors in the sample displacement for 0.01° peak shift. To conduct these errors, the same 

sample (15 nm thickness on silicon substrate) was mounted and scanned, then un-mounted and 

mounted again and this process repeated for almost 30 times. The error margins set for the 

three peaks are shown in Table 3.2.  

 
Table 3.2: Error margins set for the three silver peaks 

 

 

 

 

 

 

Plane Peak shift (°) 

(111) 

(200) 

(220) 

± 0.02 

± 0.01 

± 0.04 
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3.6.4. Scanning Electron Microscope (SEM) 

 

3.6.4.1. Measurement information 

 

In this study, SEM was carried out using a JEOL JSM-7001F field emission FEG-SEM gun 

operated at beam energies of 15-30 KV to explore the microstructure and morphology of the 

film. A brief description on how SEM works can be found in Appendix G. Samples area was 

usually 5×5 mm2 and was mounted on the appropriate sample stage by using double sided 

carbon tape with a working distance of ~10 mm.  

 

There are a number of functions that can affect the image quality while imaging samples. 

Although sometimes the instrument can cause these disturbances, they mostly happen due to 

the inappropriate sample preparation, instrument vibration, lack of the operator skills, etc. 

These problems can lead to image disturbances including low quality image, noises, image 

deformation, lack of sharpness, etc420. The majority of the images in this research were 

produced by secondary electrons signals. However, there are a few images which have been 

also produced by backscattered electrons to compare and contrast the nanoparticle size 

differences via these two techniques.  

 

To evaluate the individual mean particle diameters and particle distribution on the selected 

area, software Image J333 and the macro Particle Size Analyser (PSA_r12)334 were used. Each 

sample was analysed by randomly sampling at least four areas to ensure that the resulting data 

was representative of the whole. Manual measurements of particle sizes was carried out to 

verify the Image J analysis and also to measure irregular shaped nanoparticles. 
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For the hemispherical particle shape, variation of ± 3 nm in particle diameter was stablished by 

automatic calculations of the software. This particle size variation raised by increasing the 

number of cycles to ± 7 nm in particles diameter (based on the threshold level). Manual 

measurements of particle size was also carried out to verify the Image J analysis.  

 

3.6.5. Atomic Force Microscopy (AFM) 

3.6.5.1. Measurement information  

  

The Bruker Multimode 8 was used to take all topographic data and measure the surface 

roughness of all the deposited films in this study. Schematic of the AFM and the background 

information are available in Appendix H. Bruker established the Scan-Asyst mode in order to 

develop the tapping mode technology to provide enhanced quality images for the users by 

removing the cantilever tuning and modifying the scanning parameters automatically238. 

Therefore, the Scan-Asyst mode using silicon nitride tips with the radius of 2-12 nm was 

employed for scanning all samples in this study to control scanning area, scanning speed and 

other scanning parameters automatically.  Scans were recorded over areas from 500 nm to 10 

µm2 by employing 512 lines and with a scan frequency of 0.5 Hz. The height distribution was 

narrower for topographic scans over the small areas as it was anticipated.  

Five different images were used from different locations on each sample to obtain the actual 

errors in RMS. Figure 3.13 represents a 2D topographic image of an un-coated silicon (100) 

substrate obtained by AFM. The surface roughness was measured to be 0.21 nm due to the 

vibrations during the scan. The equipment was calibrated with a reference sample (Veeco) by 

Tim Joyce at the University of Liverpool.  
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Figure 3.13: A 2D AFM image for an un-coated silicon (100) substrate 

 

3.6.6. X-ray Photoelectron Spectroscopy (XPS) 

The XPS measurements in this work were carried out using a FISONS VG Escalab MKII with 

an Al Kα x-ray source (1486.7 eV). In Appendix I, a schematic of the XPS system as well as 

background information can be found. Wide survey scans were carried out for each sample 

(BE range from 0-1200 eV) with pass energy of 50 eV alongside with narrow scans on the 

main elements (Ag, F, O and C) under pass energy of 20 eV and the step size of 0.1 eV. In 

order to compensate surface charging, all peak binding energies were calibrated to C1s peak at 

285.0 eV. In this research samples were used after ALD deposition with no additional 

preparation with area of 1×1 cm2 (or slightly smaller) and mostly silicon substrates which were 

mounted by double sided conductive tape in the sample position. Sample should always handle 

with gloves to avoid the oil from hands as it can contaminate the sample and also the vacuum 

chamber335.  

RMS = 0.212 nm 

Surf. Area = 1.000 µm2 

0 1 µm 

5 nm 1 µm 

0 nm 0 
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All scans are repeated twice to check for any possible damage caused by x-ray and the scan 

times were kept the same for collecting in all spectra. The XPS equipment is supplied with the 

software which can be used for peak-fitting to provide useful information such as the full width 

at half maximum (FWHM) value of any peak, the binding energy (BE), the ratio of two peak 

areas, the shape of a peak, etc336.  

 

3.6.7. Post growth heat treatments 

3.6.7.1. Argon annealing 

 

A Carbolite® horizontal compact tube furnace with the capability of annealing up to 1200 ºC 

was used to anneal silver thin films. A gas flow regulator (3L/min) was connected to an argon 

bottle (zero grade from BOC) which was used at the end of the furnace for providing constant 

argon flow while the bottle was set at 1 bar. The ramp rate was set at 5º C/min to prevent 

thermal shock of the ceramic tube. Before loading the sample into the furnace, the system was 

held for 4 hours at the set temperature to stabilise the temperature. A ceramic boat was always 

used to load the sample inside the furnace309. In order to avoid any contamination inside the 

tube even when it was not under operation, the tube has been kept at 300 ºC all the time. Prior 

to each annealing study, the argon flow was used for 10 minutes to prevent any contamination 

and trapped air inside the furnace. After annealing, samples were cooled to 50 °C before 

exposed to air. Stainless steel and anti-flame material seals were used to prevent air inside the 

tube furnace. 
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 3.6.8. Adhesive testing 

3.6.8.1. The scotch tape test 

The adhesion of the silver film to the silicon substrate was evaluated by the Scotch tape test 

(Scotch® 600 transparent tape). The type of the tape and the method of stripping were kept the 

same for all tests. However, unfortunately achieving a 100% consistency and repeatability in 

this test is not possible. Although more than 200 methods are available for adhesive testing, 

none of these methods can provide consistency in measuring the strength of the film to the 

substrate337.  

 

3.6.9. Four point probe (FPP) 

A Signatone probe head (SP4-50085TFS) and a Keithley 2400 source meter were used to 

perform four point probe measurements. The probe radius was 0.13 mm with 1.3 mm tip 

spacing and was made from tungsten carbide238. The specimen was placed onto the probe stage 

for the measurement and probes were lowered down until the stabilization on the sample 

surface. Four point probe values (current, range) are set and controlled via using computer 

software connected to the kit. The sheet resistance (Ω/square) was measured from the slope of 

the I-V plots and then the resistivity value was obtained (Ω.cm). In this thesis, resistivity tests 

were measured on the coated glass slides. The purpose of measuring resistivity was to 

investigate how surface morphology can effect on the resistivity by increasing the number of 

cycles and also using different co-reactants. Background information are provided in Appendix 

J. 
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4.1. Introduction 
 
 

The current chapter seeks to develop a thermal ALD process for the deposition of silver. 

Particular focus is given to investigating a self-limiting thermal ALD process for the deposition 

of metallic silver nanoparticle films. The motivation for this is to exploit the self-limiting 

property to coat complex three dimensional structures such as bio-medical implants. Besides, 

the effects of two different alcohol-based co-reactants on self-limiting behaviour of silver ALD 

have been investigated and a systematic comparison has been made on their growth differences. 

The film growth was investigated with (hfac) Ag (1,5-COD) precursor in the following 

schemes: 

 

 Deposition with no co-reactant 

 ALD with propan-1-ol co-reactant 

 ALD with butan-1-ol co-reactant 

 

The effects of temperature, precursor dose, different co-reactants doses and also the number of 

ALD cycles on the growth rates of the nano-textured films are systematically investigated using 

a range of in-situ and ex-situ characterisation techniques. We show that under appropriate 

growth conditions, it is possible to achieve self-limiting ALD with two different co-reactants 

used in this research and we use in-situ QCM measurements to elucidate the surface reactions 

involved in the process using propan-1-ol.      

As microstructure plays a significant role in establishing the optical, electrical or bio-medical 

properties of silver thin films, hence, it is necessary to understand how it is affected by growth 

temperature, precursor/co-reactant doses/ different co-reactants and film thickness. AFM, 

SEM, and XRD have been used to investigate the microstructure of the deposited films and 
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revealed information on the crystallite size and surface morphology. Also, chemical 

composition of silver ALD was investigated using XPS at different growth conditions.  

 

4.2. Experimental procedure 

 

Silver films were deposited on polished virgin test grade Si(100)(Compart Technology Ltd.) 

by thermal ALD using a customised Aixtron  customised Aixtron AIX 200FE reactor. A 0.1 

M solution of ((hfac)Ag(1,5-COD)) (supplied by SAFC Hitech Ltd.) in an hydrous toluene 

(Sigma-Aldrich) was used as the silver precursor. Once in solution, the silver precursor is 

moisture and light sensitive and hence solutions were carefully prepared in a nitro-gen glove 

box and were then stored under inert gas in the dark. The silver precursor was introduced into 

the reactor at a rate of 17.5 µl/s by direct liquid injection along with 200 sccm of argon 

(99.999%, BOC) carrier gas. The precursor solution was volatilised using a Jipelec vaporizer 

set at 130 ºC (it is important to note that the precursor vapour does not actually reach 130 ºC 

in the vaporiser due to the flow of carrier gas). Propan-1-ol and butan-1-ol (HPLC grade from 

Fisher Scientific) were used as co-reactants and were introduced into the reactor as a vapour, 

via a Swagelok ALD valve, using a conventional vapour-draw source held at room temperature 

(∼20 ºC). The ALD cycle was defined by sequential pulses of the two reactants separated by 

inert gas purges (Argon) to prevent gas phase reactions. The effects of growth temperature 

silver precursor dose, co-reactant dose and number of ALD cycles were all investigated. 

Growth was carried out at a nominal reactor pressure of 5 mbar. Samples were allowed to 

‘soak’ at the set-point temperature for 20 mins prior to deposition to ensure that they reached 

thermal equilibrium with the graphite susceptor (a standard deviation of ±0.2 ºC was recorded 

in the temperature throughout the deposition period). All details are shown in Table 4.1.  

 



Chapter 4                                                          ALD Growth of Ag/Alcohol Based Co-reactant 
 

95 
 

 

 

Table 4.1: ALD growth parameters for silver deposition using AIXTRON thermal reactor 

 

Growth condition Value 

Growth temperature 80-200 °C 

Reactor pressure 5 mbar 

Silver precursor (hfac)(1,5-COD)Ag 

Silver source 0.1M solution in n-Toluene 

Vaporizer temperature 130 °C  

Precursor delivery rate 17.5 μl/second 

Argon flow rate 200 sccm  

Co-reactant Propan-1-ol/Butan-1-ol 

Co-reactant delivery Vapour draw at ~20 °C 

ALD cycle Inject Purge Co-reactant Purge 

0-6 s 4 s 0-6 s  0-6 s 

 

 

4.3. Deposition with no co-reactant 

 

The effect of temperature on any ALD processes is of significant importance for establishing 

the window in which self-limiting growth can be obtained. The temperature window of an ALD 

process can be affected by a number of factors, but often the most critical of these is the thermal 

properties of the metal precursor. To establish the thermal characteristics of the (hfac) Ag (1,5-

COD), a systematic co-reactant-free growth study was carried out between 80 and 200 °C. This 

‘precursor-only’ test used 4 s doses of the silver precursor followed by 9 s purges. The mass 

gain per square centimetre per cycle after 500 cycles of this process is shown in Figure 4.1.  

 

At temperatures below ~125 °C, the mass gain is inversely proportional to temperature, which 

is attributed to condensation of the precursor or, more likely, the Ag(hfac) part of it (the 1,5-

COD can readily dissociate from the molecule before the precursor reaches the substrate and 

as it is highly volatile, may be pumped away)338. The mass gain reaches a minimum at ~125 °C, 

where no detectable mass increase occurs. As the temperature increased above 125 °C, the 
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deposition rate increase exponentially, which is attributed to thermal decomposition of the 

silver precursor. To avoid thermal oxidation of the film for entire experiments, before exposing 

the samples to air, the reactor was always cooled to below 80 °C. 

 

Figure 4.1: Mass deposition as a function of substrate temperatures using 4 s doses of (hfac) Ag (1,5-

COD) with no co-reactant on silicon substrate 

 

4.4. ALD with propan-1-ol as a co-reactant 

 
4.4.1. Growth study 

 

Propan-1-ol (also recognized as n-propyl alcohol, 1-propanol, and n-propanol) is an alcohol 

known by the molecular formula of C3H8O which is used as one of the co-reactant in this study. 

A detailed study on thermal characteristics of the (hfac) Ag (1,5-COD) between 121 and 130 

°C both with 2 s doses of propan-1-ol and without co-reactant is shown in Figure 4.2. In the 

absence of the co-reactant, mass deposition rate is found to be zero between 123 and 128 °C. 
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The addition of the co-reactant causes an increase in deposition rate at all temperatures 

compared to the precursor only process, while retaining the same general trend.   

This indicates that there is a narrow ALD temperature window between 123 and 128 °C, with 

a nominal deposition rate of 17 ng/cm2 per cycle. If the coatings are initially assumed to be 

planar films (which is not the case, as will be discussed in the following sections), then the 

mass deposition data would give a nominal film thickness of ~7.9 nm for the films grown using 

500 ALD cycles which corresponds to a rate of 0.16 Å/cycle (based on an assumed bulk silver 

density of 10.49 g/cm3). 

 

Figure 4.2: Mass deposition as a function of substrate temperatures using 4 s doses of (hfac) Ag (1,5-

COD) with detailed view of no co-reactant (squares)and with 2 s propan1-ol doses as a co-reactant 

(circles) per cycle.  

By definition, ALD processes should be controlled by self-limiting and saturative surface 

reactions, without which we would not reap many of the key benefits of this remarkable 

deposition approach. To establish the self-limiting characteristics of the current process, 

precursor and co-reactant saturation studies were carried out.  
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During the precursor test, the co-reactant dose was fixed at four seconds, the purge times were 

fixed at 4 s seconds and the cycle was repeated 500 times for each deposition run. At a growth 

temperature of 125 °C, the deposition initially increases with the dose, but at around two 

seconds, the deposition rate saturates at around 17.5 ng/cm2 per cycle (Figure 4.3 squares). If 

however, the growth temperature is increased to 130 °C, which is just 2 °C above the upper 

limit of the ALD window, then this self-limiting behaviour is lost and the growth rate simply 

increases linearly with precursor dose (Figure 4.3 circles). Therefore, only slightly above the 

ALD temperature window, gas phase CVD-like reaction has occurred.  

 

Figure 4.3: Mass deposition as a function of a) Ag hfac COD at 125 °C (squares) and 130 °C 

(circles) for 500 ALD cycles. 

 

A similar saturation test was carried out for the co-reactant, keeping fixed the silver precursor 

dose fixed at four seconds. The propan-1-ol dose is also found to follow a saturative behaviour 

at 125 °C.  The deposition rate initially increases from zero as the co-reactant dose increases, 

but saturation at 17.5 ng/cm2 per cycle is achieved at approximately two seconds (Figure 4.4). 
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The saturative behaviour of the precursor and co-reactant at 125 °C is a clear indication that 

both halves of the ALD process are controlled by self-limiting surface reactions.  

 

Figure 4.4: Mass deposition as a function of propan1-ol dose at 125 °C for 500 ALD cycles. 

 

In addition to the ALD temperature window and precursor/co-reactant doses, mass deposition 

vs. number of growth cycles at 125 °C is plotted in Figure 4.5. The mass initially increases in 

a linear fashion between zero and 1500 cycles with a slope of 0.013 µg/cm2/cycle. The slope 

then increases to 0.023 µg/cm2/cycle above 1500 cycles. The lower initial mass deposition rate 

is attributed to substrate-inhibited growth, where the growth is impeded for the low number of 

cycles using propan-1-ol and this can occur due to the silver nanoparticles type growth on the 

surface rather than a continuous film. However, increasing the number of cycles may lead to 

change in the surface chemistry once the surface is mostly coated and silver starts growing on 

the already existing silver coated area, and therefore, the deposited mass increases to a constant 

value. The deposition of Ru or Pd films also are examples of this type of growth process277.  
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Figure 4.5: Mass deposition per unit area as a function of ALD cycles at 125 °C on silicon with 

propan-1-ol dose  

 

4.4.2. In-situ QCM study 

 

To elucidate the reaction mechanisms involved in the silver ALD process using propan-1-ol, 

in-situ QCM measurements were carried out under self-limiting growth conditions.  Deposition 

was carried out at 125 °C using 6 s doses of the two reactants separated by 15 s purges. The 

extended purge times were used to ensure stabilization of the QCM frequency after dosing each 

reactant. Table 4.2 shows the main chemical groups used to deposit silver nanoparticles along 

with formula weight.  
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Table 4.2: Chemicals used to deposit silver nanoparticles 

 

Chemical part Notation Chemical 

formula 

Formula weight 

(g.mol-1) 

hexafluoroacetylacetonato hfac C5HO2F6 207 

silver(I) Ag Ag 108 

1,5-cyclooctadiene 1,5-COD C8H12 108 

Propane-1-ol  C3H8O 60 

 

Figure 4.6 (a) shows the QCM mass change during six cycles of the ALD process. The envelope 

of the QCM data indicates a linear increase in mass with the number of cycles. The total mass 

gain after six complete ALD cycles is ~106.2 ng/cm2 and this give a nominal mass deposition 

rate of ~17.5 ng/cm2 per cycle, which is in reasonable agreement with ex-situ mass gain 

measurements on Si (100).  

Figure 4.6 (b) shows the average mass gain and mass loss for each ALD cycle obtained by 

averaging the QCM data over 6 cycles. The large mass gain, H1, at the start of the cycle 

coincided with the silver precursor dose and the mass loss H2 coincided with the co-reactant 

dose339. From the three mass values (H1, H2 & H3) extracted from the QCM data and the XPS 

film composition analysis, it is possible to propose a likely reaction scheme for the ALD 

process.  

Within the silver precursor ((hfac) Ag (1,5-COD)), the 1,5-COD ligand helps to stabilise the 

precursor, however, as 1,5-COD only weakly bonds to the Ag, it can be readily dissociates 

when the precursor is volatilised or possibly even when the precursor is in solution319. The 1,5-

COD is therefore expected to dissociate from the precursor before the vapour reaches the 

substrate and can then be readily pumped away.  
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This precursor pre-reaction can therefore be described by:  

 

(hfac) Ag (1,5-COD)(g)      Ag (hfac) (g) +  (1,5-COD) (g)                                                 (Equation 4.1) 

 

Where (g) indicates gas phase species. During the first half of the ALD cycle, the Ag (hfac) 

intermediate (which has a formula weight of 315 g.mol-1) is chemisorbed onto the surface. We 

start by considering steady state growth conditions, where the effective substrate is metallic 

silver with a proton termination.  

After purging away the gaseous reaction by-produces and excess precursor, the surface is 

exposed to the alcohol co-reactant. The second ‘half-reaction’ of the ALD cycle is believed to 

proceed via heterogeneous catalytic dehydrogenation of the alcohol, which results in the 

formation of an aldehyde and to the reduction of the cationic silver to metallic silver320. This 

reaction is given by:   

 

Ag – Ag (hfac)* + CH3CH2CH2OH (g)      Ag – Ag – Hx* + Hhfac (g) + CH3CH2CHO (g)        

(Equation 4.2) 

This reaction scheme fits well with the QCM data obtained under saturature ALD growth 

conditions. The average values of H1 and H2 from Figure 4.6 (a) are 65 ng/cm2 and 45 ng/cm2 

respectively, giving a ratio of the mass loss, H2, to the mass gain, H1, of ~ 66%. Hence, around 

two thirds of the mass gain associated with chemisorption of the silver precursor is 

subsequently lost due to the reaction with the co-reactant. If the reaction scheme above is 

correct, then the total mass gain during the first ‘half-reaction’ should be directly proportional 

to the formula weight of the Ag (hfac) adsorbate minus the formula weight of the proton. Hence 

the net gain should be proportional to 314 g/mol.  
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The QCM plot shows no sign of desorption during the purge step, hence it is reasonable to 

assume that the Ag (hfac) molecules remain stable following adsorption. If all of these silver 

molecules now react via the catalytic dehydrogenation reaction during the second ‘half-

reaction’, then the mass loss should be directly proportional to the formula weight of the hfac 

leaving group minus one proton (it should be noted that QCM measurements are not accurate 

enough to resolve the loss or gain of very light species such as individual protons). Hence the 

net loss should be proportional to 206 g/mol. Based on these numbers, the ratio of the net mass 

loss during the second half reaction to the net mass gain is 65.6%, which is consistent with the 

QCM data.       

The analysis discussed above assumes steady state growth conditions, where silver is being 

deposited on top of silver. This neglects any nucleation or initialisation reactions that may take 

place at the heterostructure interface between the substrate and the coating at the start of the 

deposition process. In many cases, it is reasonable to assume that we have a substrate that is 

terminated in OH groups due to exposure to air prior to the deposition. If this is the case, then 

the first ‘half-reaction’ could be described by:    

  

Substrate – OH* + (hfac) Ag (g)      Substrate – O – Ag (hfac)* + H (g)            (Equation 4.3) 

 

Following this, it could simply be assumed that the coating process follows the steady state 

reactions outlined above. However, for a CVD process using the same silver precursor, 

Bahlawane et al320 indicates that the bulky ligand may in fact hinder the subsequent 

dehydrogenation reaction with the alcohol. They go on to indicate that an initiation process 

involving thermal decomposition of the precursor is necessary to form metallic silver, which 

is able to catalyse the dehydrogenation reaction between Ag (hfac) and the alcohol.  
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The presence of the adsorbate Ag intermediate is able to catalyse this dehydrogenation reaction 

above 123 °C which accounts for the onset of the ALD growth and accounts for the rapid onset 

of CVD-like growth and the narrow ALD window.   

