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ABSTRACT 

The clinical success of a surgical implantation depends on various factors including 

the design and biocompatibility of the biomaterial, surgical procedure adopted, 

injuries made during implantation and health and condition of the patient. The 

success of a biomaterial depends on the interaction and the progressive reaction 

between the blood components and the surface of the implant. Proteins present in the 

blood will be the first components to become adsorbed on the surface of the 

biomaterial. Studies show that the protein fibrinogen present in the blood plasma is 

the major initiator of inflammatory reactions and involved in blood clotting. By 

minimizing the fibrinogen adsorption it is possible to reduce the contribution of the 

biomaterial surface characteristics to thrombosis and inflammatory reactions. 

In this work, silicon and titanium based thin film coatings with four different surface 

characteristics were deposited by PECVD on 316L stainless steel substrates. 

Polymer-like SiO,C,H,, silica-like SiO,, titanium oxide TiO, and silicon-titanium 

mixed oxide coatings were deposited by plasma decomposition of organic molecules. 

An extensive study was done on silicon based coatings deposited from hexamethyl 

disiloxane (HMDSO) to analyze the influence of plasma process parameters like RF 

power, precursor flow ratio and flow rate on the surface chemical and mechanical 

characteristics of the film. Titanium dioxide coatings deposited from titanium 

tetraisopropoxide (TIP) were also analyzed for the effect of plasma process 

parameters on their surface characteristics. Silicon - titanium mixed oxide coatings 

were deposited to obtain intermediate characteristics between silicon oxide and 

titanium oxide films and the process was optimized to get a hydrophilic surface with 

wettability lower than SiO, and a bandgap higher than that of titanium dioxide. It 

was concluded, from the fibrinogen adsorption studies, that both the film wettability 

and bandgap has to be optimized in order to minimize the fibrinogen adsorption. 
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1 INTRODUCTION 

1.1 Blood contacting biomedical devices 

Man made metallic and polymeric materials are widely used in producing vascular 

prosthesis, artificial heart valves, stents and haemodialysis, where the human blood 

comes in direct contact with the surface of the implant. The clinical success of 

implantation depends on many factors like, the design of the implant, mechanical and 

biocompatible properties of the biomaterial, surgical procedure and the injuries made 

during the implantation, health and condition of the patient. The success of a 

biomaterial depends on the interaction and the progressive reaction between the 

blood components and the surface of the implant. Immune response of the body 

tends to defend against pathogens (infectious agents) and other foreign invasion to 

the host by responding immediately after the implantation process. 

Two major problems associated with respect to biocompatible transplant devices are, 

triggering inflammatory reaction resulting in over growth of cells (mostly phagocytes 

which includes macrophages and neutrophils) on the implant surface and secondly 

blood clotting called thrombosis. In the case of arterial stents, the metallic foreign 

body and vascular injury activates circulating neutrophils and tissue macrophages 

resulting in a cascade of events leading to uncontrolled proliferation of smooth 

muscle cells called neointimal hyperplasia. The early interaction between transplant 

and inflammatory cells is mediated by the accumulation of host proteins on to the 

surface of materials [1,2]. Platelets present in the blood are passive and are 

circulating throughout the body. When the platelets are activated it triggers blood 

clotting by releasing different coagulation factors leading to haemostasis. In order to 

make the implantation a success, the immune system's natural defence against aliens 

has to be overcome. The biological system should no longer see the implant as an 

alien by not provoking the passive platelets. 



Studies show that fibrinogen is the major initiator of inflammatory response and is 

involved in blood clotting through the activation of platelets resulting in thrombosis 

[3] and hence the fibrinogen adsorption has to be minimised to prevent platelet 

adhesion and activation. 

1.2 Blood-biomaterial interaction 

Human serum albumin, immunoglobulin and fibrinogen are the three major proteins 

present in the blood plasma. When a blood contacting biomedical device is implanted 

into the body, the proteins present in the blood plasma will come in contact with the 

implant. Then the proteins will get adsorbed immediately to the surface of the 

implant. Protein adsorption is the first thing that takes place after implantation. The 

cells will attach on the proteins on the implant surface [4,5]. 

The nature and composition of the first adsorbed protein layer is of major importance 

for the subsequent cellular response in blood or other tissues [6,7]. The protein 

adsorption process is complex involving complicated and dynamic processes such as 

(i) competitive adsorption, where proteins are sequentially exchanged over time and 

(ii) associative adsorption, where the adsorbed proteins favours the adsorption of 

other proteins in the blood [8,9]. Depending on the type, amount and the 

conformational state of the adsorbed proteins the platelet will be activated and then 

trigger inflammatory reaction and/or thrombosis through coagulation related 

cascades. Some surfaces may preferentially absorb albumin, whereas others will tie 

fibrinogen. The former may promote passivation of the implant surface while the 

latter may lead to thrombus accumulation [lo- 131. Adsorbed fibrinogen proteins are 

known to promote excessive adhesion and activation of platelets, whereas 

preferential adsorption of albumin reduces platelet adhesion [14,15]. 

Adsorbed fibrinogen proteins undergo conformational changes after getting adsorbed 

on the implant surface. Fibrinogen conformational change takes place on 

hydrophobic surfaces, where the adsorbed fibrinogen takes up an extended 

conformation to facilitate exposure of its hydrophobic components, thus enabling 

more protein adsorption on hydrophobic surfaces [16,17]. The adsorption of proteins 



on hydrophilic and hydrophobic surfaces depends on the nature of proteins. Some 

will get adsorbed on hydrophilic and some on hydrophobic surfaces [18-201. 

However, fibrinogen is found to get adsorbed more on hydrophobic surfaces than on 

hydrophilic surfaces [2 1-23]. 

Biomaterial thrombogenicity is related to the denaturation of fibrinogen into fibrin 

monomers and fibrinopeptides. The denaturation depends on electron exchange from 

fibrinogen to the surface of the biomaterial [24-261. Prevention of fibrinogen 

denaturation can improve the haemocompatibility of the implant [27-291. 

Issues with blood contacting device surfaces 

Endovascular coronary stenting is a proven technique to increase the luminal 

diameter beyond that achieved with balloon angioplasty and has reduced the 

restenosis rate to a significant extent [30-321. Clinical experience suggests that the 

mechanisms of restenosis involve the combination of three components: vessel recoil 

and remodelling, thrombus formation, and neointimal hyperplasia [3 3 -3 61. Though 

the vessel recoil has been limited by mechanically stiff metallic stenting, the inherent 

thrombogenicity of the metallic stents leading to thrombus formation is still a 

problem. 

The clinical outcome data showed that stainless steel stents are prone to occlusion 

due to sub-acute thrombosis and restenosis. Clinical studies with tantalum and nitinol 

stents also showed a similar behaviour, thrombotic closure and restenosis (re- 

narrowing of a blood vessel after it has been treated with stenting) are observed with 

all type of metallic stents [37-411 and hence a severe anticoagulation therapy is 

needed with bare metallic stenting to prevent thrombosis [42-441. The use of anti- 

thrombogenic coatings on the metallic stents along with the anti-platelet therapy has 

decreased the sub-acute stent thrombosis to a significant extent [45-471, but late stent 

restenosis that occurs over a period of time through neointimal hyperplasia 

(thickening of the inner layer of the blood vessel through abnormal multiplication of 

cells, which could ultimately result in closing of the blood vessel) is still a major 

issue. There are many other factors that are not under the control of engineers and 



scientists have to be taken into consideration. For example, there is a high probability 

to injure the blood vessel during deployment and hence the injured location is 

vulnerable to overgrowth of tissues [48,49]. The possibility for injuring the vessel 

wall during deployment, use of under sized stent, over expansion, stent design can all 

contribute to neointimal hyperplasia [50-521. There are three major stent related 

factors influencing the neointimal hyperplasia, they are 

(i) stent design, 

(ii) stent material and 

(iii) degree of vascular injury. 

The factors corresponding to stent material that trigger neointimal hyperplastic 

response are thrombus formation, inflammatory reaction and smooth muscle cell 

proliferation [53,54]. Fibrinogen, the major protein involved in thrombosis (blood 

coagulation)' is well known to promote excessive adhesion and activation of platelets 

when adsorbed and denatured onto a foreign surface [55-571. The activated platelets 

in turn trigger inflammatory reaction and smooth muscle cell proliferation leading to 

neointimal hyperplasia. Studies suggest that stainless steel and all other metallic 

stents made of tantalum and cobalt-chromium have more affinity towards fibrinogen 

and promote excess binding of fibrinogen. Hence there is a need to modify the 

surface characteristics of metallic stents while retaining the bulk material 

characteristics. 

Necessity of metallic implant materials 

Stenting provides mechanical scaffolding to the artery to prevent vessel recoil 

associated with balloon angioplasty [58,59]. Stents are normally fabricated from 

stainless steel, cobalt-chromium, tantalum, nitinol etc. 316 L stainless steel is the 

most commonly used material for stent manufacturing. To determine the correct 

delineation of the edges of restenotic lesion, the radiopacity characteristic of the stent 

material is used. Metallic Stents are preferred to polymeric stents because of the 

competitive structural characteristics of the metallic stents with high radial hoop 

strength and radiopacity. Biocompatible coating on metal stents would provide the 

mechanical advantages of stenting, including reduction in early elastic recoil and the 



elimination of unfavourable late remodelling, and at the same time provide 

antithrombogenicity and inhibit platelet activation [60,6 11. 

1.3 Surface characteristics that contribute for fibrinogen 
adsorption 

Surface energy - Wettability and surface hydrophobicity of the film 

The surface hydrophobicity strongly influences the adsorption properties of 

human serum albumin (HSA), Immunoglobulin (IgG) and fibrinogen [62,63]. 

Surfaces of different wettability result in different biological responses 

[64,65]. Studies show that fibrinogen adsorption is higher in hydrophobic 

surfaces than on hydrophilic surfaces [66,67]. The hydrophobic component of 

the protein interacts with the hydrophobic surface through the hydrophobic 

interaction [68]. Fibrinogen takes up an extended conformation when it gets 

adsorbed on hydrophobic surfaces resulting in an irreversible structural 

change. 

Energy band gap 

Fibrinogen, the protein responsible for blood clotting, has an energy band gap 

of 1.8 eV. Denaturing of adsorbed fibrinogen, which causes thrombosis rely 

on the electron exchange from occupied valence band states of the fibrinogen 

to the surface of the stent [69,70 1. Denaturing (decomposition) of fibrinogen 

causes inflammatory reactions and can be prevented if the charge transfer is 

inhibited. A surface with a band gap much higher than fibrinogen will inhibit 

the charge transfer [7 1-73]. 

Surface charge 

Charge interactions also play a role in protein adsorption. Attraction or 

repulsion of the protein is dependent on the surface charge. At a pH of 7.2 - 

7.3, human serum albumin (HSA) has a net negative charge of 4.7 to 5.3e and 

fibrinogen 5.5e. However, proteins are found to adsorb at surfaces of both 



charge signs irrespective of the charge of the protein. If, for example, the 

hydrophobic interaction overcomes the electrostatic interaction then the 

surface charge effect is less significant. Yongli et al., suggested that 

electrostatic force was dominant in the case of fibrinogen binding on TiOz 

surface [74], Cai et al., suggested that the electrostatic interaction is a 

dominant force in deciding the protein binding [75]. However, Vinuesa et al., 

Wahlgren et al., Lassen and Malsmsten et al., have all demonstrated that a 

higher amount of albumin and fibrinogen adsorption took place irrespective 

of the repulsive electrostatic force [76-781 and they suggested that the 

electrostatic force only slowed down, rather than prevent, the adsorption 

kinetics, and hence the effect of surface charge is not taken into consideration 

in this study. 

Surface roughness 

Fibrinogen has a mass of 340 kD and an elongated shape with dimensions of 

45 nm X 9 nm X 6 nm. Surfaces with roughness ranging in micrometers 

influence the fibrinogen adsorption to a significant extent due to the increase 

in surface area and the scale of roughness being larger the size of the protein 

[79]. Investigation on the influence of nano scale topography of titanium 

surfaces on fibrinogen adsorption has been studied by various groups and it 

has been reported that no statistically significant difference were found for 

films with different topographes [80,81]. Hasebe et al., demonstrated that 

nano order surface roughness <100nm has no effect on thrombogenicity [82]. 

However, Walivaara et al., studied the influence of nanometer scale surface 

roughness of titanium oxide coating on fibrinogen adsorption and proved that 

surface roughness greater than 5 nm do affect the fibrinogen adsorption [83]. 

Rechendorff et al., in their recent publication proved that surface roughness in 

nanometer scale increases the binding of strongly anisotropic proteins like 

fibrinogen since the anisotropic nature could lead to binding in different 

orientation [84]. 



1.4 Surface engineering by Plasma Enhanced Chemical Vapor 

Deposition (PECVD) 

By manipulating (engineering) the surface of the implanted device the preferential 

absorption of fibrinogen can be controlled. Plasma-surface modification is an 

effective and economical surface treatment technique for many materials and of 

growing interest in biomedical engineering. The unique advantage of plasma 

modification is that surface properties and biocompatibility can be engineered 

selectively while bulk properties of the material remain unchanged. Plasma enhanced 

chemical vapour deposition (PECVD) has been used to produce thin layers of 

polymeric and inorganic coatings with properties completely different from those of 

conventional materials. This process, known conventionally as plasma 

polymerization, is a procedure in which gaseous polymers, stimulated through 

plasma, condense on a substrate as highly cross-linked layers. 

In general, with a thrombo-resistant, non-inflammatory and biocompatible film 

which can serve as a base coating for a porous functional coating with the ability to 

hold the immunosuppressive drug and elute with slow release, it is possible to 

prevent late stent thrombosis, reduce the restenosis rate and hence increase the 

efficacy of the implant for long term clinical success of cardiovascular stents. 

Thin films produced by PECVD tend to have advantages for biomedical applications: 

Modification of the surface can be achieved without altering the bulk 

characteristics of the substrate material 

Very precise control over the thickness from nanometre to micron range 

depending on the requirement 

* Excellent control over the physical and chemical structure of the coating, 

and possibility to tailor the structure according to the needs by controlling 

the plasma process parameters 

Film characteristics like wettability, bandgap, refractive index, hardness, 

adhesion can all be tailored by carefully controlling the plasma and process 

parameters 



Ability to do layered coatings and in-situ surface preparation for enhanced 

adhesion 

Ability to have conformal coating on complex three dimensional substrates 

Coating can be applied in such a way that the chemical nature of the surface 

can be modified without affecting the overall surface topography 

The biocompatible coating for cardiovascular device applications should have an 

excellent barrier property that prevents direct contact of the blood with thrombogenic 

stainless steel surface and also offer imperturbable surface characteristics in a harsh 

biological environment 

1.5 Survey of stent coatings 

The use of bare metallic stents has minimized the elastic recoil and geometric 

remodelling of the vessel wall and has reduced the restenosis rate to a significant 

extent when compared to balloon angioplasty [85,86 1. But the acute and sub-acute 

thrombosis and neointimal hyperplasia remain a major problem associated with all 

types of metallic stents [37-41,871. Severe anticoagulant and anti-platelet therapies 

had to be taken to alleniate the thrombotic issue [88-901. 

To overcome the disadvantages of metallic stents, a number of materials were 

investigated and also surface engineering of metallic stents has been proposed 

[6 1,9 1-96]. Several polymeric coatings were also applied to metallic stents to study 

its effect on thrombogenicity and neointimal hyperplasia. However, polymer 

biocompatibility remains a concern, as polymers often induce an exaggerated 

inflammatory reaction [52,97,98]. 

Amorphous silicon carbide coating was used as an anti-thrombogenic coating on 

metallic stents [99,100]. Several studies have been carried out on these coatings, 

0zbek et al., and Kalnins et al., in their separate clinical studies showed that the 

silicon carbide coating decreased the stent thrombosis by a significant level and 

Kalnins observed that the silicon carbide coating attenuated the progression of 



endothelial growth [lo 1,1021. Hanekamp et al., and Unverdorben et al.,on the other 

hand, in their clinical studies observed that the silicon carbide coating was safe to use 

but did not have much beneficial effect on the restenosis rate [103,104]. Murphy et 

a1.,[105] deployed polyethylene terephthalate (PET) polymeric stents percutaneously 

in porcine coronary arteries and found that the PET stents were associated with 

intense proliferative neointimal response that resulted in complete vessel occlusion. 

Alvarado et a1.[106] implanted the metallic and silicone coated metallic stents in bile 

ducts and found no inflammatory reaction of silicone coated stent but mucosal 

hyperplasia was observed on both metallic and silicone coated stents. A decrease of 

20-60% in lurninal diameter was seen with all types at 24 weeks. 

Gold, being a biocompatible material, the stainless stents were coated with gold to 

overcome the thrombogenicity of steel stents. Animal studies showed that gold 

coating can be beneficial to the performance of bare stainless steel stents [107,108]. 