 

 

    

Figure 4.6: a) QCM data for 6 cycles of Ag hfac COD based ALD at 125 °C, b) detailed view of 

QCM average data for one ALD cycle for 6 s - 15 s - 6 s - 15 s. (H1 = 65 ng per cm2, H2 = 45 ng per 

cm2, H3 = 20 ng per cm2) 
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4.4.3. Composition analysis 

 

XPS was used to assess the chemical composition of films grown at different temperatures. 

Figure 4.7 shows a survey scan (200-700 eV) of a film deposited by ALD on Si(100) at 125 °C 

together with the scan of a bulk silver reference sample (99.9% silver foil, supplied by Sigma 

Aldrich).The XPS of the ALD film is in close agreement with the bulk silver reference sample. 

Both spectra show peaks relating to silver, oxygen and carbon.   

 

Detailed XPS of the Ag3d core level region is shown in Figure 4.8. Peaks at binding energies 

of 368.0 and 374.0 eV are resolved, which correspond to the two spin-orbit components, 

Ag3d5/2 and Ag3d3/2 respectively. These closely match the Ag3d features for the bulk silver 

reference sample and are attributed to metallic silver340. Nano-scale texturing can influence 

core level binding energies by shifting them to higher energies compared to the bulk 

values341,342.  This shift is only significant when the dimensions of the nano-structures fall 

below around ten nanometres and no such shift was observed for the ALD films.  

 

The high resolution XPS spectra of the carbon feature reveal C1s peaks at 284.8 eV for both 

the ALD films and the reference sample (Figure 4.9). This peak position is associated with C-

C or C-H bonds and is attributed to surface contamination rather than bulk incorporation343. 

The XPS shows similar O1s features for both the ALD films and the reference sample and is 

again attributed to surface adsorbates. Figure 4.10 shows high resolution O1s peak for the 

reference sample located at 532.4 ± 0.2 eV which is related to the non-stoichiometric near-

surface oxygen atoms in carbonate ions, surface hydroxylation, adsorbed H2O and absorbed 

O2, which is correlated with OH groups at the surface238 and was fitted with a symmetric 

Gaussian function. The XPS data is consistent with metallic silver films, with subsequent 

adsorption of atmospheric contaminants from air exposure.   
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Figure 4.7: XPS spectrum of (a) Ag bulk metal foil and (b) Ag films deposited by ALD on silicon at 

125 °C. 

 

Figure 4.8: High resolution of Ag3d XPS spectrum of silver (a) bulk metal foil and (b) Ag film 

deposited by ALD on silicon at 125 °C. The thin solid lines indicate the original data of XPS and the 

dashed curves indicate theoretically fitted curves by assuming Gaussian distribution. 
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Figure 4.9: High resolution of C (1s) XPS spectrum of (a) bulk metal foil and (b) Ag film deposited by 

ALD on silicon at 125 °C. The thin solid lines indicate the original data of XPS and the dashed curves 

indicate theoretically fitted curves by assuming Gaussian distribution. 

 

 

Figure 4.10: High resolution XPS spectrum of O1s of Ag bulk metal foil  
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Effective ALD processes should involve ‘clean’ surface reactions, which prevent ligands and 

reaction by-products from being incorporated into the films. Detailed XPS scans (Figure 4.11) 

of the films grown at temperatures between 80 and 150 °C were carried out for binding energies 

between 680 and 695 eV, which corresponds to the region where the F1s core level. No fluorine 

is detected in films deposited at or above 125°C, which provides a good indication that the 

ALD chemistry is proceeding cleanly within the ALD temperature window. If however, the 

temperature is decreased, even by 10 °C below the ALD window (115 °C), then a clear fluorine 

related feature is observed. The incorporation of fluorine at temperatures below the ALD 

growth window is attributed to insufficient energy to complete the reaction and it is likely that 

the AgII (hfac)2 remains on the surface following the alcohol doses. Therefore, this results in 

increased weight gain and high levels of F contamination in the deposited film.  

 

 

Figure 4.11: XPS detailed regions of F1s at 80 °C, 100 °C, 115 °C, 125 °C and 150 °C from silicon 

substrate. Peak intensities are normalized. 
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4.4.4. Microstructure study of films 

 

 XRD has been used to study the microstructure of films grown at different temperatures and 

the results are shown in Figure 4.12. With the exception of the lowest growth temperature 

(80 °C), samples show XRD peak at 38.2° and 44.4°, which are consistent with the (111) and 

(200) reflections of face centred cubic (fcc) metallic silver (Fm-3m) (JCPDS 04-0783). The 

increasing intensity of the XRD peaks with temperature (above 125°C) is attributed to film 

thickness. The exception to this is the film grown at 80 °C, which shows a higher mass 

deposition than the film deposited at 125 °C (Figure 4.12). The absence of XRD peaks together 

with the fluorine XPS peak in the film deposited at 80 °C is strong evidence of condensation 

and insufficient energy to complete the reaction. Peak width analysis using the Debye–Scherrer 

equation indicated average crystallite sizes of 22 nm, 35 nm and 41 nm for substrate 

temperature of 125 °C, 150 °C and 200 °C respectively for 500 ALD cycles. 

 

 
Figure 4.12: X-ray diffraction patterns of Ag NPs deposited at various temperatures for 500 ALD 

cycles. 
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SEM of the coatings reveals that the silver has a tendency to form as nano-particles on the 

surface rather than planar films by propan-1-ol doses as a co-reactant, which is in agreement 

with earlier study by Chalker et al24. The effect of silver precursor dose on the size and 

distribution of surface nano-structures (Figure 4.13) can be correlated with the mass deposition 

rate shown in section 4.3.1 (Figure 4.3) and hence to the self-limiting nature of the process. 

Precursor dose has little effect on the density and size distribution of the nanoparticles for dose 

times of 4 s or above (Figure 4.13 (c) & (d)), with only a marginal decrease in the average 

particle size as the dose is decreased to 2 s (Figure 4.13 (b)). However, reducing the dose time 

to 1 s (Figure 4.13 (a)) is seen to have a significant effect; resulting in a reduction in the density 

of particles, a reduction in the average size and also a broader distribution of sizes.  

 

Under saturative growth conditions using 500 cycles, the density of particles is around 

15 × 107 particles/cm², with an average particle size of ~25 nm and a standard deviation of 

2.1 nm. If the precursor dose is reduced to one second (giving roughly half the saturative mass 

gain), then the particle density drops to 6 × 106 particles/cm², with an average particle size of 

~15 nm and a standard deviation of 5.4 nm. Although this deposition process does not produce 

planar films, it is evident that the quasi-3D growth is still very much controlled in a self-limiting 

manner. 

 

Figure 4.14 shows NPs size distribution as a function of Ag does at 125 °C for 500 ALD cycles 

based on SEM images. It is clear that there is a narrow size distribution under saturative growth 

(2-6 s dose) which is in contrast with a broad size distribution of nanoparticles below the 

saturation region (1 s dose). 
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Figure 4.13: High-resolution SEM images of ALD of silver nanoparticles as a function of Ag dose, 

(a) 1 s;(b) 2 s;(c) 4 s;(d) 6 s for 500 ALD cycles;(e-h)the size distribution histograms. 
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Figure 4.14: NPs size distribution as a function of Ag does at 125 °C for 500 ALD cycles based on 

SEM images. 

To investigate the nucleation and growth of the silver nanoparticles in more detail, SEM was 

carried out on films deposited under saturative growth conditions with 4 s of propan-1-ol dose 

as a co-reactant between 100 and 1500 ALD cycles (Figure 4.15). The SEM images together 

with the corresponding histograms clearly show that increasing the number of ALD cycles 

from 100 to 1000 results in progressively larger hemispherical shaped particles, which retain a 

relatively narrow size distribution as they grow. The average size of the nanoparticles increases 

in a linear fashion with the number of cycles (between 0 and 1000 cycles). This implies that 

the nanoparticles nucleate and then grow in a homogeneous fashion during the early cycles of 

the ALD deposition. Additional nucleation of new nanoparticles does not appear to take place 

at later timeframes after the initial nucleation stage. As the number of cycles increase and the 

nanoparticles become bigger, nanoparticles begin to agglomerate and the particles become 

significantly larger and increasingly irregular in shape. The density of particles reduces and the 

size distribution starts to broaden as this agglomeration takes place. It is interesting to note that 

the average gap between neighboring nanoparticles increases as agglomeration takes place. 

This indicates that growing particles do not simply merge due to overlapping edges, but rather 

they are ‘pulled’ together and physically shift their positions inwards, presumably due to 

surface tension. This process is likened to ‘surface Ostwald ripening’344,345. 
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Figure 4.15: SEM images of the surfaces at different number of ALD cycles, (a) 100; (b) 500; (c) 

1000; (d) 1500 cycles; (e-h) the size distribution histograms. 
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Further investigation of the SEM results is shown in Figure 4.16. The increase in the number 

of cycles has strong impact on the density of silver nanoparticles and also on the nanoparticles 

size distribution. It is clear from the graph that when the number of cycles is increased the 

larger nanoparticles are achieved while the density of the nanoparticles are decreased as 

nanoparticles begin to agglomerate. 

 

Figure 4.16: NPs size distribution (squares) and density of NPs as a function of number of cycles at 

125 °C based on SEM images. 

 

Figure 4.17 shows a comparison between images which are taken using secondary electrons 

and backscattered electrons. The grain sizes are more clearly shown in the image taking with 

backscattered electrons compared with secondary electrons, however, there is only ± 2 nm 

difference can be measured which is not a big difference and can be avoided.  

     
Figure 4.17: a) SEM images of the surfaces after 1500 cycles, b) Backscattered (BS) electrons image 

after 1500 cycles 
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4.4.5. Summary of the propan-1-ol growth study 

 

The experiments with propan-1-ol established some encouraging results for self-limiting 

growth conditions for the deposition of metallic silver nanoparticle films using thermal ALD 

with (hfac)Ag(1,5-COD) and propan-1-ol.  

A narrow ALD temperature window between 123 and 128 °C is identified and self-limiting 

growth is confirmed with a mass deposition of ~17.5 ng/cycle on silicon. To elucidate the 

reaction mechanisms involved in the silver ALD process, in-situ QCM measurements were 

carried out under self-limiting growth conditions. The envelope of the QCM data indicates a 

linear increase in mass with the number of cycles. The detailed QCM data is found to give mass 

changes, which are consistent with the chemisorption of Ag (hfac) followed by the formation 

of metallic silver via heterogeneous catalytic dehydrogenation of the propa-1-ol. Within the 

ALD temperature window, films are found to be crystalline metallic silver with a highly 

textured surface topography. The size of the nanostructures can be directly controlled using the 

number of ALD cycles and the coating tends towards being more film-like as features overlap 

and merge via a ‘surface Ostwald ripening’ like process.  

Thermal decomposition of the silver precursor at temperatures above 128 °C results in a CVD-

like contribution because of the Ag catalysed dehydrogenation of the alcohol co-reagent, 

nevertheless the process continues to produce metallic silver, while at temperatures below 123 

°C, there is evidence of condensation of the silver precursor. However, it must be acknowledge 

that the ALD temperature window achieved is very narrow (123 and 128 °C), therefore, 

experiments were carried out with two more co-reactants (butan-1-ol and tetra butyl hydrazine) 

to investigate the effect of them on the growth behaviour.  
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4.5. ALD with butan-1-ol as a co-reactant 

 
4.5.1. Growth study 

 

1-Butanol (n-Butanol, Butyl alcohol)346 with the molecular formula of CH3 (CH2)3OH (Figure 

4.18 (a)) and molecular mass of 74.12 g.mol-1 is an alcohol with the existence of one more 

Methylene (CH2) group (longer chain) compared with propan-1-ol347 (Figure 4.18 (b)) with 

molecular mass of 60.1 g.mol-1.  

 

         

Figure 4.18: Schematic of a) Bunat-1-ol chemical structure, b) Propan-1-ol chemical structure346,347 

 

To investigate the effect of the butan-1-ol (4 s dose) on the ALD temperature window versus 

propan-1-ol (4 s dose), a direct comparison is made and shown in Figure 4.19. The mass 

deposition rate reveals that with the influence of butan-1-ol doses, the ALD temperature 

follows a same narrow temperature window from 123 to 128 °C (Figure 4.19 (circles)) 

consistent with the previous work using propan-1-ol which resulted in obtaining the same ALD 

temperature range (Figure 4.19 squares). The observed similar ALD temperature window for 

the two co-reactants can be explained as they are both alcohols and can help to the deposition 

via dehydrogenation reaction and forming aldehyde as reported by Bahlawane et al320 

previously and also shown by QCM in this study (Figure 4.6). However, for the butan-1-ol, the 

(a) (b) 
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mass deposition has decreased by ~ 4 ng/cm2/cycle within the ALD temperature window 

compared with propan-1-ol (17.5 ng/cm2 per cycle) gaining a nominal deposition rate of 11.5 

ng/cm2 per cycle. Each data point has been repeated for at least 7 times. Propan-1-ol has pka 

value of 15.87, whereas the pka value of buta-1-ol is slightly higher for 15.92348. Also, the 

carbon chain gets longer in butan-1-ol. The increase in the non-polar carbon chain length 

increase the intermolecular forces significantly and therefore, more energy is required to 

separate the molecules349.  

 
Figure 4.19: Mass deposition as a function of substrate temperatures using 4 s dose of Ag butan-1-ol 

(red circles) and propan-1-ol (black squares) 
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butan-1-ol/propan-1-ol – purge sequence of 4 s – 4 s – 4 s – t purge, where t purge was changed 
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reaches saturation (Figure 4.20) while with 2 s purge dose for propan-1-ol saturation has 

occurred. The extra by-products produced by butan-1-ol can block active sites by adsorbing 

onto the surface and causing delay in the saturation350.   

 
 

Figure 4.20: The mass deposition rate as a function of purge time for the ALD deposition using (hfac) 

Ag (1,5-COD) with butan-1-ol (red circles) and propan-1-ol(black squares)  at 125 °C. The (hfac) Ag 

(1,5-COD) – purge – butan-1-ol – purge –) order was (4 s – 4 s – 4 s – t purge –), where t purge was 

varied 1-6 s. 

 

As it has been already discussed in the literature (chapter 2), one of the main advantages of 

ALD over CVD process is the ability to uniformly coat over large areas. In this study, the effect 

of uniformity across the substrate holder was investigated using the deposition process with 

propan-1-ol and butan-1-ol. As the length of the sample stage is 13 cm, thirteen silicon samples 

with the size of 1 × 4 cm2 were chosen and put edge by edge along the reactor length for each 

separate run. The uniformity across the substrate chamber using 4 s propan-1-ol doses with 4 s 

purge was investigated at 125 °C by measuring the mass deposition of thirteen silicon samples 

lengthwise the substrate. As it is shown in Figure 4.21 (black squares), deposition with propan-

1-ol dose is driven by self-limiting surface reactions with the uniformity of 95 ± 1% and the 
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distance from the argon gas inlet does not show any effect on the uniformity. In contrast to the 

results with propan-1-ol, the deposition grown with 4 s dose of butan-1-ol and 4 s purge 

exhibited lower mass deposition in the front of the reactor for 11.8 ng/cm2/cycle compared 

towards the end of the reactor for ~ 15.2 ng/cm2/cycle. This indicates that a 4 s purge is 

insufficient to remove all by-products from butan-1-ol dose, leading to gas phase CVD-like 

reactions at the end of the reactor substrate away from the argon flow and resulting in a higher 

growth rate with poor uniformity of 76 ± 1% (red circles). Therefore, the experiment with 

butan-1-ol was repeated using 10 s purges. As it can be seen from Figure 4.21 (blue triangles), 

the mass deposition is driven by self-limiting surface reactions and the deposition rate is 

uniform across a 13 cm distance for 4 s of butan-1-ol dose and an extended purge of 10 s at 

125 ºC and the uniformity improves to 96 ± 1%.  

 
 

Figure 4.21: The mass deposition measurements on silicon substrates across the 13 cm reactor 

chamber using silver precursor (4 s) and either pripan-1-ol dose (4 s) with 4 s purge (black squares) 

or butan-1-ol dose (4 s) with 4 s (red circles) and 10 s (blue triangles) purge respectively at 125 °C. 

 

0 2 4 6 8 10 12 14

6

8

10

12

14

16

18

20

22

M
a
s
s
 d

e
p
o

s
it
io

n
 (

n
g

/c
m

2
/c

y
c
le

)

Distance from the reactor front (cm)

Argon flow 

inlet 

 

Argon flow 

inlet 



Chapter 4                                                          ALD Growth of Ag/Alcohol Based Co-reactant 
 

120 
 

4.5.2. Summary of the butan-1-ol growth study 

 

Growth using butan-1-ol is very similar to growth using propan-1-ol with a similar ALD 

temperature window (123 to 128 °C) and slightly lower staurative growth rate of 11.5 ng/cm2 

per cycle. Self-limiting growth behaviour is achieved by butan-1-ol as well as propan-1-ol. 

Within the ALD temperature window, films are found to be crystalline metallic silver with 

nanoparticles topography. The size distribution of nanoparticles is narrow under ALD 

conditions and can be directly controlled using the number of ALD cycles similar to propan-1-

ol. Some of the butan-1-ol data are provided in the Appendix K, L and M on page 204, 205 and 

206 respectively.
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5.1. Introduction 

 

The current chapter seeks to develop a thermal ALD process for the deposition of silver using 

direct liquid injection thermal ALD with ((hexafluoroacetylacetonato) silver (I) (1,5-

cyclooctadiene)) as the metal source and tertiary butyl hydrazine as a co-reactant. The effects 

of temperature, co-reactant dose, precursor dose and cycle number on the deposition rate and 

on the physico-chemical and electrical properties of the films have been systematically 

investigated using a range of characterisation techniques including SEM, AFM, XRD, XPS 

and four-point-probe.  

The ALD process with TBH has also been compared and contrasted with the ALD process 

using propan-1-ol as a co-reactant. Therefore, the current work will analyze the ALD growth 

of silver using (hfac) Ag (1,5-COD) as a precursor in the following schemes: 

 

 Effect of tertiary butyl hydrazine on growth/microstructure/composition of the 

deposited film 

 Discussion and comparison of the ALD process of silver with TBH and propan-1-ol as 

two different co-reactants 
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5.2. ALD with tetra butyl hydrazine as a co-reactant 

 

5.2.1. Experimental procedure 

 

Films were deposited on Si(100) and on soda-lime glass slides using a customised Aixtron AIX 

200FE reactor. A 0.1 M solution of ((hfac)Ag(1,5-COD)) (SAFC Hitech) in anhydrous 

toluene(Sigma Aldrich) as used as the silver source. This solution was introduced into the 

reactor by direct liquid injection via a Jipelec vaporiser with a set-point temperature of 130 °C. 

Tertiary butyl hydrazine (TBH) (98%, HPLC grade supplied by SAFC Hitech Ltd) was used 

as a co-reactant and was introduced into the reactor as a vapour, via a Swagelok ALD valve, 

using a conventional vapour-draw source held at room temperature (∼20 ºC). Further details 

of the growth conditions are summarised in Table 5.1. 

 

Table 5.1: ALD growth parameters for silver deposition using AIXTRON thermal reactor 

 

Growth condition Value 

Growth temperature 80-200 °C 

Reactor pressure 5 mbar 

Silver precursor (hfac)(1,5-COD)Ag 

Silver source 0.1M solution in n-Toluene 

Vaporizertemperature 130 °C  

Precursor delivery rate 17.5 μl/second 

Argon flow rate 200 sccm 

Co-reactant Tertiary butyl hydrazine 

Co-reactant delivery Vapour draw at ~20 °C 

ALD cycle Inject Purge TBH Purge 

0-6 s 4 s 0-0.4 s 0.5 or 4 s 
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5.2.2. Growth study 

 

Considering the results and conclusions from the ALD investigations on propan-1-ol/butan-1-

ol as co-reactants, tertiary butyl hydrazine (TBH) was chosen as a different co-reactant for 

silver ALD deposition. The potential for exploiting other reducing agents in ALD, such as 

hydrazines (R1HNNHR2 where R1 and R2 represent alky-substitutional for example) has been 

recognised351. An ideal hydrazine candidate would be tertiary butyl hydrazine (TBH, C4H12N2) 

as it is a stronger protonating agent than alcohols306. Tertiary Butyl Hydrazine (TBH) (also 

known as 2-Hydrazino-2-methyl-propan, tert-Butyl-hydrazin or 1-tert-butyl-hydrazine)352  is 

known by the molecular formula of C4H12N2. The pKa value for TBH is 8.1353 whereas; the 

pKa for both propan-1-ol and butan-1-ol is 16.1354. Therefore, alcohols are less acidic 

compared with hydrazines and so less likely to donate protons306.   

 

Hydrazines have been used as nitrogen sources in a number of nitride ALD studies233,273,8 due 

to its superior reactivity and favourable thermo-chemistry which can lead to the relatively low 

deposition temperature in ALD processes355. However, when it comes to the ALD of silver, 

only one patent study has reported the deposition of silver using hydrazine as a co-reactant351 

and they showed that the growth temperature can be decreased to 60 °C with TBH from 125 

°C with alcohol as a co-reactant. Although this report is of great interest, it mainly focuses on 

the method of forming a metal-containing film by atomic layer deposition rather than the ALD 

process itself, and hence, it does not provide any evidence that the process is self-limiting. In 

this chapter, a self-limiting thermal ALD process for the deposition of metallic silver thin films 

using TBH is presented for the first time and will be compared with the alcohol based silver 

ALD process that previously presented in the chapter 4.  
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The effects of deposition temperature on the ALD growth of (hfac) Ag (1,5-COD) using TBH 

as a co-reactant was investigated between 80 and 200 °C is shown in Figure 5.1 on silicon 

substrate. The mass gain per cycle was evaluated after 500 ALD cycles, using 4 s doses of 

(hfac) Ag (1,5-COD) and 0.2 s TBH doses as a co-reactant and 4 s purges.  