However, the human clinical investigation yielded negative results showing 

increased restenosis rate with gold coated stents [109,110]. 

Giessen et al., used five different biodegradable polymers (polyglycolic 

acid/polylactic acid [PLGA], polycaprolactone [PCL], polyhydroxybutyrate valerate 

[PHBV], polyorthoester [POE], and polyethyleneoxide/polybutylene terephthalate 

[PEO/PBT]) and three non-biodegradable polymers (polyurethane [PUR], silicone 

[SIL], and polyethylene terephthalate [PET]) coated on metallic stents to study the 

inflammatory response after implantation and found that all the polymers induced a 

marked inflammatory reaction within the coronary artery [98]. Tim Fischell, 

investigated all the biodegradable and non-biodegradable polymers used by Giessen 

et al., [98] and found that all of the implanted polymer coatings were associated with 

a significant inflammatory and exaggerated neointimal proliferative response [93]. 

Geremia et al., implanted the silicone coated metallic stents in dog carotid arteries 

and found that the silicone coating led to thrombus aggregation and fibroproliferative 

tissue response [ I l l ] .  Scheerder et a1.,[112] deposited two different polymeric 

coatings on stainless steel stents and found that both the polymers induce neointimal 



proliferation. In their study, a biodegradable poly (organo)phosphazene and biostable 

polyurethane coatings were deposited on metallic stents, and it was found that the 

degree of neointimal proliferation induced by polyurethane was comparable to that of 

bare metal stents whereas, the polyphosphazene coatings induced severe 

inflammatory response. Owing to its anticoagulant property and inhibitory effect on 

smooth muscle cell proliferation, heparin was considered for coating on metallic 

stents to reduce the complications of bare metallic stents [113- 1 151. Hiirdhammar et 

al., showed that heparin coating of metal stents reduces the immediate effects of 

thrombotic events associated with their deployment in normal porcine coronary 

arteries [I 161. Scheerder et al., in their animal study made clear that the heparin 

coating reduced thrombotic events but did not influence the neointimal hyperplasia 

[117]. Human clinical studies by Wohrle et al., on heparin coated stents suggested 

that the heparin coating did not have a significant impact on the longer term in-stent 

restenosis after 6 months and reasoned it to be the presence of low heparin activity 

on the stent [118]. Venveire et al., considered fluorinated polyphosphazenes and 

polyrnethacrylates for evaluation as coronary stent coating and observed that both the 

polymers induced a slight neointimal response [119]. 

Hyaluronic acid (HA) coating reduced platelet thrombus formation on stainless steel 

stents and improved the thrombo-resistance of endovascular devices 11201. 

Phosphorylcholine coating reduced the neointimal hyperplasia in canine carotid 

arteries [121]. Fischell and Fischell patented their invention of using 

phosphorylcholine coating as a anti-thrombogenic as well as radioactive coating on 

metallic intravascular stents 11221. Lewis et al., in their study showed that the 

phosphorylcholine coated metal stents implanted on porcine coronary arteries were 

biocompatible and did not cause inflammatory reaction by itself. Phosphorylcholine 

reduces irreversible protein adsorption at their surface and are effective at reducing 

the adhesion of platelets, fibroblasts and macrophages [123]. 

In-vitro biocompatibility tests showed that DLC coatings have higher 

albumidfibrinogen ratio and hence lower platelet adhesion [124]. Clinical studies of 

carbon coated stainless steel stent carried out by Antoniucci et al., [I251 showed that 

the carbon coating reduced the restenosis rate to a significant extent and the 



proliferative response was non-significant resulting in a very high clinical success 

rate, but clinical results from Emin et al., showed that after implantation of carbon 

coated stent the C-reactive protein, fibrinogen and leukocyte concentrations 

increased but carbon coating did not affect this inflammatory reaction [126]. 

Maguire et al., deposited amorphous diamond-like carbon coatings with and without 

Si doping on metallic stents and guide wires, and observed that the Si doped coatings 

were less inflammatory with reduced platelet attachments than the undoped DLC 

coatings [127]. Polyphoshazene passive coating has decreased the restenosis rate 

significantly compared to other passive coatings [ 1281. 

1.6 Local drug delivery 

To provide a high concentration of drugs at the site of vascular injury, the concept of 

local drug delivery was adopted so that the drug can be eluted from the implant after 

implantation. Drug eluting stents coated with anti-proliferative agents like rapamycin 

and paclitaxel have decreased the restenosis rate to a significant extent. The polymer 

matrix carrying the drug that is coated on the metallic stent, should be non- 

inflammatory and should not cause any consequences after all the drug has been 

eluted. The polymer toxicity results in enhanced neointimal hyperplasia. Therefore, 

the success of local drug delivery in cardiovascular implants depends on the 

biocompatibility of the polymer matrix. Attempts have been undertaken to 

investigate the drug elution potential of porous passive silicon-carbide coating 

[129,130]. By having a thrombo-resistant, non-inflammatory and biocompatible 

coating, which can serve as a base coating for a porous functional coating, it is 

possible to prevent late stent thrombosis, reduce the restenosis rate and hence 

increase the efficacy of the implant 



1.7 Contribution of this thesis 

The ideas and hypothesis 

The ultimate goal of this work is to study how the surface chemistry and structure of 

silicon and titanium based coatings can be used to control the biological reactivity of 

the proteins with the surface. Polymer-like (SiO,C,H,), silica-like (SiO,), titanium 

dioxide (TiO,) and silicon-titanium mixed oxide (SiO-TiO) coatings have been 

deposited by PECVD to get a range of surface properties. Previous works have 

shown that fibrinogen is the major protein involved in adhesion and activation of 

platelets leading to several biological cascades of events resulting in unwanted 

consequences. To minimise the fibrinogen adsorption on to a biomaterial surface it is 

essential to understand the factors that influence it. The major factors influencing the 

fibrinogen adsorption on to the biomaterial surface are film wettability, energy 

bandgap, surface charge and pH of the solution. 

Earlier studies on fibrinogen adsorption onto a biomaterial surface suggest that 

hydrophobic surfaces adsorb more than hydrophilic surfaces [I 3 11. Fibrinogen 

adsorption studies carried out on hydrophilic silica and hydrophobic methylated 

silica shows that the hydrophobic methylated silica adsorbs more than the 

hydrophilic silica [62]. A similar behaviour was observed on hydrophilic titanium 

dioxide and hydrophobic methylated titanium dioxide. 

The optical bandgap of the surface with which the fibrinogen comes in contact 

influences the adsorption to a significant extent. The bandgap of fibrinogen is 1.8 eV. 

When the fibrinogen comes in contact with any biomaterial that has a bandgap closer 

to that of fibrinogen then charge transfer takes place between the biomaterial and 

fibrinogen resulting in adsorption of fibrinogen on the biomaterial surface. The 

fibrinogen adsorption on titanium dioxide with a bandgap of 3.2 eV had been 

minimised by doping tantalum into titanium dioxide thereby increasing the optical 

bandgap of the film [132]. Silicon carbide semiconductor films with a bandgap 

higher than that of fibrinogen showed good haemocompatibility and reduced the 

thrombus formation [I 3 31. In conclusion, hydrophobic, conducting and low bandgap 



surfaces adsorb more fibrinogen. The influence of surface roughness on the 

fibrinogen adsorption will also be investigated. 

Hypothesis :- 

Previous studies suggest that hydrophobic SiO,C,H, and low bandgap TiO, surfaces 

adsorb higher amount of fibrinogen than that of hydrophilic and high bandgap 

surfaces. Inspite of its hydrophilicity the TiO, surface adsorb more fibrinogen due to 

its low bandgap. SiO, should exhibit low fibrinogen adsorption due to its high 

bandgap and moderate hydrophilicity. By having an intermediate bandgap, the 

influence of biomaterial bandgap on fibrinogen adsorption could be studied. Silicon- 

titanium mixed oxide coatings is hypothesised to have lower fibrinogen adsorption 

owing to its lower contact angle than SiO, and higher bandgap than TiO,. 

1.8 The approach to implement the ideas and hypothesis 

The objective of this work is to deposit a biocompatible coating, on 316L stainless 

steel, with a bandgap higher than that of fibrinogen and low contact angle to 

minimise the fibrinogen adsorption. To achieve the objective, the films with a range 

of water contact angle and optical bandgap are deposited. Films with varying surface 

characteristics, including wettability and bandgap are deposited by plasma enhanced 

chemical vapour deposition that enables the tailoring of film properties by 

controlling the plasma process parameters. The major requirements of the coatings 

are controlled surface characteristics and good mechanical properties. 

The tailored surface characteristics and improved mechanical properties can only be 

obtained through proper understanding of the plasma process parameters that govern 

the film properties. The first step is to analyse the influence of process parameters 

such as RF power, operating pressure and precursor flow ratios on film 

characteristics. By knowing the influence of process parameters on the surface 

characteristics, the chemical structure can be controlled and modified according to 

the need through careful control over the process parameters. After gaining a 



thorough understanding of the chemistry of the film, the film adhesion to medical 

grade stainless steel is analysed. Then the suitability of the film for autoclave and its 

stability in biological media was tested by immersing the samples in dulbecco's 

modified eagle medium (DMEM) media and also in acidic, basic and physiological 

pH solutions. The conforrnality of the coating on complex three dimensional 

substrates was also studied. Fibrinogen adsorption characteristics of the films are 

studied. 

A very sophisticated method of altering the surface texture and chemistry that was 

used for this work was Plasma Enhanced Chemical Vapour Deposition [PECVD], 

the process that enhances and enables deposition of biocompatible chemical 

compounds under low substrate temperatures and high deposition rates on to bio- 

transplant devices [I 34,13 51. Hexamethyldisiloxane (HMDSO) and titanium 

isopropoxide (TIP), organic precursors used in this work, had been widely used as 

monomers in plasma polymerization because of their high deposition rate and the 

ability to tailor the physical and chemical properties by controlling the process 

parameters [136- 1391. Previous studies suggest that the HMDSO deposited films 

substantially improve the biomedical behaviour of the implants [140- 1421. 

Work overview 

a) To study the influence of process parameters on surface characteristics 

b) To tailor the surface characteristics, by varying the process parameters, to 

achieve a wide range of surface properties 

c) Optimise the process parameters to have a high band gap and moderate 

wettability film which will minimise fibrinogen adsorption 

d) Improve the adhesion strength of the film to 3 16 L stainless steel and the 

film stability in biological media 



e) Measure the surface roughness of the untreated and coated 3 16L stainless 

steel samples 

f) Study the uniformity of the coating on complex three dimensional steel 

substrates 

g) Test the preliminary biocompatible characteristics of the film - cell 

toxicity, growth and viability studies 

h) Study the protein adsorption behaviour of the f h s  with varying wettability 

and band gap 



2 DESCRIPTION OF THE WORK 

2.1 Plasma 

Plasma is a partially ionized gas consisting of equal numbers of positive and negative 

charges, and a different number of un-ionized neutral molecules. A glow discharge is 

achieved by applying a potential between two electrodes in a gas. The electrons (or 

other charged particles) present in the gas, due to the background cosmic rays, are 

accelerated by the electric field between the electrodes. If the energy gained by the 

electron is sufficiently high, an inelastic collision with a gas atom may result in 

excitation or ionisation of the gas atom. If ionisation takes place, a second electron is 

released into the gas. Subsequently both electrons will be accelerated again, creating 

a condition known as gas breakdown. 

2.1.1 Collisions in plasma 

The four major inelastic processes that take place in a glow discharge are -ionization 

and recombination, excitation and relaxation [143]. Ionisation is the process in which 

a primary electron removes an electron from the atom, producing a positive ion and 

two electrons. The two electrons produced by the ionizing collisions will then be 

accelerated by the electric field resulting in further ionization that maintains the glow 

discharge. The minimum energy required to remove the most weakly bound electron 

from the atom is called the ionization potential. Recombination is the inverse of 

ionization wherein an electron coalesces with a positive ion to form a neutral atom. If 

the energy transfer during an electron collision with an atom is less than the 

ionization potential then the bound electron would jump to a higher energy level 

resulting in excitation. Relaxation is an inverse of excitation, the excited states are 

unstable and the electron configuration returns to stable lower energy states. The 

transition from higher energy state to lower energy state is accompanied by the 

emission of a photon of very specific energy corresponding to the difference in 

energy between the relevant quantum levels. The glow in the plasma is due to this 

emission of energy during the transition from higher to lower energy state. 



Other types of inelastic collisions that take place in plasma are dissociation, electron 

attachment, ion-neutral collisions and metastable collision. The process of 

dissociation is the breaking apart of a molecule. An electron with energy higher than 

the bond strength of a molecule can dissociate it either resulting in ionized products 

or a free radicals without causing any ionisation. The products of dissociation are 

more reactive than the parent molecule and hence the dissociation results in an 

enhanced chemical activity. Electron attachment is the process in which the colliding 

electron may join the atom to form a negative ion. Ions and neutrals can collide with 

each other elastically or inelastically to either exchange charges or cause further 

ionization. Excited atoms with long lifetimes are known as metastable excited atoms. 

The probability of collisions involving excited atoms depends on the density and the 

lifetime of the excited atoms. 

The applied electric field to generate plasma accelerates electrons and the electrons 

receive energy from the field resulting in heating up to extremely higher 

temperatures. The reason that the electrons are hotter than any other particles is that 

they absorb energy from the field but they cannot share it efficiently with the heavier 

particles. When a fast moving electron collides with a slow atom, only a very small 

part of the electron energy is transferred to the atom. This makes heat conduction 

from the electrons to the ions and neutrals very poor. The electrons stay hot and the 

ions and neutrals remain at roughly room temperature. 

The mean thermal velocity of the particle is given by [I441 

Raising the temperature increases the velocities of the particles. The velocities 

depend on the mass, so at a given temperature lighter particles will move faster than 

heavier particles. In an RF glow discharge, the typical electron temperature varies 

from 1 to 3 eV (1 eV=l1600 K) and the ion temperature is less than 0.05 eV (580 

K). The electrons with higher temperature moves much faster than the ions. 



Electrons are much lighter than the ions. The equation shows that the mass is 

inversely proportional to the velocity, since the electrons are lighter than the ions 

they move much faster than the ions. The combination of high temperature and low 

mass contributes for the high velocity of the electrons. 

2.1.2 Debye Shielding 

A fundamental characteristic of plasma is its ability to shield out an externally 

applied electric field. If an electric field is applied to the plasma by inserting two 

electrodes, the electrodes attract charge carriers of opposite charge and a cloud of 

electrons and ions will surround each electrode. For very cold plasma with no 

thermal motion of the charge carriers, the electric field of the electrodes would be 

totally shielded. No electric field would be present inside the plasma body. If the 

temperature is finite, some of the ions and electrons at the edge of the cloud could 

escape the attractive force of the electrode. In this case, some of the electric field will 

penetrate into the plasma. The region where the electric field penetrates the plasma is 

called a sheath. The thickness of a sheath is of the order of the Debye length AD given 

by the equation [I451 

where, E~ is the permittivity of free space, k is Boltzmann's constant, e is the electron 

charge, T, is the electron temperature, n, is the electron density. 

The Debye length is an important parameter in processing plasmas since it describes 

behaviour of the plasma around the objects present in the plasma chamber. 

Ions and electrons reaching the solid surface recombine and are lost from the plasma 

system. The current densities of electrons and ions to the substrate is given by 
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Where j is the current density, n is the particle density and c is the average velocity. 

Due to their smaller mass, the average velocity of electrons is much larger than that 

of the ions and hence j, >> ji. The substrate immediately starts to build up a negative 

charge and the plasma becomes positive charge in the vicinity of the surface. 

An electric field that retards the electrons and accelerates the ions develops near the 

surface in such a way that the surface is at a negative self-bias relative to the plasma. 

The plasma is therefore always at a positive potential relative to any surface in 

contact with it. Because of the Debye shielding effect, the potential developed 

between the surface and the plasma bulk is confined to a layer of thickness of several 

Debye lengths. This layer of positive space charge that exists around all surfaces in 

contact with the plasma is called the plasma sheath. The thickness of the plasma 

sheath is defined as the thickness of the region where the electron density is 

negligible and where the potential drop V, occurs. Since the glow intensity depends 

on the number density and energy of the exciting electrons, the sheath surrounding 

any object in contact with the plasma looks comparatively dark due to the less 

electron density in the sheath. 

2.1.3 Floating potential and powered electrode 

The sheath potential is the electrical potential developed across the plasma sheath. 

Only electrons having sufficiently high thermal energy will penetrate through the 

sheath and reach the surface, which, being negative relative to the plasma tends to 

repel the electrons [146]. 