 

The mass deposition increases with temperature between 80 °C to 105 °C before plateauing at 

a mass deposition rate of 20.2 ng/cm2/cycle between 105 and 128 °C (Figure 5.2). The plateau 

region defines the ALD window where self-limiting growth is expected to occur. The mass 

gain increases at temperatures above 128 °C which is attributed to the thermal decomposition 

of the precursor while the decrease in mass deposition below 105 °C is attributed to insufficient 

thermal energy available to promote precursor chemisorption reaction at full coverage356.  

 

For comparison, this graph also shows growth rate data for the propan-1-ol and butan-1-ol 

based ALD processes from chapter 4. The ALD temperature window for both alcohol based 

ALD processes are from 123 to 128 °C (Figure 5.2) and therefore, using TBH as a co-reactant 

resulted in a significant enhancement in the width of the ALD temperature window (23 °C) 

between 105 and 128 °C. The mass deposition rate in the ALD temperature window is also 

found to be higher using TBH than propan-1-ol and butan-1-ol by ~ 3 ng/cm2/cycle and ~ 7 

ng/cm2/cycle respectively.  
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Figure 5.1: Mass deposition as a function of substrate temperatures using 4 s dose of Ag with 0.2 s 

TBH as a co-reactant per cycle 

 
 

Figure 5.2: Mass deposition as a function of substrate temperatures using 4 s doses of (hfac) Ag (1,5-

COD) with 0.2 s TBH doses as a co-reactant per cycle (squares) with 4 s purges, using 4 s propan-1-

ol doses (circles) and 4 s butan-1-ol doses (triangles) as a co-reactant per cycle with 4 s purges 
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Within the silver precursor ((hfac)Ag(1,5-COD)), the 1,5-COD part of the silver source helps 

to stabilise the precursor, however, as 1,5-COD only weakly bonds to the Ag, it readily 

dissociates during volatilisation or possibly even when the precursor is in solution319. Silver 

coordination compounds are known to undergo oxidative reactions with hydrazines357. 

Hydrazine is a powerful reducing agent and is generally oxidized to dinitrogen by two different 

oxidations: (a) one-electron oxidation which generally produces a mixture of ammonia and 

dinitrogen; (b) four-electron oxidation which produces dinitrogen and hydrogen. Using TBH 

as a co-reactant, the hydrogen that is liberated from the TBH promotes the reduction of the 

disproportionation Ag II (hfac)2 product into the metallic silver film (Ag0) and volatile H(hfac) 

leaving groups. The higher reactivity of hydrazine and its derivatives can be explained due to 

the lower dissociation energies and weak N-N bonding. The dissociation energy (ED) of 

hydrazine is 297 kJ/mol358,359 well below the dissociation energy of propan-1-ol which is 

412.5±1.7kJ/mol360. 

 

The effects of the TBH doses were assessed at 115 °C (the middle of the ALD temperature 

window). Due to the high volatility of TBH, doses were chosen between 0.1 s (which is the 

minimum dose time allowed by the reactor control system) and 0.4 s with either 0.5 s or 2 s of 

purge. With a short purge for 0.5 s, the mass deposition increases from 20.2 ng/cm2 per cycle 

to 23 ng/cm2 per cycle between 0.1 to 0.4 s (Figure 5.3, circles). Therefore, this indicates that 

a 0.5 s purge is insufficient to remove all un-reacted chemicals from TBH dose, leading to gas 

phase CVD-like reactions and resulting in a higher growth rate. With a longer 2 s purge, on the 

other hand, the mass deposition is self-limiting with TBH doses between 0.1 s and 0.4 s at 

20.2 ng/cm2 per cycle (Figure 5.3, squares).   
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Figure 5.3: The growth rate as a function of TBH dose at 115 °C with 4 s Ag and either 0.5 s or 2 s 

purge on silicon. 

 

 

The effect of (hfac) Ag (1,5-COD) dose on the deposition rate was investigated at 115 °C. The 

TBH dose was fixed at 0.2 seconds, the purge times were fixed at 4 s seconds and the cycle 

was repeated 500 times for each deposition run. The mass deposition rate initially increases 

with the dose, but at two seconds, it saturates at 20.2 ng/cm2 per cycle (Figure 5.4). This 

saturation behaviour of the silver precursor with TBH dose is in good agreement with propan-

1-ol process also shown in Figure 5.4 and therefore, it shows that both processes are controlled 

by saturative surface reactions. However, the saturative growth rate is lower for propan-1-ol 

than TBH by ~ 3 ng/cm2/cycle.  
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Figure 5.4: Mass deposition as a function of a) Ag hfac COD at 115 °C (squares) with TBH dose and 

125 °C (circles) for 500 ALD cycles with propan-1-ol dose on silicon 

 

Figure 5.5 shows the mass deposition versus the number of ALD cycles using both propan-1-

ol and TBH at 125 °C and 115 °C respectively. The TBH clearly follows a linear trend going 

from zero mass deposition at zero cycles upwards across the full range investigated up to 2500 

cycles with a slope of 0.023 µg/cm2/cycle. In comparison, the propan-1-ol shows a linear 

fashion behaviour with rising number of ALD cycles with a slope of 0.013 µg/cm2/cycle up to 

1500 cycles, whereas for more than 1500 cycles, a steeper increase is obtained with the slope 

of 0.023 µg/cm2/cycle. The slope of the graph with propan-1-ol after 1500 cycles is equal to 

the slope of the TBH graph, and therefore above 1500 cycles the growth rates are actually 

identical for both processes independent of the reaction involved in the process. This lower 

growth with propan-1-ol for low number of cycles could be explained due to differences in 

reaction mechanisms and higher reactivity of TBH compared with propan-1-ol which can lead 

to a change in surface chemistry for initial growth cycles.  
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Figure 5.5: Mass deposition per unit area as a function of number of ALD cycles at 115 °C with TBH 

(black squares) and at 125 °C with Propan-1-ol (red circles)  

 

5.2.3. Composition analysis  

 

In order to study the chemical composition of the silver films, selected samples were analysed 

using XPS. Figure 5.6 shows a survey scan (200-750 eV) of films deposited on Si(100) at 

115 °C using 500 cycles with 4 s of silver precursor doses, 0.2 s of TBH doses (or 4 s propan-

1-ol doses) and 4 s purges. Features relating to silver, carbon and oxygen are visible on both 

spectra, while the fluorine feature at 688.87 eV is only detected in the sample grown using 

propan-1-ol as a co-reactant. The presence of the F1s features in the XPS is attributed to 

incomplete removal of the hfac ligands or at least fragments of it from the surface. The F1s 

XPS feature is only visible in films grown at temperature below the ALD-window minima. To 

further investigate the incorporation of fluorine, detailed XPS scans were taken for films grown 

using TBH at temperatures ranging from 80 to 135 °C (Figure 5.7).  
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No visible F1s peaks are observed at growth temperatures above 105 °C (the minima of the 

ALD window) indicating that the fluorine is below the detection limit of the XPS system 

(~1 at. %). At temperatures below 105 °C the F1s peak intensity increases almost linearly with 

decreasing temperature. As the mass deposition rate (Figure 5.1) for the TBH process decreases 

at these low growth temperatures, condensation of the silver source seems unlikely and hence 

the fluorine incorporation is attributed to reaction rates. At these low temperatures, there is 

insufficient thermal energy to fully reduce the silver precursor on the surface and hence the 

mass deposition rate decreases as some un-reacted precursor is left on the surface at the end of 

each cycle. The un-reacted precursor left on the surface at the end of one cycle may well react 

with the co-reactant during the subsequent cycle. The absence of the F1s feature at temperatures 

between 105 and 128 °C gives a good initial indication that the ALD surface reaction are 

‘clean’ within the ALD window.  

 

Figure 5.6: XPS survey scan of Ag films deposited by ALD on silicon at 115 °C with (a), 0.2s of TBH 

dose (b), and 4 s of propan-1-ol dose as a co-reactant 
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Figure 5.7: Variation in XPS peak intensities of F1s at different temperatures with TBH dose. Peak 

intensities are normalised to the C1s peak. 

 

As it was not possible to carry out in-situ surface cleaning of samples within our XPS system, 

signals from atmospheric absorbates on the surface are expected to be observed. To establish 

the origin of the carbon and oxygen XPS features, high resolution XPS of the C1s (Figure 5.8 

a), O1s (Figure 5.8 b and c) and Ag3d (Figure 5.8 d and e) features were obtained for films 

grown at 80 and 115 °C. The C1s peak is centred at 284.8 eV, which corresponds to C-C or C-

H bonding states and is attributed to surface absorbates rather than bulk incorporation361. The 

O1s feature for the film grown at 115 °C (Figure 5.8 b) is readily fitted with a single Gaussian 

centred at 532.4 eV, which is consistent with oxygen in surface absorbates such as H2O, O2, 

CO2 and CO362. The O1s feature for the film grown at 80 °C (Figure 5.8 c) is, however, more 

complex and is clearly made up of at least two peaks. A reasonable fit is obtained using two 

Gaussians centred at 530.3 eV and 532.4 eV, where the latter is once again attributed to surface 

absorbates. The peak at 530.3 eV suggests that some of the oxygen is bonded with the metal, 

which would be consistent with silver that is still associated with the hfac ligand.  
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Figure 5.8: High resolution XPS spectrum of the C1s feature for films grown using the TBH based 

process at a) 115 °C and 80 °C. High resolution XPS spectrum of the O1s feature for films grown 

using the TBH based process at b) 115 °C and c) 80 °C. The solid lines indicate the original XPS data 

and the dashed curves indicate theoretically fitted curves by assuming Gaussian distribution. High 

resolution XPS spectrum of the Ag3d peaks for films grown using the TBH based process at d) 115 °C 

and e) 80 °C. The solid lines indicate the original XPS data and the dashed curves indicate 

theoretically fitted curves by assuming Gaussian distribution. 
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For films growing in the ALD temperature window with TBH, two distinct Gaussian-like XPS 

peaks are observed at 368 eV (Ag3d5/2) and 374 eV (Ag3d3/2), which are attributed to Ag0 

species (Figure 3c), consistent with the presence of metallic silver363,364,365. At growth 

temperatures below the ALD window (Figure 3d), the Ag3d5/2 peak becomes significantly 

broader and is best fitted with two Gaussians centred at 367.3 eV and 368 eV. The 367.3 eV 

peak is attributed to silver in the Ag-O bonding state 366,367 while the 368 eV peak is attributed 

to metallic silver. The XPS study shows that metallic silver is formed at all temperatures 

investigated, even down at 80 oC. While metallic silver is formed at temperatures below the 

window minima, the low thermal energy available results in incomplete reactions as already 

highlighted above. The un-reacted Ag(hfac)* species that remain on the surface at the end of 

one ALD cycle may act to block the chemisorptions of further Ag(hfac) species during the 

subsequent cycle, which could explain the observed decrease in growth rate at temperature 

below 105 oC.    

 

5.3. Micro-structural study 

 

The microstructure of the films grown at different substrate temperatures with TBH was studied 

using XRD. Figure 5.9 (a) illustrates XRD at substrate temperatures between 80 and 150 °C. 

Peaks at 38.2° are visible for all samples and are consistent with (111) reflection of face centred 

cubic (fcc) metallic silver (Fm-3m) (JCPDS 04-0783). Samples grown at temperatures between 

115 and 150 °C also show (200) reflections at 44.4°. The (111) silver peak is the most intense 

peak in this range that shows preferential orientation of the Ag grains along the (111) 

crystallographic direction368.  
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Further investigation of the XRD results shows that the increase in temperature has strong 

impact on the FWHM (Figure 5.9 (b)). By increasing the temperature from 80 to 105 °C, the 

film thickness increases as it has previously shown in Figure 5.1. When the film thickness 

increases, the FWHM of the (111) peak is reduced showing that the grain growth has occurred. 

At ALD temperature window, the FWHM stayed in a constant range, although the temperature 

increased by 23 °C from 105 to 125 °C. Again by increasing the temperature above the ALD 

window, a clear decrease occurs in FWHM showing growth in grain size. Figure 5.10 shows 

that crystallinity in the film is occurred below the ALD temperature window even at 80 °C 

using TBH, while no XRD peak was observed at the same temperature using propan-1-ol as a 

co-reactant. Therefore, this could be explained as high reactivity of TBH which requires less 

energy to react on the surface.  

 

    

Figure 5.9: (a) X-ray diffraction patterns of silver coatings on Silicon (100) deposited at various 

temperatures using 0.2 s doses of TBH with 500 ALD cycles, (b) FWHM calculated based on the 

temperature variations 
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Figure 5.10: XRD comparison of silver coatings on silicon using either propan-1-ol or TBH at 80 ºC  

 

To further analysis the microstructures at different growth temperatures, high resolution SEM 

was used. Figure 5.11 shows a set of SEM images of samples at temperatures between 105 °C 

and 200 °C for 500 ALD cycles, using 0.2 s of TBH dose as a co-reactant and 4 s of 

(hfac)Ag(1,5-COD) dose as a precursor. The same surface microstructure is observed for all 

samples grown within the temperature range of 105 °C and 125 °C (Figure 5.11 (a-c)).  

Growth within the ALD window results in narrow distribution of nanoparticle sizes. This 

indicates that nanoparticles nucleate during the early stages of the process and then grow in a 

very controlled manner due to the self-limiting nature of the ALD process. This is in line with 

the XRD results when the FWHM shows a plateau region at this temperature range. Increasing 

the temperature to 150 °C and 200 °C results in larger grain size with a wide size distribution 

of nanoparticles with irregular shapes (Figure 5.11 (d-e)).  
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Figure 5.11: High-resolution SEM images of ALD of silver thin films as a function of temperature, a) 

105 °C, b) 115 °C, c) 125 °C, d) 150 °C, e) 200 °C  for 500 ALD cycles.  
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The choice of co-reactant is found to have a significant effect on the film morphology. Figure 

5.12 shows example SEM images of films grown using THB at 115 °C with 500 (Figure 5.12 

a), 1000 (Figure 5.12 b) and 1500 (Figure 5.12 c) cycles and also using propan-1-ol at 125 ºC 

with 500 (Figure 5.12 d), 1000 (Figure 5.12 e) and 1500 (Figure 5.12 f) cycles. Within the ALD 

window, temperature is found to have negligible effect on film morphology (Figure 5.11), 

hence the differences in morphology are attributed to the co-reactant itself.  

As the growth rates of the two processes are different, it is perhaps best to compare films of 

comparable mass gains per unit area rather than cycle number. In this way, the best 

comparisons can be made between 500 cycles with TBH (Figure 5.12 a) and 1000 cycles with 

propan-1-ol (Figure 5.12 e), or between 1000 cycles with TBH (Figure 5.12 b) and 1500 cycles 

with propan-1-ol (Figure 5.12 f). As previously shown in chapter 4, the propan-1-ol based ALD 

process produces highly textured ‘nano-particle’ films in a Volmer-Weber369 type growth mode 

(Figures 5.12 d, e & f). Silver films grown using TBH as a co-reactant (Figures 5.12 a, b & c) 

are also textured, however, the texturing appears significantly reduced compared to the propan-

1-ol films. The TBH films appear to be almost planar, being made up of highly inner-connected 

platelets with narrow crevices. The growth with TBH is perhaps tending towards a Frank-van 

der Merwe growth mode370. After 1500 cycles the estimated coverage based on SEM image 

analysis is around 97% using TBH (compared to ~70% using propan-1-ol).  
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Figure 5.12: SEM images of the surfaces at different number of ALD cycles with TBH for (a) 500 

cycles [11 µg/cm2], (b)1000 cycles [21 µg/cm2] and (c) 1500 cycles [30 µg/cm2], and with propan-1-

ol for (d) 500 cycles [8 µg/cm2], (e) 1000 cycle [13 µg/cm2] and (f) 1500 cycles [19 µg/cm2] 

 

The difference in film morphology achieved using different co-reactants suggests some change 

in the interaction between the substrate surface and the growing films. A more detailed 

microstructural study was made to compare the morphology of the silver using propan-1-ol and 

TBH as shown in TEM micrographs in Figure 5.13. In each case, the silver was deposited on 

SiN membranes at temperatures within the respective ALD windows for TBH and for the 

alcohol. The influence of the co-reagent on the growth habit, changes from a more three 

dimensional particulate morphology using the alcohol, to one that has a more two-dimensional 

platelet or island-like microstructure using the TBH. The difference in morphologies is 

attributed to the quite different Ag catalysed reaction for the alcohol, versus the direct surface 

reaction due to the decomposition of the TBH. The latter enhances surface diffusion so that 

growth can occur at the edges of the Ag islands, whereas the Ag catalysed propan-1-ol reaction 

promotes growth at the surface of the silver particles.  
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Figure 5.13: High-resolution TEM images of ALD silver on SiN membranes for (a) propan-1-ol and 

(b) TBH. Inset shows detail of twinning across an individual Ag island. 

 

The influence of the TBH reaction with the substrate was investigated further using adhesion 

tests to evaluate the substrate-film bonding. Films with a nominal thickness of ~12 nm were 

assessed using SEM image analysis before and after the tape test (Figure 5.14). Films deposited 

using TBH sustain an average aerial loss of around 5%, while films deposited using propan-1-

ol show significantly more damage with a loss of around 40%. While the adhesion strength 

was not quantitatively evaluate, it is clear that the adhesion of silver is significantly higher for 

films grown using TBH than propan-1-ol. As the TBH is a powerful reducing agent, it is likely 

that it has an effect on the substrate surface during the early deposition cycles. We suspect that 

the TBH helps to remove atmospheric absorbents and other contaminants on the substrate 

surface akin to the ‘self-cleaning’ observed with trimethylaluminium (TMA)371. The ‘cleaned’ 

surface then promotes enhanced wetting and bonding of the silver on the surface, hence 

producing film like growth and improved adhesion. 
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Figure 5.14: Adhesion tape test results - SEM images of films deposited with either TBH or propan-1-

ol before and after the tape test: (a) TBH before, (b) TBH after, (c) propan-1-ol before and (d) 

propan-1-ol after. 

 

5.4. Electrical properties 

 

The electrical resistivity of films deposited on glass were investigated using four point probe 

measurements. Films grown using TBH at 115 oC were found to be conductive with resistivity 

decreasing from 0.62 Ω.cm after 500 cycles (~9 nm), to 3×10-4 Ω.cm after 1000 cycles 

(~ 18 nm) and 1×10-5 Ω.cm after 1500 cycles (~ 27 nm).  

These values are slightly higher than best values reported for silver films grown using PE-

ALD, where the lowest value of 6×10-6 Ω.cm for 20 nm thick film has been reported. All of 

the films grown using propan-1-ol were found to be insulating, even after 2000 cycles. This is 

attributed to the lack of interconnectivity between silver nanoparticles and, for films grown at 

temperatures below the ALD window, to non-metallic phases within the material.  
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5.5. Summary of the TBH growth study 

 

For the first time, we have extended the ALD temperature window of silver using tertiary butyl 

hydrazine as a co-reactant by thermal ALD. In this study, silver films have been deposited 

using direct liquid injection thermal ALD with ((hexafluoroacetylacetonato)silver(I)(1,5-

cyclooctadiene)) as the metal source. The ALD process has been compared and contrasted by 

using propan-1-ol as a co-reactant with the ALD process using tertiary butyl hydrazine as a co-

reactant. A narrow ALD temperature window between 123 and 128 °C is identified for the 

propan-1-ol process with a nominal mass deposition rate of ~17.5 ng/cm2/cycle. A significantly 

wider temperature window between 105 and 128 °C (23 °C) is identified for the hydrazine 

based process with a nominal mass deposition rate of ~ 20.2 ng/cm2/cycle (a nominal growth 

rate of 0.18 Å/cycle). The hydrazine based process produces less textured more film like 

coatings and are found to shown better surface adhesion with scotch tape test compared with 

propan-1-ol and measurable resistivity is achieved.

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

143 
 

 

 

 

 

Chapter 6 

 

 

 

 

Titanium implants coated with a nano-layer of 

silver ALD for antimicrobial study 

 

 

 

 

 



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

144 
 

6.1. Introduction 

 

This chapter focuses on the exploration of ALD silver on titanium and its potential application 

as an antimicrobial coating on complex three dimensional titanium structures developed using 

the selective laser melting (SLM). Titanium has been examined as a substrate and a detail 

investigation has been done on different conditions and morphology of silver growth on 

titanium. The reason of coating the 3D implant structure with silver ALD was in order to 

investigate the anti-microbial effects of silver ALD for both in vivo and in vitro studies. 

Metallic silver has been deposited using propan-1-ol as a co-reactant.  

The focus is given to the film growth on titanium flat substrates and titanium three dimensional 

structures, how titanium can influence surface morphology, microstructure and chemical 

composition of the film and how it is different from silicon substrates for the same number of 

cycles (details in chapter 4 for silicon). Microstructure plays a central role in the anti-microbial 

studies for both in vivo and in vitro tests. To investigate the influence of the titanium surface 

on the size and density of nanoparticles, high resolution SEM, AFM and XRD were used to 

study different growth conditions. 

In addition, detail studies have been done to determine the coating conformality within 3D 

SLM structures. This is the first study of the antimicrobial effect of ALD silver nanoparticles 

thin films. Stable and highly reproducible morphology on titanium SLM structures was 

achieved in this study. The microbicidal study was carried out by the Ulster group in the 

presence of Staphylococcus epidermidis (ATCC 35983 Methicillin Resistant), which is one of 

the most common causing bacteria associated with bio-medical implants. The compatibility of 

this silver coated modified surface was elucidated with cell adhesion. Also, in vivo integration 

of these metallic silver coated surfaces into bone defects were investigated. 
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6.2. Nucleation and growth on titanium substrates 

6.2.1. Growth characteristics 

 

The effect of temperature on the ALD growth rate was investigated using flat titanium 

substrates. Detail studies were carried out for the precursor only test and precursor with co-

reactant test using 4 s doses of silver followed by 4 s purge and 4 s propan-1-ol doses followed 

by 4 s purges respectively between 123 and 130 °C. Figure 6.1 shows the mass gain per square 

centimetre per cycle.  