In the case of RF discharge, a floating substrate immersed in the discharge will also 

have a sheath and will be biased negatively with respect to the plasma. When the bias 



develops on the floating substrate it will be subject to ion bombardment from the 

plasma. On the powered electrode, the voltage depends on the RF power source. The 

bias on the powered electrode will be the summation of self induced bias (similar to 

floating electrode) and the voltage determined by the RF source. This high biasing on 

the powered electrode can be a very influential parameter in determining the 

properties of the growing film since the ions are accelerated across the sheath to an 

energy which depends on the sheath potential. 

2.2 Process adopted 

Plasma enhanced chemical vapor deposition (PECVD) is a well known low 

temperature deposition technique widely used for surface modification of metals and 

polymers at low temperatures. In a PECVD process, the plasma is generated and 

controlled by ionizing a gas with a RF electromagnetic field of sufficient power, 

although dc and microwave fields have also been used. The primary role of the 

plasma is to break up the monomers and promote chemical reactions. Charged 

species (free electrons and ions) present in the chamber are accelerated by the 

electric field and collide with molecules of the source gases. In this way, the source 

gas molecules are excited to higher energy states, primarily by inelastic collisions 

with the energetic electrons, and dissociate into a variety of radicals, ions, atoms and 

more electrons. Since the energy required for excitation and dissociation is lower 

than that of ionization, the plasma will produce a large supply of excited and 

dissociated molecules and thus reactive radicals, even for a modest fraction of 

ionization. Radicals and atoms, generated in the plasma, travel to the growing film 

surface through a gas phase diffusion process. They are then adsorbed onto the 

surface and form chemical bonds at favorable sites to form an amorphous network. 

In order to ensure the high quality and the reproducibility of a given plasma process, 

many parameters must be controlled with care, such as the flow rate and ratio of the 

gas mixtures, the RF power and pressure. 

The computer controlled CD 300 plasma system used for the deposition reported in 

this thesis consists of 1) vacuum chamber, 2) RF generator and automatic matching 

unit, 3) Rotary and mechanical booster pump, 4) Liquid precursor container, 5) 

MFCs and manifold 



(b) 

Figure 1 (a) Schematic diagram and (b) photograph of 13.56 MHz RF PECVD reactor 



Figure l(a) show the schematic diagram of the 13.56 MHz RF power driven 

capacitively coupled plasma device used for depositions in this work. The vacuum 

chamber was an aluminium based container. Edwards EH mechanical booster pump 

backed by an Edwards ElM40 rotary pump was used to pump down the chamber. 

The live (powered) electrode, hereafter named as powered electrode (PE) was 

separated from the ground chamber by ceramic spacers and a floating potential (FP) 

electrode was placed under the powered electrode. During the process, electrical 

energy from the RF generator was applied to the powered electrode, which in turn 

excited the gases present in the chamber to a plasma state. The RF generator was 

connected to the chamber through an automated matching box which was connected 

at the rear side of the chamber. The operating frequency of the RF generator was 

13.56 MHz. The power distribution rack consisted of main switch, fuses, relays, 

electronic interfaces and boards. The PC rack contained the industrial computer and a 

printer. The measuring equipment consisted of MKS baratron type pirani gauge, 

thermocouple, process timer, flow meters. The pressure in the chamber was 

measured using a Granville-Phillips gauge. The real time clock of the computer was 

used to control the process. However manual mode of operation was also possible. 

The mass flow controllers (MFC) were used to control the flow of gases. Before each 

MFC, a shut off valve was installed to avoid leakage of any gas that was not used 

during the process. The rotary pump was connected through a port at the bottom of 

the chamber. The powered electrode whose area was 450 square centimetres, with a 

hole in the middle, was placed slightly below the top of the chamber and the chamber 

wall was grounded. 

The precursors were hexamethyl disiloxane (HMDSO), titanium isopropoxide (TIP) 

and oxygen. The argon, oxygen and HMDSO supply to the chamber were through 

mass flow controllers connected to a manifold that was connected at the top of the 

chamber. Liquid HMDSO was stored in a container and connected to the MFC 

through stainless steel tubes. Liquid titanium isopropoxide was stored in a container 

and connected to the chamber through a needle valve attached to a side port of the 

chamber. As the vapour pressure of titanium isopropoxide was much lower 0.9 ton 

than that of HMDSO with a vapour pressure of 33 ton, the TIP source was heated at 

125OC to increase the vapour pressure. To prevent condensation of HMDSO and TIP 



in the pipelines, the stainless steel supply lines from source to manifold and chamber 

wall were heated at 55OC and 150°C respectively through a temperature controlled 

heating tape. The RF power varied from 50 to 450 W and the working pressure 

ranged from 80 mTorr for a oxygen to HMDSO ratio of 0:l to 227 mTorr for a 

oxygen: HMDSO flow ratio of 15: 1. The maximum temperature on the floating 

potential substrate holder was less than 55OC and that on the powered electrode was 

around 95°C with water cooling. A nitrogen purge line was connected to the MFC, 

which lets HMDSO into the system, enabling purging the MFC after deposition. The 

substrate holder was at the plasma floating potential. The films were also deposited 

on the powered electrode. Both the powered and the floating electrode were water 

cooled. A stainless steel plate was placed on the powered electrode to act as an 

alternative substrate holder. 

Why 13.56 MHz? 

It is very common for an excitation frequency of 13.56 MHz to be employed in 

plasma processing. This frequency, and some of its harmonics, are reserved for 

industrial, scientific and medical applications. While there is no underlying physical 

reason to prefer 13.56 MHz, the powerful influence of the economics of scale has 

made power supplies and matching networks more widely available at lower cost for 

this standard frequency. The various RF frequencies include relatively narrow bands 

centered at 125/134 kHz or low frequency (LF), 13.56 MHz and its harmonics or 

high frequency (HF), 433/869/915 MHz or ultra high frequency (UHF), and 2.45/5.8 

GHz or micro-wave. 

2.3 Plasma process parameters 

2.3.1 Precursors 

The precursors used were, silicon containing organic liquid hexamethyldisiloxane 

(HMDSO), titanium containing organic liquid titanium isopropoxide (TIP), and 

oxygen that was used as a reactive gas. HMDSO is a clear colourless organic liquid 

with a chemical formula of (CH3)3- Si-O-Si-(CH3)3,, vapor pressure of 33 torr at 

20°C and with a boiling point of 101°C at 760 torr (1 atm) 



HMDSO TIP 

TIP is a clear pale yellow organic liquid with a molecular formula of TiC12H2804, 

vapour pressure of 0.9 torr at 50°C and with a boiling point of 58OC at 1 Torr 

Since the methyl groups were predominant, oxygen had to be used to oxidise and 

remove the hydrocarbons from the film if an oxide coating had to be deposited. Both 

the precursors had oxygen in them, but using the precursors as such to create a 

plasma without any extra oxygen would give a SiO, or TiO, surface but with a 

significant amount of undissociated methyl groups present in the film. Hence the 

oxygen flow had to be controlled and optimised to get the required surface 

chemistry. 

2.3.2 Substrates 

316L (medical grade) stainless steel was used as the substrate material. For FTIR, 

ellipsometry and density measurements, single side polished Si wafer supplied by 

Wafer world Inc., was used. In ellipsometry measurements, a good match between 

the experimental data and the theoretical model could be obtained when silicon wafer 

with a known, fixed refractive index is used as the substrate material. Quartz 

substrate was used for measuring the bandgap through UV-Visible spectroscopy, 

since glass slides have the adsorption edge close to that of titanium dioxide, quartz 

was used. For adhesion strength measurement, stability in biological media, cell 

culture and fibrinogen adsorption tests 316L stainless steel substrates from 

Goodfellows were used. 



2.3.3 Process parameters 

The Objective was achieved by 

a) Studying the effect of process parameters on surface 

characteristics of the film 

b) Tailoring the surface characteristics, by varying the process 

parameters, to achieve a wide range of surface properties 

The process parameters considered are 

i) Oxygen to HMDSO to TIP flow ratio 

In HMDSO, each silicon atom was bonded to three methyl groups and two silicon 

atoms were bonded to one oxygen atom. In the case of titanium isopropoxide with a 

molecular formula of [(CH3)2CH0]4Ti, each titanium atom was bonded to four 

oxygen atoms and each of those oxygen atoms were again bonded to 3 methyl 

groups. Hence the amount of hydrocarbons in the precursor was significantly higher 

than the amount of oxygen in it. In order to get an oxide film, either silicon oxide or 

titanium oxide, from these precursors, there had to be an additional oxygen flow into 

the chamber for oxidising the hydrocarbon contents from the precursor and hence an 

external oxygen flow was maintained to reduce the amount of hydrocarbon content 

in the film. In order to get a right proportion of silicon, titanium, oxygen and 

hydrocarbon content in the film, the oxygen to HMDSO, oxygen to TIP and oxygen 

to HMDSO to TIP flow ratios had to be optimised. 

The oxygen to HMDSO flow ratio was varied from 0:l to 33:l at a fixed RF power 

of 250 W. The titanium isopropoxide flow was kept as an unknown constant (n) and 

the oxygen to TIP flow ratio was varied from 250: n up to 1000: n, where the TIP 

flow was fixed through a needle valve. 



ii) RF Power 

The RF power plays a significant role in PECVD. The fragmentation of precursor 

molecules depends on the nature of the plasma, which in turn depends on the RF 

power. As the RF power is increased, the amount of energy supplied to the plasma 

increases and hence the fragmentation increase with increase in RF power. To study 

the influence of RF power on the film characteristics, the oxygen to HMDSO flow 

ratio was fixed at 10: 1 (250 sccrn: 25 sccrn) and the RF power varied from 50 W to 

450 W. In the case of Ti based coatings, the oxygen to TIP ratio was fixed at 500:n, 

where n is a fixed unknown TIP flow and the RF power was varied. 

iii) Pressure, oxygen to HMDSO flow rate 

In the case of Si based coatings from HMDSO, the oxygen to HMDSO flow ratio 

was varied, see table 1. For each of these ratios the coating process was performed at 

two different flow rates and hence the influence of flow rate at a fixed gas ratio was 

analysed. 

Table 1. Oxygen to HMDSO flow ratio, flow rate and pressure at 250 W RF 

Pure 

HMDSO 
0xygen:HMDSO flow ratio 

1:1 2: 1 5:l  10:l 15:l 20: 1 

High flow 
rate 

(Pressure) 

200 sccm 

94 mT 

200 :200 

148mT 

Low flow 
I rate 

(Pressure) 