In the absence of the co-reactant, the mass gain remains almost zero between 123 and 128 °C 

and rises rapidly as the temperature is increased to 130 °C, a mass deposition of ~29 ng/cm2 

cycle is achieved at 130 °C which is consistence with the study reported in chapter 4 on silicon 

substrate. This increase is attributed to thermal decomposition of the silver precursor. By 

adding the propan-1-ol as a co-reactant into the process, an increase in mass deposition is 

achieved between 123 and 130 °C. A nominal deposition rate of 29.6 ng/cm2 per cycle between 

123 and 128 °C is observed on titanium which is almost double the rate observed on silicon for 

similar condition (Figure 6.1). If the film is initially taken to be planar and a bulk density of 

silver (10.49 g/cm3) is used, then a nominal film thickness of ~13 nm is obtained using 500 

ALD cycles corresponding to a nominal growth rate of 0.26 Å/cycle.  

It appears that silver grows faster on titanium compared with silicon (Figure 6.1). The substrate 

can have a critical influence on the nucleation behaviour of the film372. It is well known that 

the substrate surface properties (such as crystallinity, morphology and chemical nature of the 

substrate, whether it is –OH terminated or H-terminated) can play important roles on the 

nucleation and the microstructure of the film particularly during the initial stages of ALD 

deposition373.  
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For instance, in 1936, Wenzel declared that increasing the surface roughness can lead to 

improvement of the surface wet-ability due to the chemistry of the surface374. Therefore, one 

explanation for the higher mass deposition on titanium could be the difference in surface 

morphology of the titanium compared with silicon and this will be discussed in more details in 

section 6.2.2. Another explanation may be the enhancement of the ALD growth on a metallic 

surface compared with semiconductor or insulator substrates375. This can be attributed to the 

electron donation from the metallic film to the chemically adsorbed precursor molecules which 

leads to improving the dissociation of ligands from the adsorbed precursor molecules375. In 

ALD process, the effective dissociation of ligands throughout the chemical adsorption of 

precursors can contribute to efficient film growth because of a reduction in steric hindrance 

effect376. 

 

 

Figure 6.1: Mass deposition as a function of substrate temperatures using 4 s doses of Ag (hfac) COD 

with detailed view of no co-reactant (black squares) and 4 s propan-1-ol doses as a co-reactant (red 

circles) per cycle on titanium foil and per cycle on silicon substrate (blue circle) 
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Figure 6.2 shows a comparison on the mass deposition rate as a function of total number of 

growth cycles at 125 °C with saturative doses on flat titanium (black squares) and on silicon 

(red circles). As with other ALD process, under self-limiting conditions, a linear increase in 

film mass was observed on titanium with the number of ALD cycles. On silicon the initial rate 

of increase in mass with ALD cycles is considerably lower. However, the growth rate on silicon 

beyond 1500 cycles is similar to that for the titanium. It is clear that growth on silicon is 

affected by a ‘nucleation delay’ while little or no such delay is observed for growth on titanium. 

The growth of silver becomes independent of substrate type after 1500 cycles show that the 

growth is controlled by chemistry once the substrates are covered with silver. Hence, the 

starting surface, changes the entire deposition time until the surface is completely covered and 

the growth of bulk film starts. The effect of starting surface in ALD growth processes has been 

shown in other studies as well377.  

 

 

Figure 6.2: Mass deposition per unit area as a function of ALD cycles at 125 °C on flat titanium foil 

(black squares) and silicon (red circles) 

 

 

0 500 1000 1500 2000 2500 3000

0

10

20

30

40

50

60

70

80

M
a

s
s
 d

e
p

o
s
it
io

n
 (


g
/c

m
2
)

Number of cycles



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

148 
 

To investigate the self-limiting and saturative surface reactions of Ag (hfac) COD on titanium 

a precursor saturation study was carried out at 125 °C. In order to do the precursor test, the co-

reactant dose was fixed at four seconds, the purge times were fixed at four seconds and the 

cycle was repeated 500 times for each deposition run. As can be seen from Figure 6.3, the 

deposition initially increases with the precursor dose, however at around two seconds the 

deposition rate saturates at around 29.5 ng/cm2 cycle. Therefore, the saturative behaviour of the 

Ag hfac COD was achieved on titanium substrate as well as silicon substrate and indicates that 

the ALD process is controlled by self-limiting surface reactions on both substrates. 

 

 

Figure 6.3: Mass deposition as a function of Ag (hfac) COD at 125 °C for 500 ALD cycles on 

titanium substrates 

 

Under the self-limiting condition, the consistency of mass deposition on titanium was examined 

along the 130 mm length of the deposition zone in the reactor chamber where all parameters 

kept constants. Similar mass deposition occurs on titanium flat substrate between the front, 

centre and rear of the deposition stage (Figure 6.4) which shows that there are enough precursor 

throughout the reactor to saturate all surfaces.  
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Therefore, it is clear that self-limiting growth can be achieved throughout the reactor stage 

from the front edge to the end edge with Ag (hfac) COD under self-limiting condition on 

titanium flat substrate.  

 

Figure 6.4: Mass deposition along the 130 mm length deposition zone at 125 °C for 500 cycles on 

titanium substrates 

 

6.2.2. Micro-structural characterization of the ALD process  

With the purpose of exploring the surface roughness of the titanium compared with the silicon, 

AFM studies together with SEM analysis were carried out on several uncoated substrates. Each 

sample was analysed by randomly sampling at least three areas to ensure that the resulting data 

was representative of the whole. Also, ScanAsyst mode was used for all measurements with a 

very low noise threshold (0.1 nm) to make sure that obtained features are the actual surface 

topography. Figure 6.5 shows the detailed scans (10 µm2 and 5 µm2) of a typical uncoated 

silicon and titanium substrate.  
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The NanoScope Analysis software was utilized to assess the root mean square (RMS) values 

on both titanium and silicon substrates. The RMS values were found to be 0.26 nm and 3.23 

nm on silicon and titanium respectively for the scan area of 1 µm2.   

 

Figure 6.5 (b-d) shows the silicon surface with negligible surface features other than some 

vibrations during the measurement, whereas Figure 6.5 (f-h) shows titanium surface with 

significant valleys, features and randomly oriented ripples which are attributed to the surface 

fluctuation and topography and distributed across the surface. In addition to the AFM results, 

SEM investigations of the samples also reveal that no significant feature is observable on 

silicon (Figure 6.5 (a)) whereas, titanium shows visibly rougher surface with clear features 

(Figure 6.5 (e)). 

 

Therefore, in addition to the substrate type effect on the growth, the larger surface roughness 

of the titanium substrate compared with the silicon may also have some effect in enhancing the 

growth of silver nanoparticles and change the initial surface nucleation on the titanium surface.  
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Figure 6.5: SEM images of uncoated a) silicon and e) titanium. AFM images of uncoated b-d) silicon 

substrate and f-h) titanium substrate. The yellow line indicates the height changes of the surface map. 
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In order to compare and contrast the microstructure of the deposited films on both substrates, 

AFM and SEM studies were carried out on the coated samples. Figure 6.6 indicates two 

dimensional and three dimensional AFM images on flat titanium and silicon substrates coated 

with silver at 125 °C for 500 ALD cycles. Both substrates were sampled at least four times 

over other scan windows and similar surface features, RMS values and comparable results were 

obtained which indicate that ALD silver films are conformal on both titanium and silicon 

substrates378.   

Figure 6.6 (a) and (e) show AFM together with SEM on silicon substrate, whereas Figure 6.6 

(b) and (f) shows AFM together with SEM on titanium surface for 500 ALD cycles 

respectively. Islands can be observed on both substrates, which shows that silver grows in 

‘Volmer Weber’ mode irrespective of any differences that titanium and silicon substrate can 

cause on the growth behavior. The AFM analysis together with SEM analysis reveal that the 

size and shape of the nanoparticles are different on titanium for the same number of ALD cycles 

compared with silicon. The average particle size distribution on the titanium is ~ 48 nm at 500 

cycles, whereas the average particle size on the silicon is ~ 25 nm for the same number of 

cycles. This indicates that wetting and coalescence of silver nanoparticles are faster on titanium 

surface and lead to increase the nanoparticles size to almost twice as the nanoparticles size on 

the silicon for the same growth condition. This is in a good agreement with results obtained 

from the study of silver films grown by PEALD on different substrates28. This microstructural 

study also is in a good correlation with the higher mass deposition achieved on titanium (see 

Figure 6.1).  

If the metal wets the oxide substrate, the γm/ox is equal to γv/ox – γv/m at equilibrium; where γm/ox 

is the metal/oxide interfacial free energy, γv/ox is the surface free energy of the clean oxide in 

vacuum, γv/m is the surface free energy of the clean metal in vacuum. In this situation, a 

continuous metal film is formed379.  
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If, on the other hand, the γm/ox is greater than γv/ox – γv/m then the metal cannot wet the 

oxide/vacuum interface and hence, particles are formed rather than a continuous film380. Hence, 

according to these equations, the nucleation of silver on titanium substrate with a thin naturally 

protective oxide layer is very difficult and results in nucleation as silver nanoparticles379,381. 

This is linked with the higher surface energy of the silver film relative to the titanium oxide 

substrate which resulted in forming nanoparticles to decrease the system energy.  

The lack of the appropriate surface species in order to react with the metal ALD precursors is 

additional challenge for achieving nucleation on oxide substrates and accordingly, many ALD 

cycles are usually needed to detect any metal deposition on oxide substrate381. Also, the 

existing ligands in the metal precursor can bind to the oxide substrate and cause blocking the 

adsorption sites382. Therefore, this can explain the low number of publications on ALD 

deposition of continues thin metal films on oxide substrates383,381. 
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Figure 6.6: High-resolution AFM and SEM images of ALD coated of silver nanoparticles on silicon 

substrate [(a), (c), (e)] and on titanium substrate [(b), (d), (f)] at 125 °C for 500 ALD cycles. 
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To investigate the height and size distribution of silver nanoparticles on both substrates, AFM 

together with SEM were used respectively. The dispersion of silver nanoparticles height by 

AFM on silicon substrates reveals a relatively narrow Gaussian size distribution for 500 ALD 

cycles with an average height size of ~ 12.32 nm (Figure 6.7 (a)). Figure 6.7 (b) also shows 

that nanoparticles diameters achieved via SEM on the same sample follow a narrow Gaussian 

trend with controlled quasi-3D symmetrical growth with an average particle size of ~ 25 nm 

and a standard deviation of 2.1 nm, which is in relation to the AFM height data as the particle 

diameter obtained via SEM is approximately doubled the mean height of the particle obtained 

via AFM. This shows that the formation of homogenous hemispherical shapes nanoparticles 

was achieved on the silicon substrate for 500 cycles. 

 

On the other hand, the dispersion of height distribution on titanium coated substrates by AFM 

shows wider range distribution and the density of the particles reduces for 500 ALD cycles 

with an average height size of ~ 27.69 nm (Figure 6.7 (c)).  Also, the histogram of SEM image 

in Figure 6.7 (d) for the same sample demonstrates that silver nanoparticles follow a wider 

range of diameter size distributions which tend to be non-symmetrical and vary in size between 

~ 40 nm and ~ 60 nm with an average particle size of ~ 48.3 nm and a standard deviation of 

5.7 nm. Therefore, the formation of heterogeneous nanoparticles was obtained on titanium 

substrate including random shapes nanoparticles and spherical nanoparticles for the same 

number of cycles due to the faster growth on titanium substrates. 
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Figure 6.7: Dispersion of silver nanoparticle height and radius by AFM and SEM respectively grown 

on a-b) silicon substrate, c-d) titanium substrate for 500 cycles 

  
 

To do the further investigation on the effect of increasing the number of ALD cycles on the 

growth of silver nanoparticles on silicon and titanium, SEM was carried out on films deposited 

for 1500 ALD cycles (Figure 6.8). The average particle size is 117.6 nm with a standard 

deviation of 13.5 nm on silicon (Figure 6.8 (a)) whereas on titanium, large island size and 

interconnected nanoparticles start growing to form a film (Figure 6.8 (b)). Therefore, the SEM 

analysis is in a good agreement with mass deposition data (Figure 6.2) where the total mass 

depositions achieved on titanium was more than the deposited mass on silicon 1500 ALD 

cycles. 

Temp = 125 °C 

Std.Dev = 1.13  

Mean Height = 12.32 

Silicon substrate 

500 cycles 

 

Temp = 125 °C 

Std.Dev = 2.03  

Mean Diameter = 25.2 

Silicon substrate 

500 cycles 

 

Temp = 125 °C 

Std.Dev = 6.6  

Mean Height = 27.69 

Titanium substrate 

500 cycles 

 

 

Temp = 125 °C 

Std.Dev = 5.7  

Mean Diameter = 48.3 

Titanium substrate 

500 cycles 

 

 

(a) (b) 

(c) (d) 



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

157 
 

As nanoparticles grow with increasing numbers of ALD cycles, individual nanoparticles begin 

to merge together to form irregular nano-structures, via a process of Ostwald ripening on both 

substrates. Therefore, the surface coverage of both titanium and silicon will reach to the point 

that is fully covered by silver thin layer and hence the effect of the surface itself on the growth 

will be eliminated. 

 

Figure 6.8: High-resolution SEM images of ALD of silver nanoparticles for 1500 ALD cycles on a) 

silicon substrate, b) on titanium substrate, c) & d) the size distribution histograms 

 

 

 

 

 



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

158 
 

6.3. Chemical composition of the silver NPs 

6.3.1. XPS spectra on titanium flat substrate  

As described in chapter 3, achieving accurate quantitative composition analysis of non-ideal 

surface topography (such as differences in Ag NPs size) and rough surface films (like the 

current study) is not possible due to photoelectron scattering effects. The surface roughness 

influences the number of electron signals and thus produces systematic errors and artifacts in 

quantitative analysis by assuming the surface an ideally flat substrate384, 385 . Because of having 

silver nanoparticles film rather than having an ideal flat silver film in this study, obtaining an 

accurate composition map was difficult. However, these errors only influence the XPS peak 

intensities, rather than binding energy (BE)386. Therefore, XPS can be used to prove the 

existence of silver and any other elements from the precursor in this study. XPS information 

can provide only the surface property and not the bulk property, as the information on the depth 

of photoelectrons on only about 10 nm is achievable387. 

 

Figure 6.9 shows a full survey scans (200-700 eV) alongside high resolution scans of the Ag 

peak from islands deposited by ALD on Si (100) and titanium substrate at 125 °C with the 

same nominal thickness of 10 nm. The XPS of the silver on silicon substrate is in close 

agreement with the titanium substrate and in both spectra the main core-level peaks are related 

to Ag (3d), C (1s) and O (1s). Energy shifts produced by chemical bonding can have an effect 

on the peak positions and hence supply valuable information on bonding conditions. Peaks at 

binding energies of 368.0 and 374.0 eV are resolved, which correspond to the two spin-orbit 

components, Ag3d5/2 and Ag3d3/2 respectively with a spin orbit splitting of 6.0 eV on titanium 

substrate (Figure 6.10). These closely match the Ag3d features for the bulk silver reference 

sample and are attributed to metallic silver340.  
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Compared with other noble metals, silver core levels show a shift to lower binding energies as 

its oxidases. Therefore, these silver peaks with reasonably high binding energies show pure 

silver peak rather than silver oxides388, 389. No extra peaks were observed above 374 eV, which 

clearly confirmed the absence of an oxidized form of silver390 (Figure 6.10). Besides, XRD was 

taken in conjunction with the XPS data in further approval of existing of metallic silver340 at 

125 ºC and will be shown in the following section (Figure 6.12).  

 

 

Figure 6.9: XPS spectrum of a) Ag films deposited by ALD on silicon and b) Ag films deposited by 

ALD on titanium at 125 °C for the nominal thickness of 10 nm 

 

Figure 6.10: High resolution Ag3d XPS spectrum of silver on titanium. The thin solid lines indicate 

the original data of XPS and the dashed curves indicate theoretically fitted curves by assuming 

Gaussian distribution. 
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Figure 6.11 shows the region covering the carbon binding energy for the C1s peaks for both 

the ALD films on silicon and titanium substrates. The dotted line on Figure 6.11 (a) and (b) 

shows single Gaussian peak at 284.8 eV with no shoulder which is associated with C-C or C-

H bonds and is attributed to surface contamination rather than bulk incorporation391 which is 

inherently exist in all samples that have been exposed to air. The carbon peak was used to 

calibrate any energy shifts by the sample’s surface induced by surface charging. 

 

 

Figure 6.11: High resolution of XPS of C1s peaks on a) silicon and b) titanium substrates at 284.8 eV  

                                                                                   

 

Because of high intensity (002) plane of titanium substrate related diffraction peak at 38.5º, 

which particularly obscures the (111) silver peak at 38.2º, the peak at 44.4º was used to 

investigate the existence of metallic silver on titanium. As it is clear from Figure 6.12, at 125 

°C, the peak is observed on titanium at 44.4° which is in agreement with (200) reflection of 

face centred cubic (fcc) metallic silver (Fm-3m) (JCPDS 04-0783). This is also in a good 

agreement with metallic silver shown by XPS at 125 °C (Figure 6.10). 
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Figure 6.12: X-ray diffraction pattern of silver on titanium at 125 ºC 

 

 

 

6.4. Microstructure study on bone-like SLM structures 

6.4.1. SEM study of Ag NPs on the foam structures 

This section investigates the microstructure of the coatings on SLM cylindrical implants 

structures. High resolution SEM images were taken from the samples before and after ALD 

coatings of silver.  Figure 6.13 illustrates some high resolution SEM images on titanium porous 

structures before and after ALD under saturative growth conditions using 100 cycles. High 

resolution images on non-coated SLM structures (Figure 6.13 (a – b)) show featureless titanium 

surfaces even at highest magnification (50 nm scale bar). Figure 6.13 (c – d) on the other hand, 

shows high resolution SEM images taken from coated SLM structures where silver 

nanoparticles at the highest resolution (50 nm scale bar) on 3D SLM structures are observable 

with no agglomeration.  
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Figure 6.13: High-resolution SEM images of a-c) non-coated titanium porous SLM structure, d-f) 

ALD of silver NPs coated titanium porous SLM structure for 100 ALD cycles 

 

6.4.2. Conformal coating of porous foam structures assessed by SEM 

 
 

The conformity of the coating on three-dimensional structures was assessed using SEM of the 

‘split cube’ samples for 2 s and 4 s silver precursor doses and 9 s purges for 500 ALD cycles. 

Each sample was made up of two 2.5 × 5 × 5 mm foam blokes tightly wired together to form 

5 × 5 × 5 mm cubes (Figure 6.14). The more details of the experiment can be found in chapter 

3. 

 

Figure 6.14: A schematic of the two halves of the cubes 
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With 2 s precursor doses dense silver nanoparticles were observed close to the sample edges 

(Figure 6.15 (b) and (d)), but considerably smaller nanoparticles were observed towards the 

middle of the sample (Figure 6.15 (c)). This is indicative of sub saturative growth in the central 

part of the structure, while 2 s doses resulted in conformal coating on the flat titanium 

substrates, they are insufficient for the 3D cube structure. The central part of the sample do not 

receive sufficient precursor dose to reach saturation. Increasing the precursor dose to 4 s 

produced much more consistent nanoparticles throughout the structure. Figure 6.16 (a), shows 

a low magnification SEM image of the whole sample and indicates the locations of high 

magnification images taken at the front (Fig 6.16, b & e), middle (Fig 6.16 (c) & (f)) and back 

(Fig 6.16 (d) & (g)) of the sample with respect to the gas flow direction in the ALD reactor. 

The high magnification images show that the size and density of the nanoparticles is very 

similar at each of the locations and supports the conclusion that the growth is controlled by 

saturative surface reactions.     



Chapter 6                                                                    Implants Coated with a Nano-layer of Ag 
 

164 
 

 

Figure 6.15: (a) SEM of inner surface of one half of the split cube, and detailed high magnification 

SEM images of silver nanoparticles on the titanium structure at the front (b & e ), middle (c & f) and 

back (d & g) of the sample for 2 s precursor doses 
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Figure 6.16: (a) SEM of inner surface of one half of the split cube, and detailed high magnification 

SEM images of silver nanoparticles on the titanium structure at the front (b & e ), middle (c & f) and 

back (d & g) of the sample for 4 s precursor doses 
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As it was clear from Figure 6.15, front and back of the structure show similar size for silver 

nanoparticles even with insufficient precursor dose. With respect to the gas flow from left to 

right, it might be expected smaller nanoparticles at the back of the structure compared with the 

front. Figure 6.17 shows a schematic of the possible gas flow around the sample in the reactor. 

The gas comes in a laminar flow and as it hits the front edge gets turbulent towards the end 

edge392.   

 

 

 
Figure 6.17: Schematic of the laminar and turbulent flow towards the cube in the reactor 

 

The size and distribution of the silver NPs on the front, middle and end of the surface structure 

were analyzed using Image J software. It can be seen from Figure 6.18 the density and size 

distribution of the NPs is not significantly influenced by position. The size of the NPs was 

measured with an average size of 48.7 nm (standard deviation of 3.6), 47.6 nm (standard 

deviation of 2.62) and 48.5 nm (standard deviation of 3.1) on the front, middle and back 

respectively.  Although this deposition process does not produce planar films, it is evident that 

the quasi-3D growth is still very much controlled in a self-limiting manner. It is important to 

mention that there is an extra error associated with the nanoparticles size and distribution 

measurement on these scaffolds due to the fact that the surfaces are not entirely flat within the 

field of view. However, these errors found to be less than ± 3 nm for NPs size as compared 

directly with titanium flat substrates. 
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Figure 6.18: SEM images of the surfaces at different parts of the ‘split cube’, a) front, b) middle and 

c) end along with the size distribution histograms. 
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In addition to the SEM analysis across the ‘split cube’ structure, energy dispersive X-ray (EDX) 

mapping analysis was also applied on the cross sectional surface of the cube and illustrates 

silver nanoparticles are homogeneously dispersed on the surface through the entire structure, 

as it is shown in the Figure 6.19. Therefore, it can be concluded that silver is uniformly 

deposited via ALD on scaffold and the growth is controlled by saturative surface reactions.     