500:15 

227mT 

300 :I50 

244mT 

~~~-~~~ 

500 : 50 

241mT 

50 sccm 

58 mT 

500 : 100 

261mT 

480 : 32 

218mT 

125 : 25 

120mT 

250 : 25 

124mT 

50 : 50 

78mT 

225 : 15 

119mT 

50:  25 

12mT 



iv) Deposition on floating potential and powered electrode 

The CD 300 PECVD system enables the substrate to be placed on both floating 

potential (FP) and powered electrode (PE), so that films can be grown at floating 

potential and powered electrode at the same time. It is well known that the ion 

bombardment will be significantly higher on the powered electrode than the floating 

electrode because of the negative bias voltage on the powered electrode that attracts 

high energetic positive ions. This high energy ion bombardment will have an impact 

on the characteristics of the film. Hence it will be interesting to study the difference 

in characteristics of films grown on floating potential electrode and on powered 

electrode. More over, the powered electrode being driven by RF power gets to a 

higher temperature than the floating potential electrode. This observed difference in 

temperature will have an effect on the characteristics of the film. 

v) Plasma pre-treatment 

The adhesion strength of the film to 316L stainless steel depends on the surface 

finish of the stainless steel. Cleaning the stainless steel substrates with acetone and 

ethanol was necessary to remove dusts and debris from the stainless steel surface. 

Studies suggest that plasma pre-treatment ie., plasma cleaning the samples in the 

chamber just before the deposition process, increases the adhesion strength of 

PECVD deposited films. It was observed that plasma pre-treatment increased the 

adhesion strength of SiO, film significantly. Hence a more systematic way of plasma 

pre-treatment was necessary to optimise the plasma pre-treatment procedure. Argon 

and oxygen plasmas were used for plasma pre-treatment. Various aspects of plasma 

pre-treatment, listed below, were optimised in order to improve the adhesion 

strength. 

a) Effect of pre-treatment time at fixed RF power and pre-treatment gas on 

the adhesion strength of the film to steel substrate 

b) Effect of Argon plasma, Oxygen plasma, Argon & Oxygen mixture plasma 

on the adhesion strength at a fixed RF power 

c) Effect of pre-treatment RF power on the adhesion strength for a fixed pre- 

treatment plasma 



2.4 Characterization techniques 

The influence of plasma process parameters on the surface characteristics of the 

films were investigated by studying their effect on physical and chemical 

characteristics of the coating. Several characterization techniques were employed to 

analyse the surface characteristics of the film. The purpose of understanding the 

variation of the above mentioned properties with process parameters was to deposit 

films with a range of surface characteristics that can be tailored according to the 

need. Since both the precursors containing silicon and titanium are organic liquids 

containing large amounts of hydrocarbons in it, the hydrocarbon, silicon, titanium 

and oxygen contents in the film can only be tailored through a thorough 

understanding of the effect of the process parameters on the nature of film being 

deposited. The hydrocarbon contents in the film can be controlled through a precise 

control of oxygen content in the plasma. It is important for the wetted surfaces that 

are exposed to body fluids, such as blood, to inhibit cell adhesion and growth as 

much as possible to minimise the possibility of clotting. Therefore it is necessary to 

tailor the surface energy to inhibit the protein adsorption. The surface energy 

depends on the wettability of the film, which in turn depends on the amount of 

hydrocarbon contents in the film [147]. The hydrocarbon contents can influence the 

hardness of the film to a significant extent. 

The adhesion of the film to the stainless steel substrate is very crucial. The stent is 

inserted in to the artery by compressing it and then deployed at the right place by 

expanding it using a balloon. The adhesion should be high enough so that the film do 

not peel or crack during expansion. The exposure of even a small area of 316L 

stainless steel to the blood could lead to blood coagulation that could be fatal; hence 

the adhesion strength of the film to the implant grade stainless steel and its stability 

should be high enough. Table 2 lists the techniques and equipments used to 

characterise the coatings. 



Research centres 

Nanomaterials 
processing lab (NPL), 
Dublin city university 

Equipment 

J.A. Woollam Co., 
Inc M-2000UI 
spectroscopic 
ellipsometer 

Characterisation 

Film thickness, 
Refractive index 

Technique 

Spectroscopic 
Ellipsometry 

Chemical structure Fourier transfonn Perkin-Elmer Nanomaterials 
infrared processing lab (NPL), 
spectroscopy Dublin city university 
(FTIR) 

I 

Elemental analysis 

1 

Nano hardness 

Wettability 

Energy dispersive 
analysis by X-ray 
spectroscopy 

Nano indentation 

Contact angle 
analysis 

-- 

Perkin-Elmer Nanomaterials 
Lambda 40 UV- processing lab (NPL), 
Vis Spectrometer Dublin city university 

EDAX Genesis 
system, 

Noran System Six 
microanalysis 
system with a 
1 OmmA2 Si(Li) 
detector 

Optical bandgap 

ASTRaL, 
Lappeenranta 
university of 
Technology, Finland 

Institute for Molecules 
and Materials, 
Radbound university 
nijmegen, Netherlands - 

UV-Vis 
spectroscopy 

Adhesion strength 

Berkovitch nano- 
indenter 

Data Physics OCA 
20 video based 
analyzer. 

National centre for 
biomedical 
engineering science 
(NCBES), National 
university of Ireland, 
Galway, Ireland 

Surface engineering 
group, University 
college dublin, Ireland 

Pull off adhesion 
tester 

-- 

Quad Group Nanomaterials 
Sebasian Five processing lab (NPL), 
pull-off tester 
Veecos 
Dimension D3 100 
with Nanoscope 
I11 electronic Dublin city university 
control 

Roughness Atomic force 
microscopy (AFM) 



Conformality, 
Cell adhesion 

Film stability 

Scanning electron 
microscopy 

Cell proliferation, 
cytotoxicity 

Table 2 Characterisation techniques, the equipments used and the make 

Optical microscopy, 
Scanning electron 
microscopy, 

Protein adsorption 

2.5 Enzyme immunosorbent assay (EIA) procedure 

JOEL JSM-630 1F 
scanning 
microscope 

MTT assay, trypan 
blue staining 

Materials required 

National centre for 
plasma science and 
technology (NCPST), 
Dublin city university 

Zeiss optical 
microscope 

School of 
Biotechnology, 
Dublin city university 

Enzyme 

1) 6 Well plates 

2) 25 ml Universal tubes 

3) Human fibrinogen (antigen) 

4) Anti-fibrinogen antibody from goat (primary antibody) 

5) Anti-goat Secondary antibody conjugated with peroxidase 

6) 1% Gelatin (blocking solution) 

7) 3,3,5,5 Tetramethylbenzidine (TMB) substrate to react with peroxidise 

Nanomaterials 
processing lab (NPL), 
Dublin city university 

National institute of 
Immunosorbent 
Assay 

enzyme 

8) 1N &So4 to stop TMB and peroxidise reaction 

cellular biotechnology 
(NICB), 
Dublin city university 

9) Spectrophotometer 

10) Table top shaker 

11) Pipettes 

12) Microbalance 

13) Cuvettes 



Fibrinogen binding studies method. 

1. Uncoated 3 16L stainless steel, and coated stainless steel samples were placed 

into the plate wells. 

2. 2ml of the fibrinogen @ 100mg/ml was added to the test samples. The 

uncoated steel was used to make a calibration series 100, 75, 50 25, 12.5 

nglml. The controls and samples were incubated for 60 minutes at room 

temperature with gentle agitation. 

The test sample dose was the same as the top calibration standard 

During the sample incubation fibrinogen can: 

a. Remain in solution. 

b. Bind to the plate plastic. 

c. Bind to the 3 16 steel. 

d. Bind to the coating. 

3. At the end of the sample incubation, a blocking solution 10ml consisting of 

1% gelatin in Phosphate Buffered Saline (PBS) was added to the fibrinogen 

coating solution. The blocking solution was incubated for a further 60 

minutes, RT, gentle agitation. Note that the four conditions (a-d) above are 

also true for the gelatin-blocking step. 

The blocking step was used because the molecular size of IgG (1 5OkDa) was 

less than for Fibrinogen (300kDa). The gelatin blocks non-specific binding of 

IgG to the steel or coating based on differences in molecular size. 

4. After the blocking step the fibrinogedgelatidPBS solution was removed 

from the wells, and the controls and samples were subjected to three five 

minute washes in PBS incorporating 0.05% Tween 20 (PBST). These washes 

reduced the amount of non-specifically bound material by a combination of 

the detergent action and dilution. 

5. The metal was transferred to new plate for the next step. At this step, 

fibrinogen at a & b above i.e. still in solution or bound to the plate were then 

removed from the equation. Goat anti-fibrinogen antiserum was used. The 

antiserum was diluted with 1% gelatin in PBST, this diluent minimised non- 

specific binding. The anti-fibrinogen IgG could theoretically: 

a. Remain in solution. 



b. Bind to the plate wells, or 

c. Affinity bind to fibrinogen immobilised on either the 3 16-grade metal 

or the coating. 

The antiserum incubation was performed for 60 minutes at room temperature 

with gentle shaking. At the end of the antiserum incubation period the 

solution was removed, and the samples were washed three times, 5 minutes 

per wash with PBST. 

6. The samples were moved to new clean plates, anti-fibrinogen IgG according 

to 5a & b were now irrelevant. Rabbit anti-goat IgG horseradish peroxidase 

(HRP) conjugate was prepared in 1% gelatin PBST. This was added to the 

samples, which were incubated for 30 minutes at room temperature with 

shaking. At the end of the conjugate incubation period, the samples were 

washed three times, five minutes per wash with PBST, then a final five- 

minute wash with PBST. 

7. The samples were transferred to sterile 30ml universal tubes, the TMB 

substrate was added for a fixed period of 10 minutes. Adding an equal 

volume of 1N acid stopped the reaction. 

8. The yellow reaction solution was transferred to plastic cuvettes, and a 

spectrophotometer was used to measure the absorbance at a wavelength of 

450nm. 

9. A standard plot was drawn for fibrinogen adsorption of 3 16 steel substrates 

with various fibrinogen concentrations. The values for the coated samples 

were read from this curve. The results were reported in terms of % binding 

i.e. If a SiO, coated piece of steel gave the same absorbance as the 25nglml 

calibration standard, it was reported that fibrinogen binding had been reduced 

and the percentage binding was 25% relative to plain 316L stainless steel 

substrate. 

The peroxidase enzyme present in the secondary antibody would give a 

coloured reaction after its exposure to tetramethylbenzidine (TMB). The 

reaction could be stopped by adding 1N sulphuric acid. The purpose of 

peroxidase conjugation in the secondary antibody was to give a coloured 

reaction after its reaction with tetramethylbenzidine which is proportional to 



the primary antibody bound to fibrinogen. The reason for conjugating the 

peroxidase enzyme on the secondary antibody rather than directly 

conjugating on the primary antibody is that the sensitivity will be increased in 

the former, resulting in signal amplification, since the primary antibody 

contains several epitopes that can be bound by the labeled secondary 

antibody. A schematic of the entire fibrinogen adsorption measurement 

process is given below 

Step I : Place samples in 6 well plate 

Step 2: Antigen (Fibrinogen) binding 

Coating 

1 

Fibrinogen 

I 31 6L steel substrate I 316L steel substrate 

Step 3: Blocking 
Gelatin (blocking agent) 

1 316L steel substrate 1 ) 316L steel substrate 1 

Step 4: Washing with PBS 

Step 5: Transfer samples to new plate 

Step 6: Anti-fibrinogen anti serum 

Anti-fibrinogen IgG 

4 
Non s~ec i f i  bindina P 

316L steel substrate h- 316L steel substrate 

Step 7: Transfer samples to new plate 



Step 8: Washing with PBS - Removes non specific binding of primary 
antibody 

1 316L steel substrate I 
I 31 6i steel substrate I I - 

Secondary antibody conjugated with enzyme 
Step 9: Secondary antibody 

Non specific binding 

I 

I 316L steel substrate 

Step 10: Washing with PBS - Removes non specific binding of 
secondary antibody 

I 316L steel substrate ( 

Step 11 : Transfer of sample to 25ml universal tube 



Step 12: Tetramethyl benzidine (TMB) addition to react with conjugated 
enzyme 

Tetramethyl benzidine (TMB) 
Reaction between 
peroxidase enzyme and 
TMB 

Step 13: H2S04 to stop reaction after 10 

Tetramethyl benzidine (TMB) 

Enzyme conjugated 
secondary antibody # 

lntensity of yellow colour a 
quantity of antigen 

Coloured 
solution 

Intensity of colour a quantity of antigen bound to coating 
Anti-fibrinogen IgG J 

Coating 

' 1  316L stainless steel substrate I 

Figure 2 Schematic of overall fibrinogen adsorption procedure 



3. SUWACE CHEMICAL AND PHYSICAL 
CHARACTERIZATION 

3.1 Characterization of HMDSO based coatings 

The influence of different operating plasma process conditions such as ratios of gas 

mixtures, different flow rates at fixed ratio and the operating RF power on the film 

quality had been investigated. The gas flow was varied by introducing different 

combinations of oxygen to HMDSO flow ratios in the processing chamber ranging 

from 0: 1 to 33 : 1. The RF power to create the discharge was varied from 50 Watts to 

a maximum of 450 Watts and the substrate was placed on both floating and powered 

electrode to study the variation in properties of films deposited on both the 

electrodes. A detailed analysis of chemical and mechanical characteristics of films 

grown on floating and powered electrode was carried out. To investigate the 

influence of flow ratio and flow rates on film properties, the deposition was carried 

out for a series of oxygen: HMDSO flow ratio conditions and at two different flow 

rates (low and high) with a fixed RF power of 250 W. To analyse the effect of RF 

power, the oxygen: HMDSO flow ratio was fixed at 10:l (250:25) and deposition 

was carried out at various RF powers from 50 W till 450 W. The operating 

conditions are tabulated in Table 1. 

3.1.1 FTIR studies of films deposited at different oxygen:HMDSO flow ratio, 

flow rate and RF power 

The absorption bands were identified based on the book by Socrates [148]. The 

characteristic peaks of Si-0-Si appear at 450 cm-', 800 cm-' and 1070 cm-'. The peak 

at 450 cm-' corresponds to rocking vibration or symmetric stretching vibration of Si- 

0-Si and the peak at 800 cm-' corresponds to bending vibration of Si-0-Si and 1070 

cm-' peak corresponds to asymmetric stretching vibration of Si-0-Si. The peak at 

1278 cm-' corresponds to symmetric deformation vibration of methyl silyl, 

asymmetric stretching vibration of CH in Si-CH3 occurs at 2960 cm-' and symmetric 



stretching vibration of CH in Si-CH3 occurs at 2905 cm-I, Si-CH3 rocking vibration 

occurs at 840 cm-' [149-1511. Peaks at 930 cm-', 3380 cm-' and 3650 cm-' 

corresponds to hydroxyl groups bonded to Si [152,153]. S i c  stretching vibration 

occurs at 668 cm-' and 800 cm-'. The peak at 801 cm-' corresponds to Si-C and Si- 

(CH3)x vibrations. 

At low oxygen to HMDSO ratios, the methyl silyl peaks at 845 cm-', 1278 cm-' and 

2965 cm-' [154] in figures 3, 4, 5 & 6 are intense. This confirms the formation of a 

polymer-like SiO,C,H, film. As the oxygen to HMDSO ratio increases, the intensity 

of the methyl silyl peaks decreases and it is negligible at oxygen to HMDSO ratio of 

10: 1. This is because, as the oxygen flow was increased, the methyl group present in 

HMDSO was oxidized to carbon dioxide and water. At low oxygen flows, the peak 

corresponding to Si-0-Si appears at 1040 cm" and as the oxygen flow increases, the 

peak shifts to higher wave number approaching 1072 cm-' which is characteristic of 

silica-like films. This is because, at low oxygen to HMDSO flow ratios in polymer- 

like film, the film density was 1.599 gem" (figure 10) and hence the Si-0-Si bond 

was not dense enough that resulted in vibration at low energy (low wave number) 

incident radiation. At high oxygen to HMDSO flow ratio, the film density was 2.309 

g.cm-3 (figure 10) and hence the Si-0-Si bond in silica-like film was dense with short 

bond length requiring higher energy (higher wave number) incident radiation for 

vibration. At high oxygen: HMDSO flow ratios, a silica-like SiO, film were formed. 

As the oxygen flow increased, the peak corresponding to Si-OH appeared between 

890 cm-' and 910 cm-' in figures 3 & 4, only in films deposited at floating potential. 

This is because of the formation of SiOH hydroxyl group from the oxidized methyl 

group. The temperature being low enough, maximum temperature was less than 

55°C; the hydroxyl bond formation took place only in floating potential deposited 

films. The maximum temperature observed on the powered electrode was around 

95OC and hence the Si-OH bond formations did not take place in powered electrode. 



2.44 

1.94 

1 ;44 
E 
s 
m 
e 
0 
V) 

0.94 

0.44 2: 1 

1 : l  

1.3 

-0.06 Pure HMDSO 
400 800 1200 1600 2000 2400 2800 3200 3600 4000 

Wave number (cm-') 

Figure 3 Variation of hydrocarbon content with oxygen to HMDSO flow ratio at high 
flow rate for films deposited on floating electrode at 250 W RF power 

The SiOH peak appeared at lower wave number 890 cm-' for high flow rate films 

and for low flow rate films, the SiOH peak appeared at 9 10 cm" . This shift was due 

to the formation of a strong SiOH linkage at low pressure resulting in higher energy 

for vibration. 

Unlike the high oxygen to HMDSO flow rate films, the hydrocarbon content for low 

oxygen to HMDSO flow rate films (fig 4 and fig 6) decreased to a significant extent 

as the oxygen flow was increased. This is because; at low pressure, more 

fragmentation of the precursor molecules took place which lead to formation of more 

ions and radicals. Those fragmented hydrocarbons from precursor molecules got 

oxidized to water and carbon dioxide, which were driven away from the chamber, 

and hence the film contained fewer hydrocarbons even for low oxygen to HMDSO 



flow ratio. In figures 5 and 6, for 5:l ratio films, the methyl silyl peaks at 1278 cm-' 

and 840 cm-' were present in significant quantity for high flow rate films than that 

for low flow rate films. In floating electrode deposited films (fig 3 and fig 4) the 

hydroxyl peak (910 cm-I) increased with increase in oxygen, due to the oxidation. Si 

from (CH3)3-Si-O-Si-(CH3)3 formed Si-OH as the oxygen flow increased. 

410 800 1200 1600 2000 2400 2800 3200 3600 4000 
-0.2 

Wave number (cm-I) 
-- - - - - - - - - -- -. 

Figure 4 Variation of hydrocarbon content with oxygen to HMDSO flow ratio at low 
flow rate for films deposited on floating electrode at 250 W RF power 

Same changes were observed for films deposited on the powered electrode (fig 5 and 

fig 6) but the hydroxyl group intensity was much lower. 
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Figure 5 Variation of hydrocarbon content with oxygen to HMDSO flow ratio at high 
flow rate for films deposited on powered electrode at 250 W RF power 

The difference between the floating potential (FP) and powered electrode (PE) 

deposited films was that the peak corresponding to hydroxyl content in the film 

disappeared at the powered electrode because of the high temperature and another 

difference was, the intensity of Si-0-Si peak was higher on the powered electrode 

than that on the floating electrode deposited film. This increased intensity could be 

due to the dense Si-0-Si network caused by the energetic ion bombardment. The 

density of powered electrode film was always higher than that of floating electrode 

deposited films as shown in Table 3.  



Table 3 Film density calculations for films deposited at fixed 10:l oxygen to HMDSO 
flow ratio at varying RF powers 

The film density on silicon wafer was calculated by dividing the mass of the coating 

with its volume. The film mass was calculated by measuring the mass of the silicon 

wafer before and after deposition and taking its difference. The film volume was 

calculated by multiplying the surface area of the substrate with the film thickness. 

PE 
Density (g/cm3) 

RE' power 
(Watts) 

1) 50 WFP 

FP 
Density (g/cm3) 

I 

250 W 

500 W 

Density = Mass1 Area X Thickness 

= 0.2 X 10" 11.333 X 1.15 X l ~ - ~ ~ l c m ~  

= 0.2 X lo1/ 1.5329 

= 1.305 gjcm3 

2) 50 WPE 

2.11 

Net mass of 
coating 
(mg) 

I 

0.2 

1.960 

2.499 

Substrate 
area 
(cm2) 

1.333 

Volume 
(area X film 
thickness) 
1 o - ~  (cm3) 

1.333 X 1.150 

P 

Film 
thickness 
(nm) 

-- 
1150 

Net mass of 
coating 
(mg) 

0.4 

Substrate 
area 
@In2) 

1.755 

Mass of sample (mg) 

Volume 
(area X film 
thickness] 
I 0" (cm ) 

Film 
thickness 
(nm) 

1533 

~~f~~~ 

deposition 

152.8 

After 
deposition 

15 
3 

Mass of sample (mg) 

Before 
deposition 

After 
deposition 

204.3 1.755 X 1.533 203.9 



Density = MassIArea X Thickness 

= 0.4 X lo4 /  1.755 X 1.533 X g/cm3 

= 1.487 g/cm3 

Density = MassIArea X Thickness 

= 0.5 X 1.546 X 1.650 X 

= 1.960 g /cm3 

4) 500 W-FP 

Net mass of 
coating 
(mg) 

0.5 

Density = MassIArea X Thickness 

= 0.3 X 1.529 X .930 X 

=2.11 g / ~ m 3  

Volume 
(area X film 
thickness) 

1.546X 1.650 

Substrate 
area 
(cm2) 

1.546 

Mass of sample (mg) 

5) 500 W-PE 

Film 
thickness 
(nm> 

-- 
, 1650 

Before 
deposition 

182.6 

Net mass 
of coating 
(mg) 

0.3 

After 
deposition 

182.1 

Density = MassIArea X Thickness 

= 0.7 X 1.530 X 1.831 X lom4 

= 2.499 g /cm3 

Volume 
(area X film 
thickness) 
1 o4 (cm3) 
1.529X 0.930 

Substrate 
area 
(cm2> 
- 

1.529 

Mass of sample (mg) Film 
thickness 
(nm) 

930 

Before 
deposition 

175.6 

I Net mass 
of coating 
(mg) 

0.7 

After 
deposition 

175.9 

Volume 
(area X film 
thickness) 

(cm3) 
1.530X 1.831 

Substrate 
area 
(cm2) 
pp 

1.530 

Mass of sample (mg) Film 
thickness 
(nm> 
1831 

~~f~~~ 

deposition 
, 

181.6 

After 
deposition 

182.5 
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Figure 6 Variation of hydrocarbon content with oxygen to HMDSO flow ratio at low 
flow rate for films deposited on powered electrode at 250 W RF power 

As the RF power increased, there was a significant decrease of hydrocarbon content 

(fig 7 and fig 8). The peak at 1278 cm-' corresponding to methyl group decreased in 

intensity as the RF power increased and it disappeared for the films deposited on the 

powered electrode. In the case of floating electrode deposited films, there was a 

considerable amount of hydrocarbon content present in the films but much lower 

than that present at lower RF powers. Hence, the temperature on the substrate holder 

also played a role in deciding the quality of films, which was very clear from the 

contact angle analysis to be discussed in the later part of this section. 
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Figure 7 Variation of hydrocarbon content with RF power for fixed oxygen to HMDSO 
flow ratio (10:l) at low flow rate for films deposited on floating potential 
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Figure 8 Variation of hydrocarbon content with RF power for fixed oxygen to HMDSO 
flow ratio (10:l) at low flow rate for films deposited on powered electrode 

The peak at 930 cm-I corresponds to hydroxyl group bonded to Si. This peak also 

decreased in intensity with increase in RF power for the films deposited on powered 

electrode where as for the floating electrode deposited films; there was no decrease 

in intensity with power. This is because, as the RF power increased, the temperature 

on the powered electrode became very high, which dissociated the SiOH bonding 

and hence the hydroxyl group did not appear at high powers in the powered electrode 

and for the floating potential electrode, there was not much increase in temperature 

with power. So the hydroxyl group in the films deposited on the floating electrode 

was retained. 



3.1.2 Variation of deposition rate with oxygen:HMDSO flow ratio in floating 

and powered electrode deposited films 

The deposition rate of the films grown on floating and powered electrode was 

calculated by measuring the film thickness using spectroscopic ellipsometry and 

dividing it by deposition time. Figure 9 shows the deposition rate on floating and on 

powered electrode, as a function of the oxygen to HMDSO flow ratio for the films 

deposited at high flow ratelpressure. The RF power in the experiment was fixed at 

250 Watts. The experimental data showed an initial rise in the deposition rate in both 

floating and powered electrode deposited films followed by a decrease with the 

higher oxygen flow. Then the deposition rate stabilized at higher oxygen: HMDSO 

flow ratios. 

--c Floating potential 
0 Powered electrode 

Figure 9 Variation of deposition rate with oxygen: HMDSO flow ratio at 250 W RF power 

The flow rates corresponding to various flow ratios are tabulated in Table 1. The 

reason for lower deposition rate at 0:l (oxygen: HMDSO) flow ratio was that the 

deposition rate was limited by the unavailability of oxygen other than that present in 

the HMDSO precursor itself. As additional oxygen flow was introduced in the 

chamber the deposition rate increased due to the availability of oxygen to react with 

hydrocarbons in the precursor. With higher oxygen to HMDSO flows ratios the 

hydrocarbons present in the precursor begun to oxidize more into water and carbon 



dioxide and were pumped out of the chamber and hence the amount of hydrocarbons 

contributing to film formation decreased as the oxygen flow was increased. The 

FTIR spectra in figures 3 and 5, show that at low oxygen: HMDSO flow ratio the 

hydrocarbon peaks were present in considerable amount, forming SiO,CyH, film, and 

as the ratio was increased, the intensity of hydrocarbon peaks decreased and it was 

insignificant at high oxygen: HMDSO flow ratio of 10:1, forming SiO, film. Thus 

the high deposition rate at low flow ratio was due to the contribution of hydrocarbons 

for film formation and increase in oxygen:HMDSO flow ratio increased the 

oxidation and decreased the hydrocarbon contribution towards film formation 

resulting in SiO, film formation, which in turn resulted in decreased deposition rate 

at high flow 0xygen:HMDSO flow ratio. Also the densification of film at higher 

oxygen: HMDSO flow ratio contributed for decreased deposition rate. The decrease 

in deposition rate with increase in oxygen flow is in agreement with G. Borvon et a1 

[155]. 

The hydrocarbon rich low oxygen: HMDSO ratio (1:l) deposited SiO,CyH, films 

had a high refractive index of 1.842 in figure 10. The experimental studies of C. 

Vallee et a1 [156], Stephanie Roualdes et a1 [157], and C. Vallee et a1 [158] on the 

refractive index measurements of silicon based oxide coatings suggested that the 

carbon contents in SiO,C,H, films contributed for higher refractive index. 

Figure 10 Variation of refractive index (o) and film density (m) with R 
(oxygen:HMDSO flow ratio) at 250 W RF power 



It is evident from figure 6 in the FTIR measurements that low oxygen: HMDSO ratio 

films had higher hydrocarbon content and as the oxygen flow was increased, the 

hydrocarbon intensity decreased. The refractive index decreased with increase in 

oxygen: HMDSO ratio, figure 10. The refractive index change correlated well with 

the observed hydrocarbon content variation in FTIR spectra. Since the refractive 

index of fused silica was 1.46, a refractive index value of 1.487 for oxygen: HMDSO 

ratio of 20:l indicated the formation of sub-stoichiometric SiO, film. At oxygen: 

HMDSO ratio of 20:1, the hydrocarbon contents were negligible hence the higher 

refractive index was due to the formation of a Si rich sub-stoichiometric SiO, film. 

The film density calculations also correlated well with the refractive index 

measurements. The density of low oxygen: HMDSO ratio films (1:l) were 1.599 

g.cm-3 and as the oxygen flow increased the density increased to 2.309 g.cm'3. This 

was due of the formation of a dense SiO, network. The film density calculations are 

in agreement with E. Bapin et a1 [I 591. 
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Figure 11 Variation of deposition rate with 0xygen:HMDSO flow ratio with low and 
high flow rates deposited at 250 W RF power 

The deposition rate varied in the same way with various 0xygen:HMDSO flow ratios 

for both low and high flow rates, in figure 11. At low oxygen: HMDSO flow ratio, 

the deposition rate of films deposited with high flow rate was much higher than that 



deposited with low flow rate. High deposition rate with high flow rate films was 

because of more film forming flux present in the plasma. As the oxygen flow was 

increased, the deposition rate of both low and high flow rate films was nearly the 

same. At higher oxygen: HMDSO flow ratio, most of the hydrocarbons present in the 

plasma was oxidized and only Si-0-Si contributed for film formation resulting in 

more or less the same deposition rate above a certain flow ratio. 

The experimental data in figure 12 showed an increase in deposition rate on floating 

potential deposited films with increase in RF power at fixed oxygen: HMDSO flow 

ratio of 10: 1. The increase in RF power caused higher fragmentation of the precursor 

molecules resulting in increased plasma density and hence we observed an increase 

in the deposition rate. This is in good agreement with E.Bapin et a1 [I 601. However 

in the powered electrode, the deposition rate decreased at higher RF powers (above 

200 Watts). This was due to the film densification, as shown in figure 13, on the 

powered electrode caused by increased energetic ion bombardment with increase in 

RF power. Nano hardness measurement confirmed the formation of a dense layer at 

higher RF powers. In figure 14, the film hardness showed a linear increase for 

powered electrode deposited films whereas this remained almost constant for the 

floating electrode deposited films. 
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Figure 12 Variation of deposition rate with RF power for 10:loxygen:HMDSO flow ratio films 



The bias voltage varied from -2 V at 50 W to -30V for 450 W, since there was no 

significant rise in bias voltage with increase in RF power the possibility for 

sputtering of the deposited films was very low. On comparing figures 11 and 12 we 

observed that the deposition rates at the floating electrode to be lower than at the 

powered electrode. This was because, the plasma density at the floating electrode 

which was situated 10 cm away from the source was lower. 

The refractive index was measured at varying RF powers for a fixed oxygen: 

HMDSO ratio of 10: 1. Studies by S. Spiga et a1 [161], Yizhou Song et a1 [162] and 

Yasumi Yamada et a1 [I631 suggests that the silicon rich - SiO, films possess a 

higher refractive index than the fused silica. In figure 13, as the RF power increased, 

the refractive index increased, this was because of a dense layer that was formed by a 

silicon rich sub-stoichiometric SiO, film. 
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Figure 13 Variation of refractive index (o) and film density (4) with RF power for 
films deposited on powered electrode at 10:l oxygen to HMDSO flow ratio 



It was evident from the film density measurements that the density increased with 

increase in RF power and hence a dense layer was formed at higher RF power. The 

light oxygen and carbon atoms were being replaced by heavy Si atoms. The higher 

refractive index in this case was not because of carbon incorporation in the film 

rather it was because of its silicon rich nature. This was evident from FTIR and 

contact angle investigations. The carbon peak intensity decreased to a significant 

extent with rise in RF power and the water contact angle decreased with increase in 

RF power denoting the decrease of hydrocarbon content with increase in RF power. 
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Figure 14 nano hardness data of 10:l oxygen to HMDSO ratio deposited film, at 
various FW power, on floating and powered electrode 

Fig 14 showed the variation of hardness with lW power for films deposited on 

floating electrode and on powered electrode. The hardness for the films deposited on 

the floating potential electrode was independent of RF power. The linear increase of 

hardness with increase in lW power was attributed to the increased fragmentation of 

precursor molecules with increase in RF power which resulted in formation of more 

ions and radicals in the plasma. Increased ions in the plasma lead to increased 

energetic ion bombardment on the powered electrode resulting in densification of the 

film, which in turn lead to increased hardness. 



3.1.3 Contact angle analysis 

The wettability of the film was determined by the contact angle the water made with 

the surface with which it was in contact. It was measured by drawing a tangent at the 

point of contact and measuring the angle between the tangent and the surface. The 

contact angle would be high if the cohesive force existing within the liquid drop is 

higher than the adhesive force between the liquid and the surface. If the adhesive 

force between the liquid and the surface overcomes the cohesive force between the 

liquid molecules then the contact angle would be less. If the water contact angle is 

high (approx more than 70" or 80") then the surface is hydrophobic, if it is less then 

the surface is hydrophilic. 

The water contact angle was measured by using Sessile drop technique and by 

Wilhelmy plate method. The contact angle was measured for films deposited with 

varying oxygen to HMDSO flow ratios at fixed RF power (250 W) and for varying 

RF power for fixed oxygen to HMDSO ratio (10: 1). 

The film wettability was measured by water contact angle analysis using a video 

based OCA 20 Data Physics contact angle measurement system. The pictures taken 

from sessile drop analyzer in figure 15 shows the variation of contact angle with 

change in oxygen to HMDSO ratio. It was clearly seen that the contact angle was 

high for pure HMDSO films and water spreaded out and formed low contact angle at 

high oxygen to HMDSO ratio. 

The HMDSO deposited films could be used to produce a hydrophobic surface with a 

water contact angle above 100" [164]. The film hydrophobicity depends on the 

oxygen concentration in the plasma and the post-plasma treatment [165,166]. The 

hydrophobic nature of polymer-like SiO,C,H, films, deposited from pure HMDSO 

was due to the presence of methyl groups and hydrocarbons in the film [167]. The 

hydrophobicity arouse from the fact that the water molecules were not able to form a 

hydrogen bond with the non polar hydrocarbons present in large quantity. FTIR 

measurements in figures 3 to 6 confirmed the presence of more hydrocarbons in the 

film. The cohesive force within the water molecules was higher than the adhesive 



force between the water and the film surface. The water contact angle depended on 

the polarity of the surface. By increasing the polarity, it was possible to increase the 

hydrophilicity. By reducing the hydrocarbons in the film and by increasing the 

oxygen content it was possible to create polarity in the surface. The 0xygen:HMDSO 

ratio was increased and the water contact angle measured. The water contact angle 

was found to decrease as the oxygen flow was increased. FTIR spectra in figures 3 to 

6 showed that the hydrocarbon content decreased as the oxygen: HMDSO ratio was 

increased. As a result, a polar Si-0-Si network was formed. This allowed the 

formation of hydrogen bond with water resulting in lower water contact angle. The 

adhesive force between the surface and water molecule overcame the cohesive force 

between the water molecules and the water drop spreaded. 

The water contact angle was measured for various 0xygen:HMDSO flow ratios at 

two different precursor flow rates, figure 15. The maximum and minimum water 

contact angle of 115', 74' was achieved with high flow rate films and 105.5', 65' 

with low flow rate films respectively. The hydrophobicity of polymer-like SiO,CyH, 

films was close to the values obtained by F. Benitez et a1 [168], R. Mahlberg et a1 

[I691 and J. Behnisch et a1 [170]. 
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Figure 15 (a) Variation of water contact angle with 0xygen:HMDSO flow ratio for low 
and high flow rates for films deposited at floating potential and powered electrode, at 
250 W and (b) Image of water contact angle of SiO,C,H, and SiO, films 



There were two major observations and conclusions to be drawn from fig 15. 

They were 

1) The floating electrode deposited films always exhibited a slightly higher water 

contact angle than the powered electrode deposited films. This behaviour was 

explained from the FTIR results. The hydrocarbon content of floating electrode 

deposited films was slightly higher than the powered electrode deposited films 

resulting in a slightly hydrophobic surface. The intensity of Si-0-Si peak was always 

higher in powered electrode deposited films and favoured the formation of hydrogen 

bond with water resulting in lower water contact angle in powered electrode 

deposited films. 

2) For all oxygen: HMDSO flow ratios, films deposited at low flow rate had much 

lower water contact angle than the high flow rate films. This behaviour was also 

explained from the FTIR observations. Table 1 shows the pressure values at different 

flow rates, it was clear that the operating pressure at low flow rate was much lower 

than that at high flow rate. At lower pressure, the fragmentation of precursor 

molecule was more and hence the hydrocarbons were easily oxidized and were 

pumped out of the chamber. The resulting film will had lower hydrocarbon content 

in them than that deposited at high flow rate. This accounted for the observed higher 

wettability of low flow rate deposited films. It was clear from figure 5 and 6 that the 

peak at 1278 cm-', that corresponds to hydrocarbon contents, appeared at high flow 

rate 10: 1 film, where as it was missing in the low flow rate film. 
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Figure 16 Variation of water contact angle with RF power for fixed 0xygen:HMDSO 
flow ratio (10:l) films deposited on powered electrode 

To study the influence of RF power on the film properties, a fixed 0xygen:HMDSO 

flow ratio film (10:l) was deposited at various RF powers from 50 W to 450 W. 