 

 

 

 

Figure 6.19: Energy dispersive X-ray (EDX) mapping analysis of cross sectional split cube structure 
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6.5. Titanium implants coated with a nano-layer of silver 

 
The development of orthopaedic implants structures using SLM and the high priority of 

preventing implant related infections have been explained broadly in chapter 2. In this research, 

titanium implants structures coated with a nano-layer of metallic silver nanoparticles film using 

ALD method were utilised for the first time to reduce perioperative infections caused by 

Staphylococcus epidermidis as one of the major pathogens related with joint replacement 

infections. The aims of this study were as follows: 

 

1. In-vitro study on titanium implants coated with a nano-layer of silver bacterial 

reduction and inhibit colonization by s. epidermidis compared with uncoated titanium 

implants. 

 

2. In-vitro study on titanium implants coated with a nano-layer of silver to investigate the 

support of cell growth compared with uncoated titanium implants. 

 

3. In-vivo study on titanium implants coated with a nano-layer of silver to investigate the 

bone and microvascular ingrowth compared with uncoated titanium implants. 

 

To coat the SLM titanium implants in this study, the ALD cycle was repeated 500 times for 

each growth run with 4 s of silver dose and 8 s of purge and also 4 s of propan-1-ol with 8 s of 

purge at 125 °C. Figure 6.20 (a) and (b) show SEM images of uncoated titanium solid and foam 

structures and clearly show the size and shape of the actual implant samples. The detailed 

experimental procedures of making the SLM samples in this study are briefly mentioned in 

chapter 3. All of the SLM samples were made at the University of Liverpool by Samuel Evans 

and Dr. Joseph Robinson. Also, all in-vivo and in-vitro studies were conducted by Professor 

Christopher Mitchell, Aine Devlin and Naomi Todd at the University of Ulster.  
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Prior to microbiological assessment for both in vitro and in vivo analysis, all the samples were 

sterilized for 2 hours in 200 µl of 100% ethanol (Fisher Scientific UK Ltd, Loughborough, 

UK). The experimental procedures for antimicrobial study are briefly mentioned in chapter 3 

and more specific details can be found in the reference98. Some examples of the actual implant 

samples coated with silver are shown in Appendix N.  

 

   

                            

Figure 6.20: SEM images of a) solid sample (titanium only), b) porous sample (titanium only) 
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6.6. Growing S. epidermidis on Ti and Ti/Ag Solid samples 

 
In this research, the microbicidal study was carried out in the presence of Staphylococcus 

epidermidis (ATCC 35983 Methicillin Resistant) onto titanium implant structures. Figure 6.21 

shows the bacterial recovery (a) and biofilm formation (b) on both uncoated and silver coated 

titanium structures after 96 hours of incubation by culturing 103 organisms of S. epidermidis.  

As Figure 6.21 (a) shows, there was a 2-log fold reduction in the total number of bacteria on 

silver coated titanium structures as compared to uncoated titanium structures after 96 hours 

incubation. This graph clearly shows that silver has major negative effect on killing S. 

epidermidis. To explain this effect, one likely cause can be the availability of silver coating to 

react with water and release silver ions393,394. Silver ions have the ability to bind to different 

elements within the proteins and change the bacterial cell wall structure394. In addition, there 

are some reports on the ability of silver ions in interaction with DNA and hence, resulted in 

cell partake in protein synthesis and other vital metabolic processes98.  

 

Following the bacterial recovery investigation, spectrophotometric analysis of solutions shows 

that a considerably lower optical density is achieved on titanium structure with a nano-layer of 

silver coated in comparison with uncoated samples after 96 hours incubation with S. 

epidermidis and this is a significant reduction on biofilm formation (p < 0.001) (Figure 6.21 

(b)). To investigate the difference in biofilm formation further on both coated and uncoated 

implants, some SEM images have been taken. SEM of uncoated titanium solid surface in Figure 

6.22 (a) and (b) revealed a fibrous multi-layered structure adhered to the surface of uncoated 

titanium structures after 96 hours, consistent with the morphology of a bio-film395,396. SEM of 

titanium silver coated implants on the other hand, revealed very low numbers of organisms and 

limited indication of cell division after 96 hours incubation (Figure 6.22 (c) and (d)).  
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Therefore, it can be concluded that silver clearly shows negative effect against biofilm 

formation caused by S. epidermidis.   

 

     

 

Figure 6.21: (a) Antimicrobial potential of silver coated solid implants was evaluated using the 

bacterial recovery technique after 96 hours incubation with 103 S. epidermidis compared with 

uncoated samples, (b) Crystal violet staining assay comparison between silver coated and uncoated 

implants following 96 hours incubation with S. epidermidis   

       

       

 

Figure 6.22: SEM images of S. epidermidis bacterial cells formed after 96 hours of incubation on 

uncoated titanium solid implants (a and b), and on silver coated titanium solid implants (c and d) 
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6.7. Human cell line adhesion on silver coated titanium structures 

 

To investigate the support of silver coated titanium surface on the adhesion and growth of cell 

lines without altering the morphology or topography of the cell, different SEM images were 

taken at different incubation time with several human cell lines including; osteoblast-like 

SAOS-2 (osteosarcoma), HDMEC (endothelium), Hs27 (fibroblasts) and HaCaT 

(keratinocytes) on the surface of silver coated solid implants and uncoated ones. Cell lines are 

clearly attached to the surface of both titanium and silver coated titanium surfaces after 6 hours 

of incubation with flattened cluster of cells evident by 24 hours (Hs27 is shown in Appendix 

O after 6 of incubation on solid structure). 

After 48 hours of incubation time, large clusters of cells with flattened morphology are clearly 

evident for all four cell lines (Figure 6.23). Hs27 shows a distinctive spindle shape morphology 

and HaCaT reveals a fully confluent monolayer. So, in this study, silver coated surface has 

been shown to support the adhesion and growth of analysis cell lines without altering the 

morphology or topography of them and hence, the in vitro cytocompatibility of these silver 

ALD coated surfaces is confirmed. 
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Figure 6.23: SEM images after 48 hours of incubation of Saos-2, HDMECS, Hs27 and HaCatT on 

solids (Bar = 100 µm and 50 µm) 
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6.8. Vascular Corrosion Casting 

 

In-vivo study was done to investigate the effect of a nano-layer silver coated or uncoated 

titanium porous implants on the morphology and promotion of microvascular at 2, 6 and 12 

weeks following surgery. In order to do the in-vivo tests, 24 male Wistar rats with 10-12 weeks 

old and between 300 to 400 g body weights were used. The detail of the surgical procedure 

used for in-vivo test in this study was previously described and is available in the reference98. 

Figure 6.24 shows the rat’s leg which was shaved by mechanical clipper and cleared of all hair 

using depilatory cream (Veet®,Rickitt Benckiser Group Plc, Berkshire UK). Rats were chosen 

randomly into two groups of twelve rats for study with titanium implants and silver coated 

titanium implants. Press-fit technique was used to insert gently both coated and uncoated 

implants.  

 

   

Figure 6.24: Surgical procedure to implant the coated and uncoated sample in the rat tibia 

 
 

By the time of two weeks following surgery, the foam scaffolds were surrounded with a dense 

network of micro-vessels and infiltrated with a porous bone matrix. After 6 weeks, silver coated 

and uncoated foams were mostly filled with porous bone with several dense networks of 

vessels. SEM Figures after 2 and 6 weeks are shown in Appendix P and Q.  

SEM analysis revealed robust bone and microvascular ingrowth in titanium control samples 

and silver coated titanium foams implanted in rat’s tibia at 12 weeks following surgery (Figure 

1 2 3 
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6.25). Around both titanium (Figure 6.25 (b)) and silver coated titanium implants (Figure 6.25 

(e)), several dense networks of vessels are obvious, with no visible difference between the 

morphology of regenerated bone or micro-vessel structure between the groups (yellow arrows). 

Also, from vascular cast analysis it is clear that after 12 weeks following surgery, the implant 

pores are fully penetrated with new bone and continues to grow in and around the micro-vessels 

until eventually occupy the implant cavity. Regular and smooth micro-vessel morphology on 

both types of implant are observed with several micro-vessels branching into new canals within 

redeveloped bone areas in pores from the implant (purple arrows).   
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Figure 6.25: Robust bone and microvascular ingrowth was observed in titanium control and silver 

coated titanium foams. Rat tibia sub-critical size defects were implanted with either uncoated (a-c) or 

silver coated (d-f) foams and animals recovered from surgery for 12 weeks.
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7.1. Conclusions 

 
 

The contents of the work achieved during this thesis can be divided into three main parts. Firstly, 

a systematic study was carried out on the deposition of metallic silver nanoparticle films using 

thermal ALD and alcohol based co-reactants.  Secondly, the deposition of silver with a hydrazine 

based co-reactant was characterised and developed. Lastly, a systematic study was performed on 

the conformality of thermal ALD of silver on high aspect ratio structures and was employed for the 

use in orthopaedic implants. The insights achieved during this research are provided below: 

 

In the current study, the self-limiting deposition of metallic silver has been demonstrated using 

thermal ALD with (hfac)Ag(1,5-COD) and either propan-1-ol, butan-1-ol or TBH as a co-reactant. 

While previous studies have reported thermal ALD of silver, self-limiting growth has not been 

conclusively shown.  

  

Self-limiting ALD of (hfac)Ag(1,5-COD) using alcohol based process is achievable, however, the 

ALD window is narrow as a result of thermal decomposition at elevated temperature above 128 °C 

and due to the incomplete reactions at temperature below 123 °C. The narrow window in principle 

enable conformal growth on complex high aspect ratio structures, however, the narrow width of 

the temperature window may cause practical limits for manufacturing in terms of thermal control 

of large, non-planar structures. At lower temperature, there is insufficient energy to complete the 

reaction and it is likely that the AgII (hfac)2 intermediate species remains on the surface following the 

alcohol doses. This results in increased weight gain and high levels of F contamination which are 

observed experimentally using XPS. At higher temperature on the other hand, thermal decomposition 

of the (hfac)Ag(1,5-COD) is evident, resulting in increased weight gain due to a CVD-like 

contribution to the growth. Based on literature, this CVD growth is expected to progress via a 

catalytic dehydrogenation reaction of the alcohol co-reactant320. 
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XPS and SEM confirms that within the ALD window, metallic silver is deposited in the form of 

silver nanoparticles, the growth of which is directly controlled by cycle numbers due to the 

saturative nature of the growth. The nanoparticles grow in diameter in a linear fashion with cycle 

numbers up until neighbouring particles start to interact and begin to merge together into irregular 

shape particles via a ‘surface Ostwald ripening’ like process. The formation of nanoparticles rather 

than films is due to the ‘Volmer-Weber’ growth mode which is believed to be promoted due to the 

poor wetting of silver on silicon, glass or titanium surfaces. The highly textured surface topography 

of silver ALD results in immeasurable electrical conductivity of films, which indicates that 

neighbouring particles are disconnected from each other at the micro-length scale. The poor wetting 

may also account for the relatively poor adhesion strength of silver nanoparticles, making it easy 

to damage films through handling. 

 

With increasing doses of (hfac)Ag(1,5-COD), propan-1-ol and butan-1-ol, saturative growth rates 

are achievable, which is a clear indication that both halves of the ALD process are controlled by 

self-limiting surface reactions as long as the growth temperature is maintained within the ALD 

window. The envelope of the in-situ QCM data indicates a linear increase in mass with the number 

of ALD cycles. The detailed QCM mass gain/loss data supports the ALD reaction scheme where 

the chemisorption of Ag(hfac) is followed by the formation of metallic silver via heterogeneous 

catalytic dehydrogenation of the alcohol (chapter 4).  

 

Replacing the alcohol with hydrazine significantly extend the ALD temperature window at low 

temperature end by up to 18 °C growing an ALD window between 105 °C and 128 °C (chapter 5). 

One potential hypothesis could be explained due to a significantly higher pKa value of hydrazine 

than propan-1-ol/butan-1-ol. This can lead to readily reduce Ag(hfac) via direct proton donation. 

Within the ALD temperature window, growth rates are saturative with (hfac)Ag(1,5-COD) and 

TBH doses.  
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The relatively large ALD temperature window achieved using TBH (23 °C) is potentially very 

advantageous compared to the narrow ALD temperature window obtained with the alcohol based 

process (5 °C) in terms of manufacturing. The wider temperature window makes thermal control 

less critical, which is especially useful for large, non-planar structures.  

 

No visible F peaks are observed within this temperature window which indicates that the surface 

reactions are progressing cleanly. At lower temperature below the ALD window, there is 

insufficient thermal energy to fully reduce the precursor and hence, it is likely that organic ligands 

are not fully reduced, leading to incorporation of ligand by products and hence F contamination.  

 

Another important insights achieved with TBH as a co-reactant compared with alcohol is the 

significant difference in growth habit of the silver films. The TBH promotes the ‘Frank-van der 

Merwe’ growth mode instead of ‘Volmer-Weber’ growth mode. Less textured, more film like 

metallic silver coatings are produced using TBH and these films are electrically conductive. The 

film also show better adhesion strength compared to films grow using the alcohol based process. 

One possible reason that could explain this phenomenon during the early stages of the growth 

process, is that TBH has an effect on the substrate akin to ‘self-cleaning’ observed with TMA. Then 

modification of the surface enables better wetting of the silver on the surface, hence producing film 

like growth and improved adhesion.  

 

For the first time, ALD of silver has been used as a coating method for antimicrobial coating of 

three dimensional orthopaedic implant structures. The coatings are ultra-thin and highly conformal 

which has been evaluated by the self-limiting surface reactions of the propan-1-ol based ALD 

process. The conformality within foam like titanium structures has been confirmed using ‘split 

cube’ test specimens assess by SEM.  
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For bio-implants as silver in high concentration is known to be toxic with the body, the sub-

nanometre scale control over the coating thickness is considered to be helpful advantageous. A key 

objective of the current work was therefore to show that conformal ALD silver at thickness of ~ 

10-12 nm would be effective as an anti-microbial coating, while being bio-compatible.  

 

The ALD of silver films deposited by the propan-1-ol based process are very effective at killing 

Staphylococcus epidermidis and show a 2-log reduction in bacteria compared to control samples.  

The silver films are bio-compatible in terms of the growth and deposition of native body cells. In 

vitro cell culturing studies show good support to cell adhesion and robust growth of different cell 

lines including SAOS-2, HDMEC, Hs27 and HaCaT, without changing their morphology on both 

silver coated and control titanium implant surfaces and hence, confirm the cytocompatibility of the 

silver coated surface.  

 

In vivo investigation also shows that silver coated implant structures as well as uncoated samples 

are incorporated into 2.5 mm defects in rat tibia, with robust bone ingrowth into the porous scaffold 

with vessels moving over the scaffolds and connecting with one another and therefore, supports the 

conclusion that a nano-layer of silver coated SLM structures by ALD does not impact bio-

integration of the orthopaedic titanium implants.  

 

In final conclusion, self-limiting thermal ALD is a promising route to the conformal coating of 

nano-layer silver. It shows initial signs of potential as an antimicrobial coating for orthopaedic 

implants giving good bacteria kills for Staphylococcus epidermidis and biocompatibility. Although 

further work is necessary to optimise the process, particularly in terms of adhesion and to see if 

bacteria such as MRSA can be targeted.  
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7.2. Suggestions for Future Work 

 

The research carried out in this PhD thesis has raised more questions that would be valuable 

pursuing in the future, however, answering these questions were beyond the scope of this research. 

 

It has been shown in chapter 5 that using TBH as a co-reactant has increased the ALD temperature 

window and produce more film like growth rather than a 3D growth with alcohol-based co-reactant. 

This explained due to the higher reactivity of hydrazine and its derivatives due to the lower 

dissociation energies and weak N-N bonding. However, using QCM in order to in-situ monitoring 

the actual chemical reaction happened in each ALD cycle with TBH would be a really interesting 

study. In-situ monitoring could identify surface reaction caused by TBH particularly for the initial 

cycles, gas phase composition and diagnose reaction by-products. This would hopefully provide 

further experimental evidence and therefore, the actual mechanism can be explained.  

 

According to the literature, the release of bactericidal Ag (+) ions from smaller diameter silver 

nanoparticles showed better antimicrobial effects against both Gram-negative (i.e. Escherichia coli) 

and Gram-positive (i.e. Staphylococcus aureus bacteria)397. During the current study, due to the 

practicality and money involves in running the test, we were only able to try one coating condition 

(500 ALD cycles at 125 ºC) which produced particles with the roughly size of ~ 48 nm (chapter 6). 

According to the literature, the silver nanoparticles can be more effective as an antimicrobial agent 

for smaller nanoparticles size on certain bacteria398. Therefore, the future work plan would be to 

investigate the effect of smaller size range nanoparticles (i.e. 10 to 30 nm) coated with ALD and 

compare and contrast the effect of them on antimicrobial studies.   
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In order to produce smaller nanoparticles, lower number of cycles are needed. In this case, the 

distance between nanoparticles will increase due to their smaller size and leave larger uncoated 

area among silver nanoparticles. To overcome this challenge, we did briefly look at how using ZnO 

as a seeding nucleation layer might be effective in increasing the density of nanoparticles. The 

preliminary study of the particles show that adding in-situ 2 nm ZnO ALD layer in the AIXTRON 

reactor before starting the ALD cycles of silver, lead to an increase in the density of nanoparticles 

to twice with the same size (Figure 7.1).  

 

Several parts of the study were inconclusive and we didn’t have time and money to buy enough 

materials to do a detail study, however the SEM results on the preliminary study on density of 

particles have been shown in Figure 7.1. In Figure 7.1 (a), (hfac)Ag(1,5-COD) was deposited on 

silicon surface with no surface pre-treatment for 400 ALD cycles.  In Figure 7.1 (b) on the other 

hand, 2 nm of ZnO layer was applied prior to 400 ALD cycles of (hfac)Ag(1,5-COD). The 

nanoparticle average size distribution was achieved roughly 21 nm for both growth, however, the 

density of particles per µm2 was increased from 320 and 690 with the addition of the ZnO layer.  

 

    

Figure 7.1: SEM images of the surfaces at 400 ALD cycles, (a) No pre-growth layer, (b) 2 nm ZnO 

pre-growth layer

 

 

(a) (b) 

50 nm  50 nm  
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Abstract 

The major microbial pathogens associated with significant joint replacement revision morbidity and mortality 

include Methicillin-resistant Staphylococcus aureus and Staphylococcus epidermidis; both of which have strong 

biofilm forming capabilities in deep wounds and on the surface of prostheses. As few as 103 – 104 of these 

organisms can result in an infection requiring hospitalization and surgical revision procedures, making prevention 

of prosthesis-associated osteolytic infections a high priority for orthopaedic research. In order to inhibit biofilm 

formation on surfaces of implants we developed 3D titanium structures using the selective laser melting technique 

and subsequently coated them with a layer of metallic silver nano-particles using atomic layer deposition (ALD). 

Bacterial recovery assays showed that growth of S. epidermidis was slow on bare Titanium scaffolds but was 

reduced by up to 2- log fold (p < 0.0001) on silver coated implants with biofilm formation also being significantly 

reduced (p < 0.001). MRSA growth was slow on bare Titanium scaffolds but was, however, unaffected by the 

silver coating. Ultrastructural examination and viability (MTT) assays of bone (SAOS2) and endothelial 

(HDMEC) cells demonstrated their strong adherence to and cell growth on, both silver coated and non-coated 

Titanium implant surfaces. In addition, histological, x-ray computed micro-tomographic and ultrastructural 

analyses revealed that nano-layer silver coated Titanium scaffolds implanted into 2.5mm defects in rat tibiae 

promote robust vascularization on the surface of struts as well as conspicuous bone ingrowth. Data from this study 

supports the conclusion that SLM manufactured Titanium implants coated with a nano-layer of silver significantly 

reduce pathogenic biofilm formation in vitro, while at the same time facilitating vascularization and 

osseointegrative properties, making these surface-modified implants promising candidates for clinical orthopaedic 

applications. 

 

Key words: 

Bone; Titanium; silver; implant; atomic layer deposition; biofilms, Staphylococcus epidermidis, Methicillin 

Resistant Staphylococcus aureus; cell culture; in vivo; rat; vascular casting; angiogenesis 
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Introduction 

Total hip replacements (THR) generally have an excellent clinical outcome, however peri-

operative infection rates following this procedure range from 0.5 - 2% [1] and with over 62,000 

of these surgeries performed each year in the UK (National Joint 

Registry, 2014) there is an urgent clinical need to reduce biofilm formation on the surface of 

materials used in these devices. THR infection usually results in two additional surgical 

procedures: one to remove the implant and eradicate the infection followed by an additional 

THR. This treatment puts a significant burden on the patient and health service resources, as 

revision surgery can be up to 3 - 4 times the cost of the initial THR [2]. There are several risk 

factors which can increase the possibility of implant related infection; including increased 

operative time [3], comorbidities and a prior history of a joint arthroplasty [4]. 

Infections following THR can be caused by very low numbers (103 – 104) of osteolytic 

microorganisms and are mainly attributable to coagulase negative staphylococci, Gram 

negative rod shaped bacteria and streptococci [1, 4]. Implant related infections are caused by 

microorganisms which colonise and form biofilms on the implant surface, and infection occurs 

in 3 main ways: microbial colonisation at the time of implantation; haematogenous spreading 

of the pathogen to the implant; or via direct spreading from an adjacent infection [5]. When 

microbial pathogens adhere to the implant they form a complex biofilm, which provides 

protection for the constituent organisms from both the host’s immune system and from the 

penetration of antibiotics [6]. The process of colonisation of an implant is described as a “race 

for the surface” between the host cells, bone extra cellular matrix and the microbial pathogen 

[7]. With the onset of an osteolytic infection there are many problems for the patient: including 

primarily, pain, increased risk of hospitalisation, additional surgical procedures and poor 

functional outcome [8]. Treatment options will depend on the health of the patient, the extent 

of the infection, debridement of infected tissue around the joint and retention of a well fixed 
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prosthesis. The two main treatment options are: 1-stage revision surgery, consisting of the 

removal of the prosthesis, infected tissue and cement with re-implantation of a new prosthesis; 

or alternatively, 2-stage revision surgery, where re-implantation of the prosthesis is delayed for 

6-8 weeks and antibiotic eluting cement spacers are used to combat infection. Bone cements 

loaded with antibiotics are still in use but the extensive use of Gentamicin as well as increasing 

antibiotic resistance means further infection prevention measures are required to lower the 

incidence of clinically relevant peri-operative hip infections [9, 10]. Two-stage revisions are 

the most common approach to treat chronic prosthetic joint infections in many hospitals, but in 

severe cases where the patient is unsuitable for surgery and antibiotics are not effective, hip 

disarticulation may be considered [11, 12]. 

The prevention of osteolytic infections is a high priority in the field of orthopaedic research 

and has been widely explored with approaches including the coating of implants with various 

metallic and organic compounds, and impregnation of bone cement with silver [13] or 

antibiotics [14] being considered. The use of silver as an antimicrobial agent is known from 

ancient Egypt (around 4000BC; [15]) and it is still used today as a microbicide as it kills a 

broad range of microorganisms [16], although in vitro resistance in E. coli and has been noted 

in organisms with metal ion-transport pump deficiencies [17]. Silver coatings have previously 

been used in the field of orthopaedics on a variety of implantable devices such as catheters, 

where they have been shown to reduce bacterial associated urinary tract infections [18, 19]. 

Metallic silver is inert in the body but has been demonstrated to ionize to the Ag+
 active form 

in the presence of moisture and body fluids, whereupon it binds to bacterial cell walls leading 

to cell death [17]. The mechanism of action of these Ag+ ions has been linked to their 

interaction with thiol (sulfhydryl) groups, although other target sites principally on the bacterial 

cell wall may be involved in its’ microbicidal activity [19]. In the past, poly-methyl 

methacrylate (PMMA) bone cement was loaded with silver but following human trials, this 
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was observed to cause serious side effects including neurological deficits and muscle paralysis 

due to the silver accumulation within the central nervous system [13]. However, nano-silver 

exhibits none of this cytotoxicity whilst at the same time maintaining a high effectiveness 

against multidrug resistant bacteria [9]. 

We have previously described the development of novel porous titanium structures for 

orthopaedic applications using the Selective Laser Melting (SLM) technique [20, 21]. This 

allows the production of intricate, porous, functionally graded parts compatible with human 

bone, having optimal pore sizes (100 – 700 µm) which permit osteoconductive in-growth [21]. 

The SLM process allows manufacture of orthopaedic implants that contain porous and solid 

structures that are required to encourage bone ingrowth into certain areas, and to provide 

greater strength for the bony attachment of the prosthesis, respectively. To determine if silver 

can be employed to reduce surface colonization by clinically relevant pathogens we coated our 

Titanium implants with a nano-layer of metallic silver using Atomic Layer Deposition (ALD). 

ALD, an adaptation of chemical vapour deposition, uses self-limiting surface reactions, which 

offers two main benefits. Firstly, the amount of material deposited during each reaction cycle 

is constant; secondly and critically, film coverage is highly conformal even on very high aspect 

ratio micro-structures. Overall therefore, the process yields a uniform deposition [22] of silver 

on complex structures such as the foams and solids described in this study [23]. The purpose 

of our investigation was to determine the microbicidal effect of a nanolayer of metallic silver 

deposited on Titanium implants in the presence of clinically relevant osteolytic bacterial strains 

(Staphylococcus epidermidis ATCC 35983 and methicillin-resistant Staphylococcus aureus 

ATCC 43300) and to confirm that the surface modification was compatible with cell growth in 

vitro as well as integration into bone defects in vivo. 
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Materials and Methods 

 

Selective Laser Melting (SLM) of bespoke titanium solids and foams 

 

All of the SLM parts in this work were fabricated on a SLM Realizer 2 - 250 (MCP, Germany), 

using Realizer software (Realizer, GmbH, Borchen, Germany) for the manipulation of CAD 

files. Before starting the SLM manufacturing process, the chamber was flushed with Argon gas 

until the oxygen level was below 250 ppm. The oxygen level was determined using a Rapidox 

2100 gas analyser (Cambridge Sensotec Ltd., St Ives, UK). The flushing was stopped once the 

oxygen was below 250 ppm and the build process was then started. The feedstock for SLM 

was grade 1 commercially pure titanium (CpTi) powder, which was produced by a gas 

atomisation process (Sumitomo, Japan). The feedstock had a modal particle diameter of 28.5 

μm, with 90% of the particles being under 45 μm. 

For the porous structures, the powder layer thickness for SLM was set at 50 μm and the laser 

beam diameter was 80 μm, with the laser power and exposure set to produce melt spots of 

nominal diameter 180 μm in order to produce wire frame structures with a nominal porosity of 

65%. For the solid structures, the scanning strategy involved was to create the outer profile first 

(circle) and then filling in with hatch lines which alternated in x direction (one layer) and y 

direction (next layer) repeated until required z height was attained. Laser beam diameter used 

was 80 μm and point distance (separation of hatch lines for in-fill section) of 70 μm. The laser 

power was 95W (profile) and 165W (hatch lines) and laser exposure time was 700 micro-

seconds (profile) and 600 micro-seconds (hatch). 

Following manufacture, scaffolds were cleaned (to remove residual organic solvents and un-

sintered powder) by immersion in 5% micro-90 detergent (Decon, Sussex, 

UK) in distilled water at 60 °C using a ultra-sonic bath (VWR, Radnor, USA) for 90 minutes, 

followed by rinsing in distilled water, sonication at 70 °C in distilled water for a further 90 
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minutes before a final rinse in distilled water. The structures were then dried at 80 °C in an 

oven before being sintered at 1400 oC for 3 h in a VFS HEQ 2624 vacuum furnace 

(Philadelphia, USA) at a pressure of 5 Torr to increase compressive strength and reduce the 

quantity of incipiently melted powder particles. Prior to ALD, sintered solid and porous 

structures were cleaned again by repeating the process described above. To ensure consistency 

in scaffolds used throughout the experiments described in this study, 2400 samples were 

fabricated in a single batch (1200 solid and 1200 foam structures) and used for all subsequent 

experiments described in this study. All the samples were sintered and cleaned prior to half 

their number being coated with nano-layer of silver as described below. 

 

Atomic layer deposition of silver 

 

Silver was deposited by direct liquid injection ALD using a customised Aixtron AIX200FE 

reactor [24], using the self-limited process previously reported [23]. A 0.1M solution of 

(hexafluoroacetylacetonato)silver(I)(1,5-cyclooctadiene) (hfac)Ag(1,5-COD) (SAFC Hitech, 

Bromborough, UK) in anhydrous toluene (Sigma- Aldrich, Germany) was used as the silver 

precursor. During each ALD cycle, silver precursor was introduced for four seconds at a rate 

of 17.5 μl/s. The solution was introduced into the reactor using direct liquid injection and was 

volatilised using a Jipelec vaporiser set to a nominal temperature of 130 °C. The vapour was 

carried into the reactor by 200 sccm of argon (99.999%; BOC, UK) carrier gas. Propan-1-ol 

(HPLC grade/Fisher, Leics, UK) was use as a co-reactant and was introduced into the reactor 

for 4 seconds via a Swagelok ALD valve using a conventional vapour draw source held at room 

temperature (~20 °C). The ALD cycle was defined by sequential pulses of the two reactants 

separated by eight second gas purges to prevent gas phase reactions. To coat the SLM titanium 

implants, samples were mounted in a custom made titanium holder and the ALD cycle was 

repeated 500 times for each growth run. To ensure that ALD growth on the implant structures 
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proceeded in a self-limiting fashion, the reactor temperature was adjusted slightly until a low 

mass thermocouple attached to the top of one of the implants read 125 °C (the midpoint of the 

self-limiting ALD temperature window) [23]. 

The microstructure and morphology of the ALD silver films was investigated using Xray 

diffraction (XRD) and scanning electron microscopy (SEM). XRD was carried out on silver 

films deposited on virgin test grade Si(100) wafers (Compart technology Ltd, Tamworth, UK) 

using a Bragg Brentano diffractometer with a Cu Kα source (Rigaku miniflex, Tokyo, Japan). 

Although titanium foils can be used for XRD, silicon was selected for this purpose as it avoids 

substrate related diffraction peaks in the region of interest, which partially obscures the silver 

diffraction peaks. SEM of silver deposited onto SLM titanium structures was carried out using 

a FEG-SEM (JEOL JSM-7001F, Tokyo, Japan). Film composition was investigated using 

Energy dispersive X-ray spectroscopy (EDX) on coated implants as well as X-ray 

photoelectron spectroscopy (XPS) on flat titanium witness samples. EDX was carried out using 

an INCA x-act detector (x-act-51-ADD0001, Oxford Instruments plc, Abingdon, UK) attached 

to the FEG-SEM. XPS measurements were carried using a FISONS VG Escalab MKII with an 

Al Kα x-ray source (1486.6 eV). Mass gain measurements were used to estimate the quantity 

of silver deposited during the ALD process. Mass gain per unit area was estimated by 

measuring the mass of flat titanium witness samples using a high precision analytical balance 

(Mettler Toledo XS-205-DU) before and after film deposition. 

 

Sterilisation of solid and porous titanium implants 

 

Before use in biological assays, all samples were sterilized by immersion in 200μl of 70% 

ethanol (Fisher Scientific UK Ltd, Loughborough, UK) for 2hours. The ethanol was then 

removed and the samples were exposed to UV radiation (30 min each side of implant) in a 

Class II biological safety cabinet; method adapted from [25]). 
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Microbiology 

 

Bacterial strains and culturing 

 

The provenance of osteolytic strains of both S. epidermidis (ATCC 35983 [26]) as well as 

MRSA (S. aureus ATCC 43300) was confirmed by a universal 16S rRNA PCR protocol [27], 

followed by DNA sequencing and confirmation of identity using the BLAST sequence 

algorithm [28] within the NCBI database. These organisms were grown at 37°C under aerobic 

conditions on either tryptone soya agar or in tryptone soya broth (both from Oxoid 

Ltd,Hampshire,U.K.) with shaking at 150 rpm. 

A calibration graph for both microorganisms was constructed by means of dilution series 

plating of cultures at regular points throughout growth and then plotting cfu/mL versus optical 

density (OD660). This calibration was repeated in triplicate and for experimental purposes, a 

final loading of ~1 x 103
 cells scaffold/was used via serial dilution of fresh cultures in TSB. 

Cell loadings in these experiments were confirmed and verified using dilution plate counts. 

 

Assessing bacterial biofilm formation on solid titanium implants 

 

To seed S. epidermidis onto solid titanium implants, an overnight culture was serially diluted 

to a final concentration of 5 ×105
 cells/ml, and a 2 µl suspension of this solution was applied 

to the surfaces of either the control titanium (Ti-only) or ALD prepared nano-layer silver 

scaffolds (Ti/Ag; coating thickness: 9-15 nm) solid titanium scaffold which were located in a 

96 well culture plate. The samples were then incubated overnight at 4 °C to allow bacterial 

attachment, and the following day 100 µl of fresh TSB broth was gently added to avoid shear 

stress on the organisms.  
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The samples (n= 6 replicates per group) were then further incubated at 37 °C for 96 h. Microbial 

biofilms were assessed by the widely employed crystal violet staining method. Briefly, Ti 

scaffolds were recovered and following washing in distilled water, the implants were then 

allowed to dry at room temperature overnight prior to being stained with 1% crystal violet (CV; 

Sigma-Aldrich, UK) in water for 45 minutes. The excess dye was removed by washing the 

implants with distilled water. Elution of crystal violet stain was performed by adding a 150 μl 

volume of 95% ethanol with shaking, to dislodge the attached cells. The implant was removed 

prior to measuring the absorbance of the solubilized crystal violet at OD595 in a 

spectrophotometric plate reader (Flurostar Omega: BMG Labtech). All experiments were 

repeated 3 times and a single representative data set presented. 

 

Bacterial recovery from titanium scaffolds 

 

Unless otherwise indicated, all materials were purchased from Sigma-Aldrich, UK. Total 

bacterial counts (TBC) were used to estimate the number of viable organisms remaining on the 

implants. After 96 hours, implants with adherent bacteria were gently washed in sterile PBS 

and transferred into a 1.5 mL microcentifuge tube. A 1 ml volume of sterile of Ringers’ solution 

(Oxoid Ltd, Hampshire, UK) was added to the sample and the bacteria were recovered by 

vortex mixing for 5 min. Following bacterial recovery, the washed implants were then stained 

with 1% (w/v) crystal violet (as above) to assess the numbers of organisms remaining on 

implants. The recovered viable bacteria in Ringers’ were enumerated by serial dilution on 

Tryptone soya agar plates. The plates were subsequently incubated for 24 h at 37 °C and the 

colonies counted.  
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Cell culture 

 

Seeding cells on implants 

 

Solid implants were immersed in 1ml of serum free DMEM media and subsequently vacuum 

processed at 10psi for 15 min to remove air bubbles and wet the entire implant surface. The 

implants were then incubated in a humidified incubator at 37 °C with 5% CO2 for a further 3 

days in DMEM media supplemented with 10% FBS (both from Gibco, UK). 

Prior to seeding cells on the implants, SAOS-2 (osteoblast-like), HDMEC (endothelial), 

HaCaT (keratinocyte) and Hs27 (fibroblast) cells were cultured in media consisting of DMEM 

supplemented with 10% heat-inactivated FBS and maintained in a humidified incubator at 37 

°C and 5% CO2. A total of 2 μl of cell suspension containing 5 x 103
 cells were pipetted onto 

the surface and the implants further incubated for 30 min to allow cells to adhere to the scaffold 

surface. To avoid shear stress on the adherent cells, 400 μl of pre-warmed media (DMEM with 

10% FBS) was gently added to the culture plate. The implants were then incubated for either 

6, 24 or 48 h (n =4/group) before preparation for ultrastructural analyses.   

 

In vivo model of bone regeneration 

 

All animal procedures were approved and conducted in accordance with the local institutional 

(Ulster University) animal care committee and national (UK Home Office) guidelines. A total 

of 24 male Wistar rats (10–12 weeks old, 300–400 g body weight) had a single 2.5 mm diameter 

sub-critical defect made in the medial aspect of the right tibia. Briefly, rats were anaesthetised 

with 0.5ml/100g bodyweight of an anaesthetic solution containing 2.0ml Ketaset (100 mg ml−1) 

and 1.0 ml Xylapan (20 mg ml−1) diluted in 5ml phosphate buffered saline (PBS, pH 7.4). A 

deep plane of anaesthesia was confirmed by the loss of pedal reflex, then the lower right leg 

was shaved with mechanical hair clippers. The area was cleared of all hair using depilatory 
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cream (Veet®, Rickitt Benckiser Group Plc, Berkshire UK), cleaned and sterilized using three 

consecutive washes of pre-warmed chlorhexidine (Hibiscrub®, Regent Medical Ltd, UK), 

followed by 70% isopropanol. A sub-cutaneous injection of 0.5 ml/100g bodyweight of 

analgesic solution containing 0.5 mg ml−1 Metacam (Boehringer-Ingelheim, Germany) 

prepared in water for injection (Norbrook; Cumbria, UK) was administered for palliative pain 

relief. 

Throughout the duration of the surgical procedure, animals were kept warm on a heating mat 

(37 °C). A 1.5 cm full-thickness skin incision was made longitudinally above the middle third 

of the medial aspect of the tibia. The skin flap was opened using fine spreaders (Inter Focus 

Ltd, Cambridge, UK) exposing the underlying tibia. 

The tibial surface was cleared of connective tissue and periosteum. A 2.5mm circular defect 

was created using a trephine burr, which extended into the level of the marrow cavity. The 

defect site was continuously cleared of blood and bone fragments with the aid of suction and 

the tissue kept moist by saline irrigation. All implants were gently inserted into the defects by 

the press-fit technique. 

Following implantation, the muscle was replaced and secured in place by 3 closed sutures using 

4-0 Ethicon Ethilon polyamide (Johnson & Johnson, New Brunswick, New Jersey, U.S), one 

directly over the implant and one above and below the defect area. A running suture was used 

to close the skin. Post-surgery, animals received topical application of (0.5% w/v) 

chloramphenicol eye drop solution (FDC 

International Ltd, Fareham, UK) antibiotic solution to the sutured skin to prevent 

contamination of the operated site, followed by intra-peritoneal administration of 5 ml of 

Vetivex 18 (sodium chloride 0.18% w/v and glucose 4% w/v) intravenous infusion solution 

(Dechra, Shrewsbury, UK) to aid recovery. Rats were housed in well ventilated rooms with 

12h light: dark cycles and were given access to food and water ad libitum. Rats were randomly 
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divided into two groups of twelve rats each, as follows; animals were implanted with either a 

single Ti or Ti-Ag scaffold (n = 2/time point) and were euthanized at 1, 2, 3, 4, 6 or 12 weeks 

after surgery. 

 

In vivo detection of Ag using ICP-MS 

 

The rats implanted with either Ti-only or Ti/Ag foams in the tibia (see above) were left for 12 

weeks and following euthanasia, livers harvested to determine the quantity of accumulated 

silver by ICP-MS. In preparation for determination of free silver content, 250 mg of bovine 

liver (as a control) and 500 mg rat liver were freeze-dried and powdered prior to mixing in a 

final volume of 50 mL in double-distilled water. The tissues were then digested by 

microwaving; to each tube containing a sample of tissue, 4 mls of HNO3 and 1 mls of H2O2 

were added. These were then microwaved for 120 seconds and then to each tube 1 ml of 

concentrated HCl was added. The contents of the digest tubes were decanted into a 50 ml tubes. 

Samples were auto loaded and analysed for Ag concentration using an Elan 6100 ICP-MS 

equipment (Perkin-Elmer SCIEX, Norwalk, CT, USA). This was calibrated using Aristar ICP-

MS multi-element standards and single element standards (Merck BDH), diluted in 3.5% v/v 

HNO3 and 0.5% v/v HF. Blanks, Ag spiked samples and bovine liver were used a reference 

points and standards in addition to the normal ICP-MS SOP standards. 

 

X-ray computed micro-tomography 

 

For the 2, 6 and 12 weeks post-surgical samples, the tibiae from rats with either Ti only or 

Ti/Ag implants were harvested, immersed in 10% buffered formal saline solution and dissected 

for micro-CT (μCT) scanning as previously described [29]. An 85 kV, 111 μA source current 

was employed in the experiment and a total of 1000 projections were acquired. X-rays were 

filtered using a 0.5mm thick copper filter to minimise beam-hardening effects. The scans were 
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reconstructed using commercial software (Datos|x rec, Phoenix|X-ray General Electric 

Company, Measurement and Control) according to the manufacturer’s instructions. The 

reconstructed images were visualised using Avizo Image processing software (Visualisation 

Sciences Group, Merignac Cedex, France). Region of interest (ROI) was acquired by an in- 

house algorithm as described [30]. The percentage of bone ingrowth was calculated for the 12 

week samples (n=6 for each group) to investigate the biological effect of silver coating at the 

end point of the experiment. 

 

Histology 

 

Following XMT, the tibial samples were decalcified in a solution of 14% EDTA (Sigma-

Aldrich, Dorset, UK) in PBS (pH 7.4), with the EDTA being changed every 2-3 days for 3 

weeks. The samples were then processed for embedding in LR white (TAAB Laboratories 

Equipment Ltd, Berks, UK); in brief, samples were successively dehydrated in two changes of 

70% Ethanol (overnight), two changes of 80% Ethanol (1.5 hours each), 2 changes of 90% 

Ethanol (1.5 hours each) and 3 changes of 100% Ethanol (twice for 1.5 h each and one 

overnight). Samples were then infiltrated with a mixture of 50% Ethanol/50% LR white 

(TAAB Laboratories Equipment Ltd, Berks, UK) overnight, followed by infiltration with 100% 

LR white for 24 h. To initiate hardening of the resin, 20 µl of accelerator (TAAB Laboratories 

Equipment Ltd, Berks, UK) was added to 10ml LR white and the tibial sample was critically 

orientated in a clear base mold (Surgipath®, Leica, Milton Keynes, UK) prior to 

polymerization at 4 °C for 2 h. Excess resin was ground from the sample and the trimmed 

blocks were glued onto plastic microscope slides (EXAKT, Oklahoma City, USA) with Krazy 

Glue (Westerville, USA) and UV treated for 5 min using the EXAKT Vacuum Adhesive Press 

(EXAKT, Oklahoma City, Oklahoma, USA). Samples were cut approximately 1mm from the 
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centre of the Titanium scaffold using the EXAKT 310 Macro Band System with a diamond 

blade (EXAKT, Oklahoma City, USA). 

Samples were then ground on an EXAKT 400CS grinding system (EXAKT, Oklahoma City, 

USA) using K800 and K1200 Grinding paper and P4000 and P2500 polishing paper (EXAKT, 

Oklahoma City, USA) to yield 50 – 100 µm thick sections. Sections were stained with Gill’s 

hematoxylin as follows; sections were placed in 1% formic acid (Sigma-Aldrich, Dorset, UK) 

for 10 minutes, rinsed in absolute Ethanol for 5 minutes and rinsed in deionised water for 2 

min. Hematoxylin solution (Sigma-Aldrich, Dorset, UK) was applied dropwise onto the 

section, allowed to stain for 30 min and then sections thoroughly rinsed in tap water. Multiple 

stain solution (Polysciences Inc. Warrington, USA) was added for 20 min followed by another 

rinse in tap water and the sections were air dried, prior to examination on a Zeiss Axiophot 

microscope (Zeiss; Wetzlar, Germany) at a range of objective magnifications. 