Figure 16 shows the variation of contact angle with RF power for 10: 1 

0xygen:HMDSO ratio film. For silica-like films, the increase in RF power lowers the 

contact angle ie., the film becomes more hydrophilic with increase in RF power. This 

is due to the decrease of hydrocarbon content in the film with increase in RF power. 

As the RF power increased, the fragmentation of precursors increased resulting in 

formation of a dense Si-0-Si network with less hydrocarbon contents. FTIR 

spectroscopic study showed that the hydrocarbon contents in the film decreased with 

increase in RF power, figure 7. The film density calculations in figure 13 showed 

that the film density increased with increase in RF power. Nano indentation tests in 

figure 14 showed that the film nano hardness increased with increase in RF power 

indicating a dense network being formed. 



The lowest contact angle that could be achieved for 10: 1 0xygen:HMDSO ratio film 

at a maximum RF power of 450 W was 65', Figure 16. We observed that the high 

hydrophilicity attained by higher dissolution of oxygen in the plasma was transient 

(Fig. 17). The contact angle values changed with time only for high 0xygen:HMDSO 

ratio films. The contact angle did not change for oxygen:HMDSO ratio of 1:1, 2:1, 

5 : 1 and 10: 1, but for 15 : 1, there was a drastic change in contact angle with time. 
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Figure 17 Variation of water contact angle with time for 15:l oxygen to HMDSO flow 
ratio film deposited at 250 W RF power 

Fig. 17 shows the temporal effect of 15:l oxygen: HMDSO ratio films. When 

measured immediately after deposition, the contact angle was found to be 

approximately 50' which is hydrophilic but it increased with time and attained 

saturation with in hours. 

To further lower the water contact angle, the films were deposited at an 

0xygen:HMDSO ratio of 33:l. The water contact angle was obtained around 60'. 

The contact angle was found to be stable over a period of time, figure 18. The 

contact angle measurement was carried out after a day and hence the variation of 

contact angle within the first few hours of deposition, like the figure 17, is not shown 

in figure 18. A further increase of oxygen:HMDSO ratio did not seem to provide a 

lower stable water contact angle. The floating potential deposited films exhibited a 

slightly higher water contact angle than the powered electrode deposited films. 
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Figure 18 Variation of water contact angle with time for 33:l oxygen:HMDSO flow ratio films 
deposited at 250 W RF power 

Surface Energy: 

The Surface energy of the film was calculated from the contact angle values of water, 

diiodomethane and ethylene glycol with the surface and then using Owens and 

Wendt to calculate the surface energy from the contact angle [171]. 

Table 4. Surface energy values for varying oxygen to HMDSO flow ratio 

58 

Flow ratio 

Oxygen : 

HMDSO 

PureHMDSO 5 : l  

Contact angle 

(deg) 
I 

Surface Energy 

(mN/m) 

10 :  1 

93 .O 

24.61 mN/m 

Disp : 22.44 

Polar : 2.18 

105.5 

20.3 1 rnN/m 

Disp : 19.71 

Polar : 0.60 

75.1 

31.37mNlm 

Disp : 20.20 

Polar : 11.16 
- 



Hydrophobic surfaces had lower surface energy and as the hydrophobicity decreased, 

the surface energy increased. Polar component of the surface energy measurement 

was much less (0.60 mN/m) for pure HMDSO deposited SiO,C,H, films than for 

10:l (oxygen: HMDSO) films, where the polar component was comparatively high 

(1 1.16 mN/m) and hence the contact angle of water was less for 10:l ratio films. 

Since the surface energy increased with decrease in water contact angle, the contact 

angle measurements were taken as a qualitative measure of surface energy. 

3.1.4 Nano hardness measurement 

The film hardness was measured by using a CSM Instruments nano indentation tester 

with a Berkovich indenter. Loads of 3 mN and 5 mN were used. The indentation 

depth was less than 20% of the film thickness. The hardness of the sample material 

was calculated using the method of Oliver and Pharr [172]. The measurements were 

calibrated using a bulk copper material as standard. The load and displacement were 

recorded continuously throughout the process to produce a load-displacement curve 

from which the nano-mechanical properties such as hardness, Young's modulus, 

plastic & elastic energy of the sample material could be calculated. 

The oxygen to HMDSO ratio was varied at fixed RF power (250 W) and the 

hardness values were measured at low and high oxygen: HMDSO flow ratio and at 

low and high flow rates. Table 5 tabulates the hardness values for low (1 :1) and high 

(10:l) oxygen: HMDSO flow ratios at two different flow rates. At low oxygen: 

HMDSO flow ratio, the film hardness was very low around 1.6 GPa, which was 

more like a polymer-like surface. At an 0xygen:HMDSO flow ratio of 10: 1, the film 

hardness was much higher for powered electrode deposited films, 5.5 GPa for low 

flow rate films and it approached a silica-like surface hardness of 7.2 GPa for an 

0xygen:HMDSO flow ratio of 20:l. The hard silica-like surface formation was 

because of reduced carbon and hydrogen content [173]. Since the oxygen flow was 

high, the hydrocarbon ions present in the plasma were oxidized and the Si-0-Si 

bonds form a network that lead to increased hardness. It was clear that at low flow 

ratio, in the case of polymer-like SiO,C,H, films the nanohardness values of floating 



potential deposited films and powered electrode deposited films did not show any 

difference. 

Table 5 Nano hardness measurement of polymer-like SiO,C,H, and silica-like films deposited on 
floating (FP) and powered electrode (PE) at a fixed RF power of 250 W 

The hardness values of films deposited on the powered electrode at low oxygen to 

HMDSO flow rate was found to be higher than that of the high oxygen: HMDSO 

flow rate. For 10:l oxygen: HMDSO ratio at low oxygen: HMDSO flow rate, the 

powered electrode deposited film had higher hardness value than that deposited at 

high oxygen: HMDSO flow rate. This was because the pressure at low flow rate was 

about 80 mTorr lower than that at high flow rate. The energy of the ions that 

bombarded the electrode was higher at lower pressure; hence the resulting film was 

more hard and dense. 

In order to find the effect of RF power on the film hardness, the oxygen:HMDSO 

ratio was fixed at 10: 1 (250:25) and the RF power was increased from 50 W till 450 

W. 
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Figure 19 Variation of nano hardness RF power for an Oxygen to HMDSO flow ratio of 
10:1, at low flow rate for films deposited on both floating and on powered electrode. 

Figure 19 shows the variation of hardness with RF power for films deposited on 

floating electrode and on powered electrode. The hardness for the films deposited on 

the floating potential electrode was independent of RF power, figure 19. The linear 

increase of hardness with increase in RF power was attributed to the increased 

fragmentation of precursor molecules with increase in RF power which resulted in 

formation of more ions and radicals in the plasma. Increased density of ions in the 

plasma lead to increased energetic ion bombardment on the powered electrode 

resulting in densification of the film which in turn lead to increased hardness. 

Refractive index and film density increased with increase in RF power, figure 13 

justified the formation of a dense layer on powered electrode deposited films. 

3.1.5 Bandgap measurements 

A photon with certain energy, when absorbed, can excite an electron from a lower to 

a higher energy state. The rapid rise in absorption called fundamental absorption is 

due to the excitation of an electron from the valence band to the conduction band. 

The energy gap can be determined from the fundamental absorption. 



Absorption is expressed in terms of a coefficient a(hv) which is defined as the 

relative rate of decrease in light intensity along its propagation path: 

a = lld ln (1011) 

Where d is the film thickness and 10 and I are intensities of the initial and transmitted 

beams, respectively. 

The absorption edge of an UV-Visible spectrum corresponds to the bandgap of the 

semiconductor and can be evaluated by calculating the absorption coefficient a from 

the transmittance spectra. The absorption coefficient a near the absorption edge was 

determined from the optical transmission measurements at various wavelengths using 

the above relation. 

The optical bandgap can be calculated by using the Tauc relationship [I741 

ahv = A (hv- E,)" 

where m is 2 for amorphous semiconductors with indirect optical transitions 

[175,176,177] 

which gives 

1 

(ah v)? = &(h v - E ~ )  

By plotting a graph between hv and (ahv)ln and extrapolating the curve to zero the 

energy band gap can be calculated. When the curve is extrapolated to zero the X 

intercept which is the energy gives the optical bandgap of the film. 

1 

so when extrapolated to zero, we have ( a h v ) ~  = 0 and hence h v= E, 

If the actual absorption is at, where t is thickness we get 

(ah v ) ~  = -(h v - E ~ )  



1 

which still gives h v= E, when (ah v) i  = 0 

Figure 20 UV-Visible transmittance spectra of SiO, films deposited at various 
oxygen:HMDSO flow ratio at 250 W RF power 
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Since the fundamental light absorption appeared in deep UV wavelength rang, it was 

not possible to determine the refractive index of SiO, coatings based on the Tauc plot 

using the normal UV-Vis spectrometer. As per the literature, the energy bandgap of 

SiO, films was around 9 eV [178]. Hence 9 eV was considered as the bandgap value 

of our SiO, films. The figure above shows the transmittance spectrum of SiO, films 

deposited at various 0xygen:HMDSO flow ratio 

I ' l ' I . l ' I ' I ' I  

200 300 400 500 600 700 800 900 

Wave number (cm-I) 



3.1.6 Energy dispersive analysis by X-ray spectroscopy (EDS) studies 

The EDS spectrum (figure 21) showed the presence of both Si and 0 confirming the 

formation of SiO, coating. The peak corresponding to carbon should appear around 

0.25 keV. The absence of carbon peak confirmed that the silica-like SiO, film was 

free of carbon. 

Energy - keV 

Figure 21 EDS spectrum of SiO, coating 33:l 0xygen:HMDSO flow ratio deposited on 316L 
stainless steel at 250 W RF power 

3.2 Characterization of TiO, coatings 

The titanium oxide coatings were deposited using a mixture of the organic precursor 

TIP and oxygen. The TIP is a widely used organic precursor for Ti02 film deposition 

[179,1 SO]. TIP flow that was kept constant throughout the process was controlled by 

using a needle valve and the oxygen flow was varied in order to tune the composition 

of the film. The process was optimized to get a TiO, film by varying the oxygen flow 

at a fixed RF power of 250 Watts and by varying the RF power at a fixed oxygen 

flow. The film thickness was measured by using spectroscopic ellipsometry and the 

nature of chemical bonds present in the film was analysed by Fourier transform 

infrared spectroscopy (FTIR). The water contact angle was measured by contact 

angle analyzer and stability of the contact angle with time was also observed by 

measuring the water contact angle at different time intervals. The optical energy 

bandgap was calculated by using Tauc plot from the UV-Vis transmission spectra. 



The influence of precursor flow ratios and RF power on the energy bandgap was 

studied. 

3.2.1 FTIR studies of films deposited at different oxygen flows and RF power 

The FTIR spectrum of TiO, films showed the formation of a broad Ti-0-Ti peak 

around 430cm-', which was characteristic of Ti-0-Ti vibration [I8 1,1821, figure 22 

& 23. The peak around 650 cm-' corresponds to Ti-0-Ti vibration [183,184]. The 

broad peak centered around 3270 cm-' and 1640 cm-' were due to the hydroxyl and 

Ti-OH groups [185]. The peaks corresponding to Ti-H vibration and CH vibration 

appeared around 1600 cm-'. Several peaks at 1358, 1528 and 1583 cm-' corresponds 

to organic solvents fiom TIP [186]. 

Broad band in the 900 -500 cm-' intervals may be assigned to the Ti-0 bond [187]. 

The low absorption intensity due to the Ti-0 bonds in most spectra may be related to 

the amorphous nature of the films and to further distortions on their structure due to 

the incorporation of carbon and excess oxygen. There was no significant difference 

observed in the FTIR spectra with increase in oxygen flow except for the film 

deposited at floating potential with 250 sccm oxygen. The film deposited at 250 

sccm of oxygen at floating potential had higher hydrocarbon contents than all other 

films. The peak at 640 cm-' corresponds to Ti-0-Ti vibration. The presence of high 

intensity hydrocarbon peaks will increase the hydrophobicity of the film. 
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Figure 22 FTIR spectrum of TiOx films deposited at floating potential with varying oxygen 
flows at 250 W RF power 
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Figure 23 FTIR spectrum of TiOx films deposited on powered electrode with varying 
oxygen flows at 250 W RF power 
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Figure 24 FTIR spectrum of TiOx films deposited at varying RF power, for fixed 
oxygen flow of 500 sccm on powered electrode 

The TiO, films with an oxygen flow of 500 sccm were deposited at three different 

RF powers to study the influence of RF power on the film properties. The broad peak 

between 400 and 550 cm-' corresponded to Ti-0-Ti vibration. The broad peak 

centered around 3300 cm-' and 1640 cm-' corresponded to hydroxyl groups. It was 

observed that at low RF power (125 Watts) the hydrocarbon content, 1580 cm-' were 

present in significant amount along with a Ti-0-Ti and OH stretching vibration. As 

the RF power increased, the hydrocarbon contents decreased. 

3.2.2 Variation of deposition rate with varying oxygen flows on floating and 

powered electrode 

The deposition rate was calculated by measuring the film thickness using 

spectroscopic ellipsometry and then dividing the film thickness by deposition time. It 

was observed that the deposition rate decreased with increase in oxygen flow. This 

was because, at low oxygen flow the contribution of hydrocarbon content to film 

formation was more and hence the deposition rate was high. As the oxygen flow was 

increased, the hydrocarbons in the precursor were oxidized and were pumped out of 

the chamber resulting in decreased deposition rate. At high oxygen flow, the film 



was more TiO, like. There was no significant variation in the deposition rate between 

the films deposited at floating potential and on the powered electrode. 
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Figure 25 Variation of deposition rate with oxygen:TIP flow ratio for films deposited at 
floating potential and on powered electrode at 250 W RF power 

3.2.3 Variation of water contact angle with flow ratios and RF power 

Figure 26 showed the variation of water contact angle with various oxygen flows 

deposited at a fixed RF power. The water contact angle for the films deposited at 250 

sccm oxygen and at floating potential was very high indicating the presence of a 

hydrophobic layer. FTIR spectra in figure 22 showed the presence of intense 

hydrocarbon peaks for the film deposited at floating potential at 250 sccm oxygen 

flows. That contributed for the observed higher water contact angle. As the flow ratio 

was increased the contact angle decreased and it do not decrease with further 

increase in flow ratio. There was no significant change observed in the FTIR 

spectrum with increase in oxygen flow. The films deposited at floating potential and 

on the powered electrode did not show any significant difference in the water contact 

angle except for the films deposited at an oxygen flow of 250 sccrn. 
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Figure 26 Water contact angle analysis of films deposited at different oxygen flows and 
at 250 W RF power 

The RF power influenced the water contact angle to a significant extent for films 

deposited at a fixed oxygen flow of 500 sccm, figure 27. At low RF power, 125 W, 

the contact angle was high around 30' and 50' for films deposited on powered 

electrode and at floating potential. The increase in RF power decreased the contact 

angle to around 20' for both the films and a further rise in RF power increased the 

contact angle to around 50'. A minimum contact angle of 20' could be attained with 

an optimum oxygen flow of 500 sccm at a fixed TIP flow and a fixed RF power of 

250 W. 
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Figure 27 Variation of water contact angle with RF power for films deposited at 500 
sccm oxygen 



Unlike Si based coatings, a further rise in RF power to 500 W increased the contact 

angle. The FTIR spectra did not show any significant difference between the films 

deposited at various RF powers, fig 24. Hence the reason for the rise in water contact 

angle at 500 W is still not clear. 
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Figure 28 Variation of contact angle with time for TiO, film deposited at 250W with an 
oxygen flow of 500 sccm on powered electrode and at floating potential 

The contact angle measured immediately after deposition showed the presence of a 

very hydrophilic surface with contact angle less than 10'. Over a period of time the 

contact angle increased gradually but still it remained hydrophilic with a contact 

angle of 20' even after 2 weeks time. Both the floating potential and powered 

electrode deposited films behaved in the same way, with the difference between the 

two being very less. 

3.2.4 Bandgap measurement of films deposited at different oxygen:TIP flow 

ratios and RP power 

The sharp decrease in transparency of the films in the UV region was caused by the 

fundamental light absorption in the semiconductor. Figure 29 shows the UV-Vis 

transmittance spectra of TiO, films deposited at 500 sccm oxygen flow at 250 W RF 

power. The fundamental light absorption corresponds to the bandgap of the film. 



By plotting a graph between hv and (ahv)ln and extrapolating the curve to zero the 

energy band gap can be calculated. The reason for plotting the graph between hv and 

b ah^)"^ is given in section 3.1.5 When the curve is extrapolated to zero the X 

intercept which is the energy gives the optical bandgap of the film. 
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Figure 29 UV-Vis spectra of TiO, films deposited at 500 sccm oxygen flow at fuced RF 
power 250 W. 
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Figure 30 The graph between hv and (ahv)'" (Tauc plot) of TiOx film deposited at 250 
W for 500 sccm oxygen flow 

It was evident from the figure 30 that when extrapolated to zero the X intercept gives 

a value of 3.1 8 eV. Thus the optical bandgap of TiO, film deposited at an oxygen 

flow of 500 sccm and fixed TIP and RF 250 W calculated by using Tauc plot was 

estimated to be 3.18 eV 



TiO, film deposited at an oxygen flow of 500 sccm had its hdamental light 

absorption at a much higher wavelength than when compared to other oxygen flows. 

The optical bandgap values of TiO, films deposited at various oxygen flows and a 