 

Vascular Casting 

 

To examine vascular ingrowth into the Titanium scaffolds, a number of rats were injected 

intraperitoneally with 2400U/kg bodyweight of porcine heparin (Sigma-Aldrich, UK) 30 

minutes before the casting procedure to inhibit clotting in the microvasculature. Prior to 

perfusion, animals were anaesthetized with a mixture of Ketamine and Xylazine as described 

above. After confirmation of a deep plane of anaesthesia, an incision was made in the midline 

of the abdomen and the descending aorta exposed and tied off proximally. A catheter was 

inserted into the descending aorta secured using 4-0 Ethicon Ethilon polyamide (Johnson & 

Johnson, New Brunswick, New Jersey, U.S) and, the inferior vena cava severed. The 

vasculature was flushed with 25 ml saline (warmed to 37 °C) followed by 25 ml of 2.5% PBS 

(pH 7.4) buffered glutaraldehyde warmed to 37 °C. Finally, a volume of 25ml Pu4ii resin 
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(vasQtec, Zurich, Switzerland) was injected into the circulation and the resin allowed to harden 

at room temperature overnight prior to storage at -20 °C. 

The tibiae were subsequently harvested from animals by careful dissection, immersed in tap 

water and subsequently stored at -20°C prior to maceration. Samples were macerated in 20ml 

20% NaOH (Fisher Scientific UK Limited, Leicestershire, UK) for 24h with regular changes 

followed by extensive washing in dH2O a total of 5 times. Samples were left to dry at room 

temperature prior to preparation for SEM. 

 

Preparation of samples for SEM 

 

Scaffolds either containing bacteria (following 96 h of incubation), those incubated with cells 

(6 – 48 h) or alternatively tibiae that had been appropriately macerated to remove all cellular 

material (2 -12 weeks post-surgery; see above) were washed in sterile PBS and fixed in 

glutaraldehyde 2.5% in 0.1M sodium-cacodylate buffer (pH7.4) either overnight or until 

processing for SEM. The samples were then washed gently three times (for 10 minutes each) 

in 1ml of 0.1M sodium-cacodylate buffer and dehydrated in ascending grades of ethanol (25, 

50, 75, 95 and 100%; Sigma, UK). 

Following dehydration, samples were then immersed in hexameythldisilazane (Sigma, UK) for 

10 mins, before removal, air drying and subsequent mounting on Aluminium stubs. Prior to 

ultrastructural examination, samples were sputter coated with gold-palladium (Polar ES100; 

set at 18 mA for 240 seconds) and imaged with a scanning electron microscope (JEOL; Japan) 

at accelerating voltage of 10 kV and a spot size of 25 μm. 

 

Statistical analyses 

 

For each microbiological (n=6 replicates; experiment repeated 3 times) or cell culture assay (n 

= 4; no repeats); individual representative experiments are shown in the results section. All 
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data sets were analysed with the aid of GraphPad Prism6 software (Intuitive Software for 

Science, San Diego, USA). Results are expressed as mean ± standard error. Significance was 

determined using Independent two-tailed tests for group comparisons, with p < 0.05 considered 

significant. 

 

Results 

 

Production of Ti-only or Ti/Ag scaffolds for in vitro and in vivo studies Ultrastructural 

examination of the samples revealed uniform solid (Fig. 1a & c) and 30° randomised tetrahedral 

foam scaffolds (Fig. 1b & d) characterised by a roughened surface topology, with varying 

numbers of 30 – 50 µm diameter nodules (incipiently melted Ti powder) on their surfaces. Low 

magnification ultrastructural examination revealed that surface topology of the Ti samples is 

smooth (Fig. 1a & b), whereas the surface morphology of Ti-Ag scaffolds (Fig. 1c & d) 

exhibited a grainy texture. 

 

Characterisation of nano-layer silver surface coating of Titanium 

 

Self-limiting ALD growth conditions for the silver process were established prior to the current 

work and are reported elsewhere [23]. As with other ALD processes, under self-limiting 

conditions, the film deposition is found to increase in a linear fashion with the number of ALD 

cycles (Fig. 2a). There appears to be a small deviation from this linear dependence for low 

numbers of cycles, which is attributed to nucleation effects. If the films are initially assumed 

to be planar (which is not actually the case, as will be discussed below), then the mass 

deposition data would give a nominal film thickness of ~13 nm for the films grown using 500 

ALD cycles (based on an assumed bulk silver density of 10.49 g/cm3). The diffraction pattern 
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(Fig. 2b) of ALD silver deposited on Si(100) shows reflections at 2θ values or 38.19° and 

44.38°, which are consistent with the (111) and (200) reflections of face centred cubic (fcc) 

metallic silver with the (Fm-3m) space group (JCPDS 04-0783). 

SEM analysis of the silver films deposited on titanium (Fig. 2c) reveals that the films are 

textured at the nanoscale. For films deposited using 500 cycles of ALD, the nanoparticles tend 

to be non-symmetrical and vary in size between ~40 and ~90 nm. 

More detailed studies, which will not be reported here, show that growth proceeds by a process 

of nucleation and growth of uniformly sized hemispherical nanoparticles. However, as the 

nanoparticles grow with increasing numbers of ALD cycles, individual nanoparticles begin to 

merge together to form irregular nano-structures, via a process of Ostwald ripening. EDX of 

the films (Fig. 2d) shows two clear peaks at ~3 keV and ~4.5 keV which correspond to the Lα-

emission line of silver and kα- emission line of titanium respectively. To confirm that the ALD 

does not leave behind precursor residue, XPS was carried out on a titanium witness sample 

(Fig. 2e). Features relating to silver, titanium, carbon and oxygen are visible, but no fluorine 

feature is observed (the F1s feature would be at ~688.8 eV). The binding energies of the carbon 

and oxygen features are consistent with surface absorbates such as H2O, CO2 and CO [23]. The 

absence of a fluorine feature in the XPS provided evidence that the ALD reaction is clean and 

proceeds to completion [23]. 

 

Growth of S. epidermidis and MRSA on silver coated titanium structures 

 

Bacterial adhesion and biofilm formation on both uncoated and silver coated titanium 

structures were investigated by ultrastructural examination and determination of colony 

forming units of scaffolds seeded with ~1 x 103 cells of either S. epidermidis (Fig 3a - d) or 

MRSA (Fig. 3e - h) on their surfaces for 96 hours. Ultrastructural features of S. epidermidis 

biofilm formation on Titanium scaffolds, included multi-layered coccoid structures within a 
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mucoid-like matrix containing water pores (Fig. 3a), whereas Ti/Ag scaffolds had much fewer 

of these organisms on their surface and showed little evidence of biofilm formation at 96 hours 

(Fig. 3b). In addition, a 2 log reduction in the numbers of S. epidermidis organisms recovered 

from silver coated titanium solids (p<0.001) was consistently observed (Fig. 3c). Following 

solubilisation of crystal violet (a quantitative measure of biofilm formation), solutions obtained 

from silver-coated titanium structures seeded with S. epidermidis also had a significantly lower 

optical density when compared to uncoated samples (Fig. 3d; p<0.001). Growth of MRSA on 

either Ti-only samples (Fig. 3e, g & h) was slow in comparison to that observed by S. 

epidermidis (c.f. Fig 3a, c & d). However, early indications of biofilm formation by MRSA 

were observed on both Ti-only and Ti/Ag scaffolds at 96 hours (Fig. 3e & f); although neither 

c.f.u. counts (Fig. 3g) nor spectrophotometric measurements for O.D. of crystal violet staining 

of biofilms (Fig. 3h) were significantly different (NS; p > 0.05). 

 

Human cell lines attach and grow on silver coated titanium scaffolds 

 

Ultrastructural analysis of SAOS-2 cells grown for 48 hours on either Ti-only (Fig. 4a) or Ti/Ag 

(Fig. 4b) scaffolds, revealed both implant types contained clusters of adherent cells with 

typically squamous morphology. MTT assays also confirmed that from 6 – 48 hours SAOS-2 

cell viability increased (Fig. 4c), although there were no statistically significant differences 

between growth on either Ti-only or Ti/Ag scaffolds (NS; p > 0.05). Following incubation for 

48 hours, HDMEC cells with typical bipolar morphology and exhibiting filopodial and 

lamellipodial extensions were observed on either Ti (Fig. 4d) or Ti/Ag scaffolds (Fig. 4e). MTT 

assay analyses revealed that cell viability of surface associated HDMEC cells also increased 

from 6 – 48 hours (Fig. 4f), although there were no significant differences between the Ti and 

Ti/Ag groups (NS; p > 0.05). 
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Detection of free Ag by ICP-MS 

 

ICP-MS reading from samples of liver taken from animals implanted with either Ti only or 

Ti/Ag coated implants, resulted in readings that were at or below the limit of detection (1 part 

per billion), indicating that there is no detectable Ag/Ag+ in these samples. 

 

Vascular Corrosion Casting and Ultrastructural Analysis 

 

Ultrastructural analyses of vascular corrosion casts from rat tibiae implanted with either Ti-

only (Fig. 5a, c & e) or Ti/Ag (Fig. 5b, d & f) foam scaffolds revealed the relationship between 

pre-existing bone, as well as morphology of microvasculature at 2 (Fig. 5a & b), 6 (Fig. 5c & 

d) and 12 weeks (Fig. 5e & f) following surgery. At 2 weeks, the foam scaffolds were infiltrated 

at their edges with a highly porous bone matrix and a dense network of micro-vessels 

(particularly around the struts) that originated from pre-existing bone surrounding the site of 

the defect (Figure 5a & b). 

Conspicuous mineralised material also encrusts the struts on the surface of Ti-only and Ti/Ag 

scaffolds at 2 weeks (Fig. 5a & b). Ultrastructural examination of the surface of a 2 week Ti/Ag 

implant, revealed hemi-tubular structures in various stages of development (Fig. 6) which were 

characterised by concentric lamellae and contained mineralised, parallel-orientated fibril 

bundles (Fig. 6; inset); features that are consistent with de novo Haversian system formation. 

In 6 week samples, the gaps within scaffolds of both Ti-only and Ti/Ag foams contained 

numerous blood vessels interspersed with porous bone or partially ossified fibrous material 

(Fig. 5c & d). Ultrastructural analyses of vascular casts from rat tibia harvested at 12 weeks 

following implantation with Ti-only or Ti/Ag foams showed that implants were infiltrated with 

bone containing Volkmann canals with attendant micro-vessels (Fig. 5e & f). Micro-vessel 

morphology from tibiae implanted with Ti-only or Ti/Ag scaffolds and harvested at 12 weeks 
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were more regular, smooth and had fewer anastomoses with neighbouring vessels than those 

observed in 2 week samples (c.f. Fig. 5e & f with Fig. 5a & b). 

 

Histology 

 

Light microscopic examination of thick (50 -100 µm) sections from rat tibiae sampled at 2 

weeks post implantation, revealed infiltration of porous woven bone at the edges and core of 

both Ti-only (Fig. 7a) and Ti/Ag scaffolds (Fig. 7b). By 12 weeks, compact bone ingrowth was 

observed throughout the scaffolds in both Ti-only (Fig. 7c) and Ti/Ag (Fig. 7d) scaffolds in 

close apposition to the struts. 

 

X-ray microtomographic analysis of scaffolds in vivo 

 

The percentage of bone ingrowth (BI) at 12 weeks and statistical significances for these values 

are presented in Figure 8. Post implantation, Ti or Ti/Ag scaffolds appear well incorporated 

into 2.5 mm defects in rat tibiae at all time-points, demonstrating robust bone ingrowth. A 

conspicuous amount of bone ingrowth is observed between 2 and 12 weeks. At 12 weeks’ post-

implantation, Ti (Fig 8a i) and Ti/Ag groups (Fig 8a ii) have a similar amount of BI, as 

confirmed by micro CT quantification (Fig. 8b). These results demonstrate that the nano-layer 

silver coating does not cause a marked unfavourable response in the volume of newly 

regenerated bone. 

 

Discussion 

 

Titanium and titanium alloys are the most widely chosen biomaterial for orthopaedic implants 

due to their intrinsic properties; these include lightness, high compressive/tensile strength and 

biocompatibility. These materials are also compatible with rapid 3D manufacturing techniques 

such as SLM. Due to the large numbers of joint replacements carried out worldwide, implant 
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failure as a result of osteolytic infection, which constitutes around 2% of all procedures, poses 

a serious post-surgical issue [25, 31]. Consequently, there is an urgent need to find a 

translatable, reliable method of surface modification for titanium orthopaedic materials that 

can reduce surface colonization, while preserving their osteoconductive properties [25, 32, 33]. 

One approach explored to reduce bacterial colonisation and proliferation is the introduction of 

metallic elements to modify the surface of biomaterials. A variety of metals have been explored 

in this field; including zinc [34], strontium [35], gallium [25] and gold/palladium [36] although 

silver is the most widely employed metal coating on materials surfaces due to its antimicrobial 

properties and the susceptibility of multi-drug resistant bacterial strains to silver [9, 32]. In 

terms of antimicrobial coatings on bone implants, ALD offers the prospect of producing ultra-

thin, highly conformal coatings on all wettable surfaces of the implant [23, 37]. One of the key 

advantages of using ALD to coat the implants is that under appropriate conditions, it proceeds 

via saturative steps, resulting in self-limiting film growth. This means that ALD can give truly 

atomic scale control of the deposition process and can produce ultra-thin films with excellent 

uniformity and conformity, even on complex high aspect ratio three dimensional structures 

[38]. The coating is so thin that the total quantity of active material is kept to a minimum (and 

systemic release of Ag detected from liver sample was below levels of detection by ICP-MS in 

our study), which helps to reduce concern relating to systemic toxicity of nano-layer silver 

coated orthopaedic implants [39, 40]. 

The majority of studies examining the antimicrobial potential of silver for dental/orthopaedic 

applications rely on dissolution of Ag particles from either cements [9, 41] or surface coatings 

[35, 40, 42, 43] for titanium. These studies generally report a > 2 log-fold increase in 

microbicidal activity, although silver particles are highly mobile and potentially toxic, with 

their tissue accumulation characteristics being largely unexplored [39, 40]. Investigation of 

silver nanoparticle films that are bonded to the titanium is therefore of great interest as a method 
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for reduction of post-surgical osteolytic infections, while preventing the release of potentially 

toxic quantities of silver. The ability of Ag+ to exert a microbicidal effect is reported as being 

dependent on the lability of the complexed silver, with the majority of approaches for 

dissolution being directed towards localized release via gradual solubilisation. Although 

localized release of Ag-nanoparticles via dissolution achieves excellent anti-microbial effects 

in vitro [9, 41] in addition to a reports of efficacy in vivo [40, 42, 44], this approach is associated 

with increased silver levels in both serum and systemic organs in addition to evidence of 

toxicity, making its’ clinical orthopaedic application problematic. 

In our study, conformal nano-textured silver films, which are bonded to the titanium have been 

shown to reduce the growth of the osteolytic pathogen S. epidermidis on the surface of Ti/Ag 

scaffolds, however this response was organism specific as MRSA growth, while generally slow 

on Ti-only scaffolds (and similar to growth of S. epidermidis on Ti/Ag scaffolds) was not 

further inhibited by incubation on Ti/Ag scaffolds. This observation is consistent with that 

reported for Ag-coatings of endotracheal tubes where MRSA growth is also not inhibited (in 

comparison to uncoated samples) over a period of 5 days [45]. 

For scaffold surfaces with nano-layer silver (such as in this study) or silver doped surface 

additives (e.g. hydroxyapatite) to be used as orthopaedic materials, it is also critical that these 

surface modifications support the growth and differentiation of cell types associated with the 

regenerative response of bone. In our study, we examined the growth of SAOS-2 cells (an 

osteoblasts-like cell line) on scaffolds between 6 – 48 hours following culture and show 

ultrastructural evidence of adherence and an MTT assay confirming cell viability on both Ti-

only and Ti/Ag scaffolds; findings that are consistent with both human SAOS-2 cell and mouse 

osteoblast cells (MC3T3-E1) [42, 46, 47] grown on silver-nanoparticle coated titanium surfaces 

[25]. However, responses may be cell type specific as high concentrations of labile Ag-

containing surface coatings are known to be toxic to human foetal osteoblasts [48]. We also 
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found that both attachment and growth of human microvascular endothelial cells (HDMEC) is 

well tolerated on Ag-coated surfaces, consistent with that described for human umbilical vein 

endothelial cells (HUVEC’s) grown on silver-doped ceramic Nano-powder [49]. In a mouse 

model where higher concentrations of Ag nanoparticles are released into the microcirculation, 

significant toxicity on endothelium was reported [50]. We also observed that two other human 

cell lines (Hs27 and HaCaT; data not shown) show robust cell growth on Ti/Ag scaffolds, 

consistent with observations that growth of a variety of cell types [51-53] on titanium surfaces 

coated with various compositions of silver-doped matrices is supported. 

 

Our in vivo studies are the first to document the relationship between pre-existing bone, 

neovascularization (new blood vessel growth), osteogenesis and remodelling during the 12 

week time frame of solid implant incorporation. Our unique observations on SEM of vascular 

casts of tibial samples, show robust new capillary formation by 2 weeks post-implantation, 

particularly around the struts of the scaffolds, with numerous small calibre vessels emerging 

from the surrounding periosteum and forming irregular inter-connected networks. The 

presence of numerous highly branched capillaries emerging from pre-existing vessels is a well-

recognised process in the cortical bone regeneration process [54, 55]. These capillary networks 

precede mature bone ingrowth into the scaffolds at 2 weeks and are most-likely associated with 

the significant increase in gene expression associated with implantation of roughened titanium 

surfaces [56]. We also report the first ultrastructural evidence for de novo formation of 

Haversian systems directly on the surface of a 2 week post-implantation Ti/Ag scaffold; this 

result is consistent with a previous report in which Sr/Ag doped nanotubules induce 

osteogenesis in vivo [35]. Porous scaffolds with roughened surfaces (similar to both Ti-only 

and Ti/Ag implants described in our study) provide morphology similar to trabecular bone, to 

which osteoblasts can attach in vitro and in vivo, differentiate and deposit matrix that will 

eventually mineralise and begin the formation of woven bone [57-59]. By 12 weeks’ post-
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implantation, there is clear evidence of bone and vascular remodelling within the porous 

structure of Ti-only and Ti/Ag scaffolds; including Volkmann’s canals with attendant 

capillaries - features that are characteristic of mature bone growth [55, 60]. Consistent with our 

ultrastructural observations, 2D light microscopic examination of thick histological sections 

and 3D x-ray-computed micro-tomographic reconstructions revealed excellent bone in-growth 

in both Ti-only and Ti/Ag scaffolds, similar to that described for rats implanted with titanium 

coated with either Silver oxide doped Hydroxyapatite [42] or silver impregnated nanotubes 

[61]. 

 

Conclusion 

 

The data from our study demonstrates that silver nanoparticle deposition onto SLM titanium 

scaffolds by atomic layer deposition not only reduces surface growth of a major osteolytic 

pathogen (S. epidermidis) but also supports growth and differentiation of human cell lines 

important for bone regeneration. These titanium scaffolds coated in a silver nanolayer induced 

robust osteogenesis and angiogenesis in vivo. A further benefit, was that the Ti/Ag scaffolds 

neither released nor accumulated detectable quantities of silver in vivo. These results highlight 

the benefits of non-labile silver coating of the surface of SLM manufactured Titanium scaffolds 

warranting its’ further investigation for use in clinical orthopaedic applications. 
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Figure 1: Two types of structures; solid (left panel) or 30° randomised tetrahedral foams (right 
panels) were generated by SLM followed by sintering. Approximately half the samples were used as 

Ti-only controls (top panel) or titanium coated with a nanolayer of silver (bottom panel). For 

microbiological and cell culture studies solid samples were used, whereas foam samples were used 

for in vivo studies to facilitate ingrowth of regenerating bone into the porous structure. 
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Figure 2: Growth and physico-chemical characterisation of ALD silver at 125 °C. Mass deposition 

per unit area as a function of ALD cycles (a) performed at 125 °C on flat titanium foil. X-ray 

diffraction of ALD silver deposited at 125 °C with 500 ALD cycles on silicon (b). High magnification 

SEM images reveals silver nano-particles deposited on a titanium porous substrate (c). Energy-

dispersive x-ray spectroscopic characteristic spectrum obtained for silver nanoparticles deposited on 

titanium substrate (d); the observable peaks confirm the presence of silver and titanium in the sample. 

XPS spectrum of silver deposited on a flat titanium foil (e). 
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Figure 3: Ultrastructural examination of a Ti-only sample, reveals a multi-layered S. epidermidis 

biofilm resulting from incubation of 103 organisms for 96 hours (a). Several water pores (black 

arrows) and threadlike appendages between organisms (arrowheads), both typical of biofilms are 

observed. On Ti/Ag solids (b) the surface density of organisms is markedly reduced compared to Ti-

only samples. Bars = 5µm. Quantitative studies revealed a > 2-log reduction in c.f.u. numbers of S. 

epidermidis (c) as well as reduced crystal violet elution (d) in Ti/Ag samples when compared with Ti-

only controls. Scanning electron microscopic examination of MRSA cultured for 96 hours on either 

Ti-control (e) or Ti/Ag scaffolds (f) revealed relatively few organisms on the materials’ surfaces, 

although there is evidence of replication (arrows), in addition to deposition of mucoid-like matrix 

(arrowheads). No statistically significant differences in c.f.u. numbers were detected on either 

scaffold type (g), although there was a 2-3 log reduction in growth when compared to S. epidermidis 

cultures (c.f. Fig. 3c). There were also no differences in crystal violet quantitation (NS; p > 0.05) 

from MRSA cultures grown on either Ti-only or Ti/Ag scaffolds (h); although these values were much 

lower than those observed in S. epidermidis cultures (c.f. Fig. 3d). Graphs show a single 

representative data set (n=6) from 3 independent experiments, with columns indicating mean ± SEM. 