fixed RF and TIP flow were shown in figure 3 1. 

- 250 sccm 
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Figure 31 The graph between hv and   ah^)"^ (Tauc plot) of TiO, film deposited at 250 
W for varying oxygen:TIE' flow ratio 

Figure 32 The graph between hv and (ahv)'" (Tauc plot) of TiO, film deposited at 
varying RF power and fixed oxygen:TIP flow ratio of 500:n 

The films deposited at an RF power of 500 W seem to have its absorption edge at 

higher wavelength than that deposited at 125 W and 250W, figure 32. The bandgap 



values are 3.33 eV, 3.18 eV and 3.38 eV for 125 W, 250 W and 500 W respectively. 

The energygap was lower for 250W deposited films than that for 125 and 500 W 

deposited films. The energy gap of 3.18eV for 250W deposited films was in close 

agreement with the bandgap measurements calculated by G.A. Battiston et a1 [I881 

and G.K. Boschloo et al., [189]. How ever the bandgap values of TiO, films 

deposited at 125 W and 500 W were also in agreement with the works done by Feng 

Zhang et a1 [190]. The contact angle data showed that the water contact angle for 

250W deposited films was lower than that for 125 W and 500 W deposited films. 

Hence an RF power of 250 W lead to the formation of TiO, film with better 

hydrophilicity and bandgap values that were in good agreement with the literature. 

3.2.5 Energy dispersive analysis by X-ray (EDS) studies 

Figure 33 EDS spectrum of TiO, films deposited at 250W RF power with oxygen:TlF flow ratio 
of 500:n 
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The TiO, films deposited on 3 16L stainless steel with an oxygen flow of 500 sccm at 

250W was analysed by energy dispersive analysis by X-ray (EDS) for the 

composition studies. The EDS spectrum in figure 33 confirmed the presence of 

titanium (Ti) and oxygen (0) from the film along with chromium (Cr), iron (Fe), 

manganese (Mn) and nickel (Ni) which came from the 316L steeI substrate. The 

atomic percentage of Ti was 1 1.37% and 0 was 29.7 1 %. The excess oxygen might 

have come from the steel substrate. 

3.3 Characterization of Si-Ti mixed oxide coatings 

The silicon and titanium mixed oxide coatings were deposited by using the organic 

precursors HMDSO) and TIP containing silicon and titanium respectively along with 

the oxygen gas. For depositing either Si or Ti based oxide coatings any of the two 

precursors alone was used. But in the case of mixed oxide coatings both the 

precursors had to be used at the same time which resulted in hydrocarbon rich 

plasma. Hence the HMDSO and TIP flow had to be kept minimum, while 

maintaining a high oxygen flow to deposit an oxide film with less hydrocarbon 

incorporation in it. The high oxygen flow oxidized the hydrocarbons in the plasma 

reducing the possibility of formation of hydrocarbon rich films. The objective of this 

coating was to deposit a Si-Ti mixed oxide film with minimum water contact angle 

and maximum energy bandgap. The films were first characterized by Ellipsometry, 

FTIR and then the water contact angle was measured. The optical energy bandgap 

was determined by using a Tauc plot from the UV-Vis absorbance spectra. In all the 

mixed oxide depositions the HMDSO flow was fixed at 15 sccm, TIP flow was kept 

constant through a needle valve and the oxygen flow was controlled through a mass 

flow controller. 



3.3.1 FTIR studies of f h s  deposited at different oxygen:HMDSO:TIP flow 

ratios and RF power 

The FTIR spectroscopic investigation of all the coatings showed the presence of 

three characteristic peaks of Si-0-Si centered around 450 cm-', 800 cm-' and 1070 

cm-' [I911 as shown in figure 34. The band at 450 cm-' corresponded to both Si-0 

and Ti-0 vibrations [192,193]. A wide band lying between 3000 cm-' and 3650 cm-' 

corresponded to the stretching vibrations of hydroxyl groups. The methyl silyl peaks 

which appeared at 1278 cm-' in the case of SiO,C,H, films did not appear for the 

mixed oxide coatings indicating the oxidation of hydrocarbons in the plasma leaving 

behind a SiO-Ti0 mixed coating. 

The films deposited on both powered electrode and at floating potential have the Si- 

0-Ti characteristic peak centered between 9 10 cm" and 940 cm-' [194,195,196]. The 

maximum temperature during deposition on the floating potential electrode, with 

maximum RF power, was less than 55' and that for the powered electrode was 

around 95'. The peak centered between 910 cm-' and 940 cm-' corresponded to both 

Si-0-Ti and OH bonded to Si and Ti i.e. SiOH and TiOH. In the case of HMDSO 

based coatings the films deposited on the powered electrode did not show the 

presence of SiOH bond formation due to the observed higher temperature, figure 4 

and figure 5. Hence it was clear in figure 33 that the peak at around 9 10 cm-I was due 

to the formation of Si-0-Ti bond that may or may not contain overlapping SiOH and 

TiOH bonds. 
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Figure 34 FTIR spectra of mixed oxide coatings deposited at various oxygen flows at 
fixed HMDSO (15 sccm) and TIP flow rate (n) deposited at 250 W RF power at floating 
potential 

The peak around 91 0 cm", in figure 36, 125 W, corresponded to hydroxyls bonded to 

Si and Ti and the peak at 935 cm-' , 500 W, corresponded to Si-0-Ti vibrations 

[197]. In figure 34, at 125 W, the peak around 91 0 cm-' corresponded to the hydroxyl 

group that may or may not be overlapped with Si-0-Ti. At 250W the broad band 

around 923 cm-' confirmed the presence of both hydroxyl groups and Si-0-Ti 

linkage. At 500 W, it was clear that the hydroxyl group was missing and the only 

dominating peak next to Si-0-Si was Si-0-Ti centered around 935 cm-'. A wide band 

lying between 3000 cm-' and 3650 cm-' correspond to the stretching vibrations of 

hydroxyl groups. 
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Figure 35 FTIR spectra of mixed oxide coatings deposited at various oxygen flows at fixed 
HMDSO (15) and TIP (n) flow rates deposited on powered electrode at 250 W RF power 

Figure 36, FTIR spectroscopic investigation of mixed oxide coatings deposited at 
various RF powers for 500 :15:n oxygen:HMDSO:TIP flow ratio 
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3.3.2 Variation of deposition rate with 0xygen:HMDSO:TIP flow ratios on 

floating and powered electrode 

The deposition rate was calculated by measuring the film thickness using 

spectroscopic ellipsometry and then dividing it by deposition time. Since the oxygen 

flow was kept high the deposition rate did not vary with oxygen:HMDSO:TIP flow 

ratio i.e., the precursor flow ratios did not influence the deposition rate, in figure 37. 

This behaviour was similar to HMDSO based coatings deposited at high 

0xygen:HMDSO flow ratio as shown in figure 11. As the oxygen flow was increased 

the hydrocarbons in the precursor got oxidized resulting in very low contribution of 

hydrocarbons to film formation. Above an oxygen:HMSO:TIP flow ratio of 

500:15:TIP the hydrocarbon contribution to film formation was nearly the same. 

Hence the deposition rate did not vary with flow ratios in the case of mixed oxide 

coatings. 

Figure 37 Variation of deposition rate with increase in oxygen flows at fixed HMDSO 
(15 sccm) and TIP flow for films deposited at floating potential and on powered 
electrode at 250 W 
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The deposition rate of floating potential deposited films was lower than that of the 
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powered electrode deposited films. This was due to greater ion flux to the powered 
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electrode. This behaviour was again similar to HMDSO based coatings where the 

deposition rate of powered electrode deposited films were always higher than that of 

floating potential deposited films. The deposition rate in the case of mixed oxide 



deposition was considerably higher than that of TiO, deposition rate but quite close 

to the SiO, deposition rate. 

3.3.3 Variation of water contact angle with flow ratios and RF power 

The water contact angle depends on the polarity of the surface. By increasing the 

polarity, it was possible to increase the hydrophilicity [198]. The difference in 

electronegativity between the Si (1.9 on Pauling's scale) and 0 (3.44 on Pauling's 

scale) atoms makes the Si02 molecule polar, which helped hydrogen bonding with 

the hydroxyl groups of water. The wettability of silica-like film could be further 

increased by increasing the polarisation, which would create the possibility for 

formation of more hydrogen bonds between the water and the film. This was done by 

incorporating the more electronegative titanium (1.54 on Pauling's scale) in the film. 

The water contact angle of silicon-titanium mixed oxide coatings varied from around 

80' up to 40' depending on the hydrocarbon content, hydroxyl groups and polar 

component in the film. The film with least hydrocarbon and most hydroxyl groups 

had a lower water contact angle 

Figure 38 showed the variation of water contact angle with oxygen:HMDSO:TIP 

flow ratio deposited at a fixed RF power of 250 W. The water contact angle stayed 

around 40 deg for all the precursor flow ratios and for both floating potential and 

powered electrode deposited films. There was no significant change observed in the 

FTIR spectrum with increase in oxygen:HMDSO:TIP flow ratio, figure 34, 35. 

Hence the contact angle data correlated well with the observed FTIR spectra. The 

films deposited at floating potential and on powered electrode did not show any 

significant difference in the water contact angle. This behaviour was similar to that 

of TiO, films deposited from oxygen and TIP but the contact angle of TiO, film was 

around 20 deg and that of SiO-Ti0 was around 40 deg. 
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Figure 38 Variation of water contact angle with various oxygen flow at fixed HMDSO (15 sccm) 
and TIP (n) flow rate deposited at 250 W RF power 

Figure 39 Variation of contact angle with RF power for films deposited with a flow ratio of 
500:15:n (oxygen:HMDSO:TIP) 
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The effect of RF power on the film properties was studied, figure 39. As the RF 

power was increased from 125 W to 500 W, the water contact angle of the mixed 

coating initially decreased significantly and then increased slightly, as shown in 

figure 39. The observed change in contact angle with increase in RF power was 

explained by FTIR studies in figure 36. At low RF power, 125 W, the peak around 

A 

A Floating potential 

& Powered electrode 

1 I I 1 I 

0 100 200 300 400 500 600 

Power (Watts) 



910 cm-' correspond to OH and Si-0-Ti linkages, figure 36. Although the Si-0-Ti 

peak was supposed to decrease the water contact angle, the bands due to hydrocarbon 

linkages centered around 1268 cm-', 1345 cm-', 1569 cm-' , and 1670 cm-' made the 

film hydrophobic. As the RF power was increased, the fragmentation of precursor 

increased. This resulted in decreased hydrocarbon content. At 250 W, the 

hydrocarbon contents in the film were much less, whereas the peak around 923 cm-' 

was broadened, indicating the presence of both hydroxyl groups and Si-0-Ti 

linkages which contributed to the observed hydrophilicity. Studies have suggested 

that hydroxygenated TiO, films were more hydrophilic than TiOz films [199]. At 

much higher RF power, 500 W, the peak around 935 cm-' was narrow indicating the 

presence of Si-0-Ti band. The loss of hydroxyl group bonded to Si or Ti could have 

come from the fact that the temperature of the substrate holder was much higher than 

that on the lower RF powers. This resulted in a slight increase in water contact angle 

but still much lower than that for the SiO, film. 

3.3.4 Bandgap measurement of films deposited at different 
oxygen:HMDSO:TIP flow ratios and RF power 

The sharp decrease in transparency of the films in UV region was caused by the 

fundamental light absorption in the semiconductor. 
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Figure 40 UV-Vis spectra of mixed oxide coatings deposited at different 
oxygen:HMDSO:TIP flow ratios and at fixed RF power of 250 W. 



Figure 41 The graph between hv and (ahv)'" of mixed oxide coatings deposited at 250 
W for 500:lS:n oxygen:HMDSO:TIP flow ratio 

The bandgap of the films deposited with three different oxygen flows 500 sccrn, 750 

sccm and 1000 sccm with fixed HMDSO (15 sccrn) and fixed TIP flow (n) was 

calculated by using Tauc plot as explained in section 3.1.5. There was no significant 

variation observed in the optical bandgap values of the films with various 

0xygen:HMDSO :TIP flow ratios. 

The bandgap values calculated from the above graphs are listed below. 

1. 500 oxygen: 15 HMDS0:n TIP- 250W TE - 3.80 eV 
2. 750 oxygen: 15 HMDS0:n TIP- 250W TE - 3.76 eV 
3. 1000 oxygen: 15 HMDS0:n TIP- 250W TE - 3.67 eV 

The FTIR measurements and the contact angle analysis did not show any significant 

difference for the films deposited at various oxygen:HMDSO:TIP flow ratios. 
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Figure 42 UV-Vis absorbance spectra of 500:15:n , oxygen:HMDSO:TIP 
films deposited at various RF powers. 

flow ratio 

The films deposited at an RF power of 250 Watts had the optical absorbance edge at 

a higher wavelength region than that deposited at 125 and 500 Watts, figure 42. A 

bandgap of 3.80 eV for the films deposited at 250 W was close to that of the film 

deposited at 500 W with a bandgap of 3.76 eV. A low deposition power of 125 W 

gave a bandgap of 3.45 eV. A higher bandgap observed at 250 and 500 W was due to 

the formation of hydrocarbon less Si-Ti mixed oxide coatings which was confirmed 

in the FTIR and contact angle analysis. G. Lassaletta et al., obtained a bandgap value 

of 4.1 eV for the Si-0-Ti interface [200] and Xingtao Gao et al., also observed an 

increase in bandgap of TiOz film with Si incorporation [201]. 3.80 eV for 250 W 

deposited SiO-Ti0 film was close to the value obtained by G. Lassaletta et al., 



3.3.5 Energy dispersive analysis by X-ray (EDS) studies 

Figure 43 EDS spectrum of SiO-Ti0 oxide coatings deposited on 316L stainless steel at 250 W 
RF power with 500:15:n, oxygen:HMDSO:TIP flow ratio 

Figure 43 showed the presence of Ti, Si and 0 along with the peaks corresponding to 

Co, Cr and Fe that were from the stainless steel substrate. In figure 43, the Ti La 

peak overlaps with 0 Ka peak and hence the peak at 0.5 keV corresponded to Ti + 0 

[202]. A small peak at 4.5 keV was also observed for Ti Ka and Si Ka peak was 

observed at 1.74 keV [203]. 

3.4 Summary 

Polymer-like (SiOxC,Hz) films, silica-like (SiO,), titanium oxide (TiO,) and silicon- 

titanium mixed oxide (SiO-TiO) coatings had been deposited. It was observed that by 

controlling the plasma process parameters including oxygen:HMDSO flow ratio, 

flow rate and RF power the surface chemical and mechanical characteristics could be 

tailored. 

High oxygen:HMDSO flow ratio resulted in a hard silica-like SiO, coating 

and low flow ratio resulted in a soft polymer-like SiO,C,H, coating. 

The decrease in refractive index and increase in film density with increase in 

0xygen:HMDSO flow ratio correlated well with the observed surface 

chemical and mechanical characteristics. 



The increase in wettability with increase in flow ratio was due to the 

formation of polar SiO, coating that was evident from FTIR and refractive 

index measurements. 

The increase in film density and nano hardness with increase in flow ratio 

was due to the decrease in hydrocarbon and increase in Si-0 bonding in the 

film. 

The increase in film density and nano hardness with increase in RF power 

confirmed the formation of a dense layer at high RF powers. 

The increased refractive index at higher RF powers was because of the 

formation of a silicon rich sub-stoichiometric SiO, film. 

Wettability and nano hardness could be increased by increasing the RF 

power. 

The films grown on powered electrode exhibited comparatively higher 

wettability than the floating electrode deposited films. But the trend was the 

same for both floating and powered electrode deposited films 

The nano hardness results showed that the floating electrode deposited films 

did not vary much in their mechanical characteristics with increase in RF 

power. 

A hydrophobic surface with a contact angle of 105" and a stable intermediate 

contact angle of 60" was obtained with SiO,C,H, and SiO, coatings 

respectively. The TiO, and SiO-Ti0 coatings had been optimised to get a 

contact angle of 24" and 38" respectively. The bandgap values were about 9 

eV for SiO,, 3.17 eV for TiO, and 3.8 eV for SiO-TiO. 



4. ADHESION STRENGTH ANALYSIS 

4.1 Influence of pre-treatment time and RF' power on adhesion 

strength of SiO,C,H,, SiO,, TiO, and SiO-Ti0 coatings on 316L 

stainless steel 

The adhesion strength of the films with the oxygen/HMDSO flow ratio varying from 

2: 1 to 10: 1 at low and high flow rates was tested. It was observed that the polymer- 

like, low gas flow ratio deposited films had very poor adhesion to the 3 16L stainless 

steel. The silica-like film had better adhesion to the steel than the polymer-like film. 

Figure 44 shows that the adhesion strength was higher for the silica-like films 

deposited at lower flow rate than that for the films deposited at higher flow rate. 

Though the standard deviation of low flow rate 10: 1 films is significantly higher than 

all other films, the p values with respect to high flow rate 10: 1, high flow rate 2: 1 and 

low flow rate 2:l were 0.0077, 0.0034 and 0.0043 respectively for a two tailed 

distribution with unequal variance, which is lower than 0.05 and hence the calculated 

mean is statistically reliable. It has been reported that the HMDSO film adhesion to 

polymers and metals can be improved by oxygen plasma pre-treatment of the 

substrate [204,205]. Hence plasma pre-treatment was done and the adhesion strength 

measured. In order to study the effect of the plasma pre-treatment time and pre- 

treatment RF power on the film adhesion, the low flow rate 10: 1 gas flow ratio film 

alone was taken for consideration. 



Figure 44 Adhesion strength of various 0xygen:HMDSO flow ratio film deposited at 250 W RF 
power 

The effect of plasma pre-treatment on adhesion strength of the silica-like film was 

studied by using argon, oxygen, Argon + oxygen mixture plasma at various pre- 

treatment times and pre-treatment RF power. 

4.1.1 Effect of pre-treatment RF power on adhesion strength of silica-like SiO, 

film 

Figure 45 shows the variation of adhesion strength with the pre-treatment RF power 

for a fixed oxygedHMDS0 ratio of 10:l deposited at a fixed RF power of 250W. It 

was observed that the argon-toxygen mixture plasma provides better adhesion over a 

range of pre-treatment RF powers. Bertrand et al., reported that the argon, nitrogen 

and ammonia plasma pre-treatment removed the adsorbed hydrocarbon contaminants 

present on the stainless steel surface and increased the adhesion strength of silica 

films to stainless steel [206]. The native oxide along with the hydrocarbon 

contamination can decrease the adhesion strength of the films to stainless steel 