Statistical significance was assessed with a student’s t-test; ***p < 0.001. 
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Figure 4: SAOS-2 osteosarcoma (a - c) and HDMEC-1 endothelial (d –f) cells grow on the surface of 

either Ti-only or Ti/Ag scaffolds. After 24 hours of culture, SAOS-2 cells with characteristic 

squamous morphology were observed to be tightly adherent, closely apposed and found in clusters, 

particularly near the rim of solid scaffolds of both Ti-only (a) and Ti/Ag samples (b). There was a 

gradual increase in cell viability of SAOS-2 cells (c) from 6 – 48 hours but no differences in viability 

between those seeded on either Ti or Ti/Ag scaffolds (NS; p > 0.05). HDMEC grown on the surface 

of either Ti-only (d) or Ti/Ag (e) scaffolds are typically found in small clusters, with some cells 

showing elongated lamellipodia spanning surface depressions (arrows). In HDMEC cultures, results 

from MTT assays indicated that there was a gradual increase in cell viability from 6 – 48 hours but no 

statistically significant difference between OD575 values from Ti-only or Ti/Ag scaffolds (NS; p > 

0.05). 
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Figure 5: Robust bone and microvascular ingrowth is observed in both Ti-only and Ti/Ag foam 

scaffolds. Rat tibial sub-critical size defects were implanted with either un-coated (a, c & e) or Ti/Ag 

coated (b, d & f) foams and animals recovered from surgery for either 2 (a & b), 6 (c & d) or 12 (e & 

f) weeks. Animals were then perfused with vascular casting resin, the tibiae dissected, the soft-tissue 

removed by desiccation and samples prepared for imaging by scanning electron microscopy. At 2 

weeks in both Ti (a) and Ti-Ag samples (b) there is new bone growth at the periphery and mineralised 

material on struts but relatively little new bone within the scaffold pores; robust ingrowth of larger 

calibre vessels (arrowheads) as well as capillaries is conspicuous around the struts (arrows). At the 

edge of the foams early bone ingrowth is evident (asterisk), while around the struts copious 

filamentous material and mineral deposition is seen. After 6 weeks in vivo, the foams were infiltrated 

with porous bone (asterisks) covered by a fibro-matrix with dispersed crystalline mineral deposits. 

After 12 weeks in vivo (e & f), there was evidence of compact bone ingrowth (asterisks) into the pores 

of both Ti-only (e) and Ti/Ag (f) implants and microvascular architecture around the struts was more 

organised with fewer anastomoses (c.f. 2 weeks). Volkmann canals (many with attending capillaries), 

were observed both at the edges of the implants as well as within the pore structures. Cracks on the 

specimens and separation of regenerated bone (particularly around struts) is an artefact of 

processing for SEM. PB = pre-existing bone; Sc = scaffold; asterisk = new bone growth; m = 

mineralised matrix. 
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Figure 6: Scanning electron microscopy revealed conspicuous mineralized, hemi-tubular structures 

(arrowheads) attached to the surface of a Ti/Ag coated foam scaffold implanted for 2 weeks in a rat 

tibia. At higher magnification (inset from boxed area; bar = 5 µm), one of these structures exhibits 

aligned and mineralized fibre bundles (arrows) within concentric lamellae; structures that are 

consistent with formation of an early Haversian system directly on the material. 
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Figure 7: Light microscopic images of Haematoxylin and Eosin stained (50 – 100 µm thick) 

transverse sections from rat tibiae sampled at 2 (a & b) or 12 (b & d) weeks after implantation with 

either titanium (a & c) or nano-layer silver coated titanium (b & d). At 2 weeks, clear evidence of 

early bone deposition and dense connective tissue is seen surrounding the implants (between the 

black arrowheads). By 12 weeks there is a high proportion of bone within the lesion and it is in close 

apposition to the struts in both types of implant. Ti = titanium only; Ti/Ag = nano-layer coated 

titanium; BM = bone marrow. Monofilament suture used to secure muscle layers over implant (white 

arrows in a). 
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Figure 8: Representative microCT images of uncoated (Ti) and silver coated titanium scaffold (TiAg) 

at 2, 6 and 12 weeks post-implantation (a). At 12 weeks post-implantation, inset histology image (i. ii) 

shows comparable amount of newly formed bone in-growth in both groups, as confirmed by 

quantitative study of microCT data (b). Ti = Titanium insert, NB = new bone; HB = Host bone; Bar = 

1mm. 
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Appendix B 

 

SLM Background information 

 

In order to explain the SLM sample preparation, a general introduction about this 

manufacturing technique is initially provided. Selective Laser Melting (SLM) is a layer by 

layer manufacturing technique which utilise a high energy laser beam (up to 400 W which melt 

the powder in place and bond it into the prior layer)399 and is mainly used to generate complex 

and relatively small components which can be designed based on CAD files. Therefore, SLM 

can almost produce any complex geometry with reduced manufacturing times and cost in the 

pre-production stage400. Using 3D CAD model allows designers more freedom in producing 

various designs (both dense and highly porous geometries) and choosing a wide range of 

materials including titanium, aluminium, nickel-based alloys, stainless steel, etc401. A laser 

source, a sealed building chamber, a platform for making the part, a scanning system, a powder 

container and a scraper are the most important elements of an SLM machine402. Figure A 

represents a schematic of a SLM machine. 

 

Figure A: Principle of SLM machine403 
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Pogson et al404 was the first person who utilized an in house SLM machine (famous as Direct 

Metal Laser Re-Melting (DMLR)) at the University of Liverpool in 1996. The machine was 

able to construct both solid and porous structures via a 90W Nd: YAG laser. The ability to 

build porous structures allows this manufacturing technology to produce structures with similar 

mechanical and physical properties to human bones which can help the promotion of bone-in-

growth87.  

 

Appendix C 

 

 

Figure B: Schematic illustration of Aixtron AIX 200 FE system307 
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Appendix D 

 

QCM Background information 

 
Quartz Crystal Microbalance (QCM) has been widely adapted for in-situ monitoring of ALD 

processes as it is highly sensitive to mass deposition on the crystal surface. It is sensitive enough 

to detect the mass gain and mass losses associated with individual ALD ‘half cycles’ and can 

therefore provide useful information on the surface reaction mechanisms405. QCM depends on 

piezoelectric resonance effect, by applying AC voltage the crystal start into mechanical oscillation 

at a frequency which is relevant to the crystal mass per unit area181. Any mass loss or gain on the 

crystal surface is measurable by the QCM due to high sensitivity of the QCM frequency. Shear 

mode is the most common oscillation or resonance mode in mass sensing applications (moving 

along the thickness direction of the disk surface)406. The change into the frequency by absorbing 

molecules onto the crystal surface can be explained by the Sauerbrey equation407, which is 

proportional to reducing the resonance frequency by absorbing of the molecules onto the sensor. 

 

∆f = - Cr. ∆m                                                                                                                       (Eq.1) 

Where ∆f is the observed frequency change (HZ), ∆m is the change in mass per unit area (g/cm²), 

and Cr is the sensitive factor for the crystal which used. 

 

Cr = 2f0
2/(ρc× μc)1/2                                                                                                          (Eq.2) 

Where f0 is the crystal natural resonant frequency (Hz), ρc is the density of the crystal (g/cm³), and 

μc is the crystal shear modulus (g/cm s²).  
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Appendix E 

 
Details of repeats of weight gain measurements have been shown in the table below. 

Weights 
Ref 

wafer 
  Start     End     

Gain Start End 1 2 3 1 2 3 
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-
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7 
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9 
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1 
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3 

11.1474
2 
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2 
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2 
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0.0000
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1.3666
6 

1.3666
5 

11.4331
6 

11.4331
5 

11.4331
4 

11.4332
3 

11.4332
0 

11.4332
0 
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4 

1.3666
6 

1.3666
5 

11.0687
4 

11.0687
5 

11.0687
6 

11.0688
8 

11.0688
8 

11.0688
7 

-
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1 

1.3666
7 

1.3666
6 
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4 

10.9956
6 

10.9956
3 
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3 
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1 
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7 
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6 
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0 
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2 
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0 
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2 
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3 
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6 
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6 
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7 
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5 
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3 
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2 
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2 
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6 
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7 
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8 
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7 
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6 

10.8851
4 
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3 

10.8851
2 

10.8854
2 

10.8854
3 

10.8854
4 

0.0004
4 

1.3666
7 

1.3666
6 

10.8590
3 

10.8590
5 
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4 

10.8594
4 

10.8594
8 

10.8594
9 
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9 
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6 
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6 

11.3789
7 

11.3789
5 

11.3789
8 

11.3791
6 
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6 
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6 
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0 
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6 
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6 

11.1338
7 
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4 
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5 
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5 
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5 
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5 

-
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1 
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6 
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6 
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3 
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1 
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1 
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1 
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1 
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1 
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4 

11.5967
0 
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9 
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0 

11.5971
7 
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7 
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5 
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7 
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4 

10.8607
8 
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7 
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9 
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4 
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6 
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5 

0.0002
9 

1.3666
7 
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4 

11.0084
9 

11.0085
1 

11.0085
2 

11.0087
8 
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6 

11.0087
5 
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2 

1.3666
6 

1.3666
3 

11.0164
2 
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0 

11.0164
0 

11.0163
8 
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0 

11.0164
0 

0.0000
6 

1.3666
6 

1.3666
3 
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1 
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9 

10.3303
9 

10.3304
2 

10.3304
2 

10.3304
4 

0.0000
5 

1.3666
6 

1.3666
3 

11.1623
5 

11.1623
4 

11.1623
2 

11.1623
6 

11.1623
6 

11.1623
6 

0.0002
0 

1.3666
7 

1.3666
8 

10.7711
7 

10.7711
6 

10.7711
6 

10.7713
6 

10.7713
9 

10.7713
7 

0.0001
4 

1.3666
7 

1.3666
8 

10.8983
3 

10.8983
3 

10.8983
1 

10.8984
7 

10.8984
7 

10.8984
7 

0.0001
6 

1.3666
7 

1.3666
8 

11.2878
4 

11.2878
6 

11.2878
6 

11.2880
2 

11.2880
3 

11.2880
3 

0.0001
9 

1.3666
6 

1.3666
6 

11.3375
6 

11.3375
5 

11.3375
7 

11.3377
5 

11.3377
4 

11.3377
5 

0.0001
4 

1.3666
6 

1.3666
6 

10.4737
8 

10.4737
6 

10.4737
5 

10.4739
0 

10.4739
0 

10.4739
1 

0.0001
1 

1.3666
6 

1.3666
6 

11.0015
9 

11.0015
8 

11.0015
8 

11.0017
0 

11.0016
9 

11.0016
9 

0.0000
7 

1.3666
6 

1.3666
8 

10.9183
2 

10.9183
3 

10.9183
4 

10.9184
1 

10.9184
2 

10.9184
4 

0.0000
2 

1.3666
6 

1.3666
8 

11.1182
3 

11.1182
3 

11.1182
2 

11.1182
8 

11.1182
3 

11.1182
9 
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0.0000
6 

1.3666
6 

1.3666
8 

11.0516
9 

11.0517
2 

11.0517
0 

11.0517
8 

11.0517
7 

11.0517
9 

0.0004
0 

1.3666
7 

1.3667
0 

11.0195
8 

11.0196
2 

11.0196
0 

11.0200
3 

11.0200
3 

11.0200
3 

0.0002
8 

1.3666
7 

1.3667
0 

10.8541
1 

10.8540
9 

10.8541
0 

10.8544
3 

10.8544
1 

10.8544
0 

0.0002
3 

1.3666
7 

1.3667
0 

11.0635
1 

11.0635
1 

11.0635
0 

11.0637
7 

11.0637
5 

11.0637
7 
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XRD Background information 

 

X-ray diffraction (XRD) was employed to provide information about the microstructure of 

samples. This technique has been widely used in this study to examine the crystal structures 

and the phase compositions of the deposited films. In 1895, Wilhelm Rontgen was a first person 

who discovered X-rays and was awarded the very first Nobel Prize in Physics in 1901408,409. In 

1912 Max Laue proposed the first diffraction experiment from a single crystal410. Since 1901, 

more than 24 researchers have won Nobel Prizes connected with X-ray diffraction studies411.  

 

X-rays are electromagnetic radiation with wavelengths between 0.01 and 10 nm. X-rays can be 

generated when electrons accelerated from a high voltage source collide with the target (the 

most broadly used target for XRD is copper with a Kα wavelength of λ=1.5405 Å309) to ionise 

electrons in K and L shells (core-shell electrons). Electrons exited to higher energy levels and 

then, x-ray photons are emitted as they return back to their original energy levels. X-rays are 

also emitted by backscattering412 (backscattering radiation) giving a broad band spectra. X-rays 

from Kα and Kβ are formed by transition from 2p-1s and 3p-1s respectively413. Figure C shows 

a schematic of XRD detection process where the constructive interference of x-rays reflecting 
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off crystallographic planes181. The angle of incidence of the two parallel x-rays is θ414. When 

the lattice planes are parallel to each other, the diffracted beams will create constructive 

interference and this is known as the Bragg condition (Bragg’s Law)415.  

 
 
 
 
 
 
 
 
 
 

 
 
 
  

 
Figure C: A schematic of diffraction geometry by Bragg’s Law 

 
 

The d-spacing (the distance between the parallel (hkl) crystallographic planes) can be 

calculated by Braggs’ law in Equation 3. 

 
 
2dhkl sin θ = n λ                                                                                                                  (Eq. 3)     

 
 
 
where n is an integer, d is the atomic spacing of the planes (Å), λ is the x-rays wavelength (Å) 

and θ is the diffraction angle (°). By plotting the diffraction data (Equation. 3) and analysing 

the peak position via peak fitting of Gaussian function, some information such as the crystal 

structure, the lattice spacing, the crystalline size, phase and preferred orientation can be 

obtained. Experimental diffraction data can be compared with reference spectra from source 

samples as the Cambridge Structure Database (CSD) and International Centre for Diffraction 

Data (ICDD) which are the two mostly familiar sources of references of inorganic and organic 

spectra.  
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Figure D illustrates the main parts of the equipment. Scans between 5° and 150° with minimum 

speed down to 0.01° per minute were achievable based on the XRD arrangement. The 

measurement optimisation conditions was modified by Paul Marshal (University of Liverpool) 

for thin film characterization using the Rigaku Miniflex and has been used in this study309. 

XRD is a non-contact and non-destructive measurement technique with no need of sample 

preparation. Therefore, samples were used after ALD deposition with no additional preparation 

with surface area of 5 to 10 mm2 for each experiment. In order to setup the diffraction 

measurements, the sample should be located in the centre part of the sample holder and 

horizontally aligned. The quality of the data is strongly dependent on the scan speed. 

 

 

Figure D: Main elements of Rigaku Miniflex309 
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Appendix G 

 

SEM Background information 

 

 

Scanning Electron Microscope (SEM) was used to characterize the film microstructure and 

morphology in which used a primary electron beam scans to gather signals generated from 

electron beam interactions with the specimen (limited by the wavelength of electrons)416 and 

therefore produce two-dimensional images417. An SEM requires an electron source, a series of 

EM lenses and apertures, specimen stage, vacuum chamber and observation system and 

recording. An electron gun is placed at the top of the SEM to produce an electron beam where 

the beam diameter is controlled by EM condenser lenses and focused on the sample which is 

mounted and secured on the specimen stage418. The beam then passes through apertures which 

are used to decrease and eliminate extraneous electrons in the lenses419. Finally, the images are 

produced via scanning system under high vacuum system (pressure ~ 5×10-5)419,420,419. Both 

secondary electrons (SE’s) and back scattered electrons (BSE’s) were used in this research.  

  

Appendix H 

 

AFM Background information  

 
Atomic Force Microscopy (AFM) was first introduced by Binning, Quate and Gerber in 

1986421 and was utilized to investigate the surface topography of films at the atomic scale. This 

technique is a well-known method of surface scanning due to ease of specimen preparation and 

sub-nanometre vertical resolution. It is able to measure sub-nanometre average roughness (Ra) 

and the root mean square roughness (RMS) of the deposited films by ALD. Both RMS and Ra 

are extensively used in order to show the roughness of the surface with the only difference in 
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their calculations formulas422. AFM consists of a flexible cantilever connected to a sharp tip 

(<10 nm) which probe a specified area of the surface with a driven constant force controlled 

by applying voltage to a piezoelectric transducers (PZT) typically located under the sample 

holder. Tips are usually made from Si3N4 or Si423 with tip-sample separations of 0.2-10 nm424. 

Figure E illustrates a configuration of a typical AFM.  

                  

 Figure E: schematic illustration of AFM main components425 

 

AFMs can be used in the XYZ directions with the magnification ranging from 103 to 109 in 

order to obtain high resolution images in any types of environment including liquids, vacuum, 

ambient air, etc426. The ability to probe insulator and conductor samples by AFM is one of the 

most important advantages that this technique has over other techniques such as Scanning 

Tunnelling Microscope (STM), which can only scan conductive samples427.  

 

AFM operates in three imaging modes known as contact mode, tapping mode and non-contact 

mode (Figure F). Contact mode is the most common mode with fast scanning and it happens 

when the deflection of the cantilever is kept constant. Tapping mode is also referred to as 

dynamic force microscopy is usually used for soft surfaces (biological materials) to decrease 

the effects of friction with a very sharp tip. The tip is deflected by Van der Waals forces in a 

XYZ stage AFM sample stage 

4 quadrant 

photo 

detector 
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constant distance from the specimen’s surface (40-50 Å)428,238. In Non-contact mode on the 

other hand, the tip does not contact the specimen’s surface and is oscillated with the constant 

amplitude at the resonance frequency. This mode usually use in ultra-high vacuum environment 

to have good quality images. For all modes, to image the topography, the cantilever deflection 

is monitored usually by at least a 4 quadrant photodiode which has the ability to detect the 

movement of the cantilever using a laser beam reflected from the tip309. Hence, this process 

ultimately provides an image of the specimen’s surface. 

 

 

 

 

 
 

Figure F: Three imaging modes in AFM: Left: Non-contact mode, Middle: Tapping mode, 

Right: Contact mode 428 
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Appendix I 

 

XPS Background information  

  

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA) has become a widely used technique to explore the near surface chemical 

composition and bonding states. It is typically sensitive to concentrations as low as 0.1 at % 

except for H and He429. Kai Siegbahn and his co-workers developed the observation of peak 

intensities that corresponded to specific electron shell and could be used for quantitative 

analysis of composition and evaluating chemical bonding (in early 1960 at the University of 

Uppsala, Sweden)430,431. Figure G represents a schematic of the typical experimental 

arrangement for X-ray photoelectron spectrometer which consists of an X-ray source, an 

electron energy analyser joined with a detection system, a sample stage within an ultra-high 

vacuum system (< 10-9 Torr), and a computer to control and operate the equipment432. The 

ultra-high vacuum system is needed for two reasons: one is that electrons loss energy if they 

interact with residual gas molecules. Another reason is that scanning under high vacuum (< 10-

9 Torr) avoids the formation of a monolayer of air contamination absorbed on the surface433. 

 
 

Figure G: Diagram of the typical experimental arrangement for X-ray photoelectron spectrometer434 
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In the XPS operation process, the specimen is bombarded by the x-rays and electrons absorb 

energy and irradiate, resulting in ejecting photoelectrons. The ejected photoelectrons from 

atomic energy levels can be identified by their relevant kinetic energies. X-rays can penetrate 

up to 1 µm depth, however electrons cannot escape as they are inelastic scattered and the 

ejected electrons are only the ones closer to the surface (up to 10 nm)238.  

 

Appendix J 
 

FPP Background information  

 

Four Point Probe is a simple technique to measure the sheet resistance resistivity of conductive 

thin films or bulk specimen to establish the electrical resistivity by using four in line equally 

spaced metal probes at the surface. Figure H represents a schematic of the setup. A constant 

current is applied through the two outer tips while the voltage is measured between the inners 

two probes.  

 

 

 

 

 

 

Figure H: A schematic of a four point probe configuration (4 tips on the deposited film) 
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The sheet resistance (R) can be calculated using the Equation 4, if the film thickness (t) is 

considerably smaller than the spacing of the tips (< 0.4)435. This is due to the fact that in thin 

films, the current forms as rings and therefore, the affected area is A = 2πxt. 

R = 4.532 × V/I (Ω/cm)                                                                                                      (Eq.4)     

The electrical resistivity, ρ (Ω.cm) is then obtained by multiplying the film thickness (t) as it is 

shown in Equation 5. 

ρ = R × t                                                                                                                              (Eq.5) 
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Appendix K 

 

XRD for Butan-1-ol for Chapter 4: 

 

 

X-ray diffraction patterns of Ag NPs deposited at various temperatures for 500 ALD cycles using 4 s 

butan-1-ol doses as a co-reactant 
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Appendix L 
 

 

 

AFM for Butan-1-ol for Chapter 4 

 

 

 

 

 

 

 

AFM images of silver coated samples using 4 s butan-1-ol doses grown at a) 125 °C, b) 150 °C, and 

c) 200 °C for same ALD cycles. The top images are 2D images and the bottom images are 3D images 

of the same samples 
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Appendix M 
 

 

 

SEM for Butan-1-ol for Chapter 4 

 

 

                          

  

 

High-resolution SEM images of ALD of silver nanoparticles as a function of temperature at a) 80 °C, 

b) 125 °C and c) 200 °C with 4 s butan-1-ol dose for 500 cycle 

Temp = 125 °C 

Mean = 18.71 

Std.Dev = 1.87 

 

Temp = 200 °C 

Mean = 37.12 

Std.Dev = 4.01 
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Appendix N 
 

Figure below shows two random selections of SEM images from internal surface of the porous 

sample.  It is clear that silver goes down uniformly on internal sections of the sample. These 

tests have been applied to more than 30 different coated samples by randomly sampling at least 

four areas to ensure that the resulting data was representative of the whole. 

 

SEM images showing uniform coating of Ag NPs on internal surface of porous samples  
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Appendix O 

SEM for Hs27 cell line on Titanium and Titanium silver coated solid implants for Chapter 6 

 

 

 

 

 

SEM images after 6 hours of incubation of Hs27 on un-coated titanium solid structure and silver 

coated titanium solid structure. (Bar = 100 µm and 50 µm) 
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Appendix P   

Vascular casting for Chapter 6 
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Appendix Q 

Vascular casting for Chapter 6 
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