surface [207,208]. With an increase of pre-treatment RF power, the oxygen plasma 

decreased the film adhesion. The probable reason for decreased adhesion strength 

with increase in pre-treatment RF power in oxygen plasma could be that the surface 

contaminants were modified rather than cleaned by the plasma at higher RF powers 

that produce highly reactive species. The highest adhesive strength was obtained for 

the argon+oxygen mixture plasma at a pre-treatment RF power of 250W. The 

negative bias voltage observed during plasma pre-treatment is shown in Table 6. It 

was observed that for all the three pre-treatment plasmas the induced bias voltage 

increased significantly with increase in RF power. The bias voltage was highest for 

pure oxygen plasma and lowest for the argon+oxygen mixture though the difference 

between the mixture and pure argon plasma was small. Based on the adhesion 

strength data of argon, oxygen and argon+oxygen plasma pre-treatments, it was 

expected that the combined chemical and mechanical effects of oxygen and argon 

species accounts for enhanced adhesion. 



Figure 45 Variation of adhesion strength of SiO, films with varying pre-treatment RF power 

Table 6 Induced bias voltage measurements of pre-treatment plasmas for SiO, 

RF Power 
(Watts) 

4.1.2 Effect of pre-treatment time on adhesion strength of silica- 
like film 

The adhesion strength of the silica-like film (oxygen/HMDSO of 10: 1) deposited at a 

fixed RF power of 250W was analyzed at four different pre-treatment times i.e., 30 

seconds, 3 minutes, 5 minutes and 11 minutes as shown in figure 46. It was observed 

that the adhesion strength increased initially with pre-treatment time and then 

decreased. In figure 46 in the case of argon plasma, the longer pre-treatment time 

brought down the adhesion strength to a value similar to that of the untreated 

stainless steel. The probable reason for the observed decrease in adhesion strength 

with higher pre-treatment time in argon plasma could be, the mechanical effect 

Negative Bias Voltage (-V ) 

Argon + Oxygen plasma Argon plasma 

250 W 

Oxygen 
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7 v  

130 - 170 V 180 - 200 V 

450 W 262 V 313 V 

140 V -- 
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caused by argon plasma at longer duration. A ',pre-treatment time of 3 minutes 

provided highest adhesion strength. 

Figure 46 Variation of adhesion strength of SiO, films with pre-treatment time and 
with different pre-treatment plasmas 

4.1.3 Effect of pre-treatment time on adhesion strength of TiOz- 
like films 

The adhesion strength of the titanium oxide films, deposited at a fixed RF power of 

250W, was analyzed at five different pre-treatment times i.e., 30 seconds, 3 minutes, 

5 minutes, 11 minutes and 20 minutes as shown in figure 47. 

The adhesion strength increased initially with increase in pre-treatment time from 30 

seconds to 3 minutes and then decreased slightly. Though the trend was somewhat 

similar to SiO, film behaviour the decrease in adhesion strength with increase in pre- 

treatment time is very low. 



Figure 47 Variation of adhesion strength of TiO, films with pre-treatment time at fixed pre- 
treatment RF power (125 W) 
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The adhesion strength of the mixed oxide films, deposited at a fixed RF power of 

250W, was analyzed at five different pre-treatment times i.e., 30 seconds, 3 minutes, 

5 minutes, 1 1 minutes and 20 minutes as shown in figure 48. 
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Figure 48 Variation of adhesion strength of SiO-Ti0 mixed oxide coating with pre-treatment 
time at fixed RF power (125 W) 



Again the adhesion strength was much lower than that of SiO, and TiO, films. The 

reason for the observed lower adhesion strength with mixed oxide coating was not 

completely understood. As the hydrocarbon contents were more in HMDSO and 

titanium isopropoxide mixture, we speculated that a thin hydrocarbon layer could 

have formed in the steel substrates before it was broken down by the plasma 

resulting in lower adhesion strength than SiO, and TiO, films. It was observed that 

the pre-treatment time did not have any impact on the adhesion strength. 

4.1.5 Effect of pre-treatment time on adhesion strength of SiOz-like, TiOz-like 

and SiO-Ti0 mixed oxide coatings 

The effect of plasma pre-treatment time on the adhesion strength, of SiO,, TiO, and 

the mixed coating, to 3 16L stainless steel was studied by varying the pre-treatment 

time from 30 seconds to 20 minutes. The plasma pre-treatment was carried out with 

an argon flow of 50 sccm, oxygen flow of 50 sccm and a fixed RF power of 250 W. 

The negative induced bias voltage varied from about 100 V to 140 V. 

Pre-treatment time (minutes) 

Figure 49 Variation of adhesion strength of SiO,, TiO, and SiO-Ti0 mixed oxide coatings 
deposited at various pre-treatment time 

Figure 49 shows the consolidated graph of the variation of adhesion strength of all 

the coatings with pre-treatment time. The adhesion strength of the mixed coating was 



very less compared to SiO, and TiO, films, figure 49. The decreased adhesion 

strength for the mix coating could be due to the presence of more hydrocarbons in 

the precursor (HMDSO C6HI8Si20 and Titanium isopropoxide C12H2804Ti), which 

might get bonded to the steel substrates immediately when they were let into the 

chamber 

4.2 Stability in biological media and pH 

The SiO,C,H,, SiO,, TiO, and Si0,-TiO, films deposited without pre-treatment were 

immersed in dulbacoe's modified eagle media (DMEM) and to test the stability in 

incubation. But all the films flake off immediately after exposure to the medium. The 

plasma pre-treated samples were then tested for their stability in autoclave and in 

biological media. 

4.2.1 Autoclave treatment and immersion in biological media of polymer-like 
and silica-like films 

The film adhesion depends on numerous factors such as substrate roughness, 

contamination on the substrate surface, stress in the film and the chemical bonding 

between the substrate and the layer that was in immediate contact with the substrate 

[209 - 21 11. When the plasma pre-treated films were placed in DMEM media and 

incubated at 3 7 ' ~  in 5% C02 for 48 hours, the polymer like SiOxCyHz films flaked 

off fiom the substrate edges as shown in Fig 50 (a) and (b). 

Figure 50 Flaking of plasma pretreated SiO,C,H, films after exposure to biological media 



Figure 51 Cracking of plasma pre-treated silica-like SiO,C,H, films after autoclave and 
exposure to biological media 

It was also noted that the 10: 1 ratio film tended to crack despite its good adhesion to 

the steel Fig 51. This could be due to the internal stresses developed in the hard 

silica-like film, which has a thickness greater than 2 microns [212,213]. The 

adhesion strength of both polymer-like and silica-like films has to be improved 

further to enhance its stability in biological media. 

4.2.2 Layering of films to improve the stability in biological media 

Layered film deposition is a technique by which the adhesion strength can be 

improved to enhance the performance of the coating. Film with higher adhesion 

strength to 3 16L stainless steel can be used as an adhesion layer and then the plasma 

parameters can be changed to tune the surface characteristics. 

Following a sequence of layered deposition, where films of varying property were 

deposited sequentially, no peeling was observed when the samples were exposed to 

the same biological media (Fig 52 (a) and (b)). The 10:l ratio film that had better 

adhesion in comparison to all other films was deposited as a base layer. Then the 

oxygedHMDS0 ratio was varied to get a preferred surface. To deposit a pure 

HMDSO film, the 10:l ratio film was deposited first and then the oxygedHMDS0 

ratio was changed to 5:l and then to 2:l and at the end the pure HMDSO film was 

deposited. The layering prevented a drastic change in the hardness content in the 

layer and stopped the film from peeling. 



Figure 52 (a) Stability of plasma pre-treated, layered polymer-like film, (b) plasma pre- 
treated layered silica-like film, after exposure to biological media 

In the case of silica-like films, studies suggest that the elastic behaviour of the 

polymer like film can be used to relieve the stress effect [214,215]. Therefore, a 

polymer-like film was sandwiched between the two hard silica-like films. The 10:l 

ratio film was deposited at the bottom, then a polymer like film was deposited and 

then the silica like film was deposited on top. The layering relieved the high intrinsic 

stress developed in the thicker films. The cracks that appeared in the non-layered 

silica like film did not appear in the layered silica like film figure 52 (b). 

4.2.3 Stability of polymer-like, silica-like, Ti02-like and SiO-Ti0 mixed oxide 

coatings in acidic, basic and physiological pH 

The stability of the film in acidic, basic and physiological pH was tested by altering 

the pH of the solution using different standard pH buffers and also with extreme 

temperature conditions (steam sterilization method). 

Cell culture media DMEM IF-12 Ham (1:l) mixture (Sigma product code D8900) 

with 10% serum and three different pH values (7.3, 4.0 and 9.0 ) of the media were 

adjusted using standard buffer solutions of pH 7.0, 4.0 & 10.0, (Merck KgaA, 

Germany). The 316L stainless steel samples coated with SiOCH, SiO,, TiO, and 

silicon-titanium mixed oxide were immersed in the three different pH solutions with 

acidic (pH 4), basic (pH 9) and physiological (pH 7) pH at 37+/- 1°c  for 24 hrs and 

observed by optical microscopy. The samples were subjected to steam sterilization in 

an autoclave employing saturated steam under a pressure of approximately 15 psi to 

achieve a chamber temperature of at least 121°C (250°F) for 30 minutes. 



To determine the stability of the coatings, on 316L stainless steel, in different pH 

solutions, the coated steel samples were immersed in a solution with the acidic (pH 

4), basic (pH 9) and physiological (pH 7) pH at 37 +I- lo c for 24 hours. In the case 

of mixed oxide coatings, the films deposited without pre-treatment flaked off 

immediately after immersing in the solution. The films deposited with plasma pre- 

treatment enhanced the adhesion strength of the film to the medical grade stainless 

steel. However, when the samples were immersed in the buffer solutions, the coating 

tended to peel at some parts of the surface. To overcome that, a layered coating was 

used. Since SiO, film had a much higher adhesive strength than the mix, a thin SiO, 

layer was deposited first after pre-treatment and then the mixed coating was 

deposited on top. This enhanced the stability of the film in the biological conditions 

to a significant extent and no peeling was observed, as shown in optical microscopic 

image figure 54 and scanning electron microscopic image figure 55. 

Figure 53 SEM images of SiO, and TiO, coatings after immersion in biological medium 

Figure 54 Optical microscopic studies of mixed oxide coated steel samples after exposing to 
biological media (a) without layering (b) with layering 



Figure 55 SEM image of mixed oxide coating after immersion in biological medium, deposited 
(a, b) without adhesion layer and (c) with SiO, adhesion layer 

The oxide coatings on 316L stainless steel substrates were also subjected to steam 

sterilization for 30 minutes at 121' C and 15 psi pressure. The films were observed 

through optical microscope before and after the steam sterilization and found to be 

stable without any flaking. 

The TiO, films were tested with EDS after immersing the coated 3 16L stainless steel 

sample in a physiological (pH 7) pH at 3 7 +I- 10 C for 24 hours. 

Element Line Weight % Atom % 

Oxygen K 43.82 69.25 

Phosphorus K 3.82 3.12 

Titanium K 52.36 27.64 

Total 

The composition looks like TiO, where x>2. 

If we assume 3.12 atoms of phosphorus to bind 12.48 atoms of oxygen, then we have 

56.77 atoms to bind to 27.64 titanium atoms. The extra oxygen may be in the form of 

OH in the sample. 



4.3 Surface roughness 

The surface roughness was measured using atomic force microscopy (AFM). The 

surface roughness of untreated 316L stainless steel was around 3.8 nm and the 

roughness of SiOCH, SiO,, SiOTiO and TiO, were 5.6 nm, 6.1 nrn , 6.6 nm and 7.8 

nm respectively. 

I 316L steel TiOx SiO-Ti0 SiOx SiOCH I 
- -- - - 

Figure 56 AFM measurements of surface roughness of plain and coated 316L stainless steel 

The influence of surface roughness on the protein adsorption is discussed in chapter 

4.4 Uniformity of coating on three dimensional steel substrates 

4.4.1 Silica-like coating on copper wires 

Deposition of biocompatible coatings on biomedical devices requires complete 

uniform coverage of complex three dimensional substrates. With plasma enhanced 

chemical vapor deposition it is possible to deposit on complex three dimensional 

substrates. Having stable plasma in the chamber, depositing on three dimensional 

substrates was not a difficult task. In order to test the conformality of the coating on a 



complex shape metallic substrate, a copper wire was wound like a spring, SiO, 

coatings were then deposited on the spring and the deposited copper spring was 

observed through a scanning electron microscope (SEM). 

Figure 57 Deposition on copper wire - conformal coating with very poor adhesion 

The SEM micrographs in figure 57 show that the film flaked off from the copper 

wire as a result of poor adhesion. But the coating was observed through out the 

spring indicating a complete coverage on three dimensional copper wire. 

4.4.2 Silica-like coating on 316L steel springs 

Stents in general have slotted tube geometries, such as the Palmaz stents or coil 

geometries such as Gianturco-Roubin Flex stent. The stent geometries were broadly 

classified as coil, helical spiral, woven, individual rings, or sequential rings. 3 16L 

stainless steel stents are most widely used. 

Figure 58 316L Stainless steel spring covered with kapton strips in between showing 
coated and uncoated areas 



SiO, coatings were deposited on 316L stainless steel springs. Part of the spring was 

covered with kapton tape and the coated spring was observed in scanning electron 

microscope. The coated and uncoated part of the spring could be clearly 

distinguished, figure 58. 

The coated springs were then cut and their cross sectional view was observed in 

scanning electron microscope, shown in figure 59. The spring was coated uniformly 

throughout. The cross sectional image taken at various locations in the same spring 

suggest that the coating has been covered uniformly on the complex three 

dimensional metallic substrate. 

Figure 59 Cross section images at different locations in the coated spring 
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4.4 Summary 

Silicon dioxide (SiO,), titanium oxide (TiO,), SiO,CyH, and silicon-titanium mixed 

oxide (SiO-TiO) coatings have been deposited on 3 16L stainless steel substrates. The 

adhesion of SiO,C,H, to 316L stainless steel was found to be very poor. However, 

SiO, coatings exhibited a better adhesion than SiOxCyH,. When the SiO, coatings 

were exposed to biological medium, the coating peeled off from the substrate. To 

improve the adhesion strength of the film to 316L stainless steel, plasma pre- 

treatment procedure was followed. 

Argon, oxygen and argon+oxygen mixture plasma were taken as pre- 

treatment gases and the plasma pre-treatment was carried out at various pre- 

treatment time and pre-treatment RF power for SiO, coatings. 

The optimum pre-treatment time for enhanced adhesion of SiO, on 316L 

stainless steel was found to be 3 minutes for argon + oxygen mixture pre- 

treatment plasma at the applied RF power of 250W. 

To deposit a SiO,C,H, coating on steel, SiO, coating was used as an adhesion 

layer. 

Layered deposition was performed to prevent the formation of cracks that 

could possible arise due to the increased stress in the powered electrode 

deposited films. 

A pre-treatment RF power of 125W and a pre-treatment time of 3 minutes 

were found to be optimum for TiO, and SiO-Ti0 coatings. 

When the films were exposed to biological medium, the mixed oxide coating 

peeled even after plasma pre-treatment and hence SiO, coating was used as 

an adhesion layer. 

After exposure to biological media, the films were tested with SEM and EDS 

and the films were found to be stable without cracking and peeling. 



The elemental analysis using EDS afier incubation in physiological pH 

solution showed that the coating was stable in biological medium. The film 

was also found to be stable under steam sterilization. 

The conformality of the coating observed by depositing SiO, coating on 3 16L 

stainless spring showed that the coatings had covered uniformly on complex 

three dimensional substrates. 



5. BIOCOMPATIBILITY STUDIES 

5.1 Cytotoxicity and cell proliferation studies of HMDSO based 

films 

This work also studied the bio-response of the films deposited on 316L stainless 

steel. Rat aortic smooth muscle (RASM) cells donated by the Vascular Health 

Research Group in Dublin City University, were cultured in standard 75cm2 cell 

culture flasks in a medium composed of: Dulbecco's modified Eagle's medium 

(DMEM) supplemented with 10% Fetal Calf Serum (FCS), 2% L-glutamine and 

appropriate antibiotics (Penicillin 100 units/ml and Streptomycin 100ug/ml). The 

cells were grown @ 37°C in a humidified atmosphere with 5% C02 [216] .The metal 

samples were seeded in 24 well culture plates at a density of 10,000cells/ml [217]. 

Each batch of samples was plated in triplicate for both MTT assay and cell 

proliferation and viability determination, with appropriate controls. Assays were 

conducted on Day 2, 4 & 6. Post-incubation in culture all samples were removed and 

the adherent cells fixed with gluteraldehyde for SEM analysis. 

5.2 Cytotoxicity studies of various 0xygen:HMDSO ratio films 

MTT assay is a standard colourimetric assay (an assay which measures changes in 

colour) for measuring cellular proliferation (cell growth). The amount of yellow 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrolium bromide) reduced to 

purple formazan was measured spectrophotometrically by a spectrometer. This 

reduction takes place only when mitochondria1 reductase enzymes are active, and 

thus conversion is directly related to the number of viable cells. The production of 

purple forrnazan in cells treated with an agent was measured relative to the 

production in control cells. 
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Figure 60 MTT assay of various oxygen:HMDSO ratio film 

The films did not adversely effect the growth of the cells, and the RASM cells did 

not die off in culture in the presence of the coated stainless steel. The growth of the 

cells with coated substrates was comparable to those seeded with no substrates. 

The results of the Cytotoxicity tests are shown in figure 60. A commercial kit 

purchased from Roche was used to perform an MTT assay on the cells in culture post 

incubation with the coated substrates. The cells were incubated with the yellow MTT 

solution for 4 hours. After this incubation period, purple formazan salt crystals were 

formed. These salt crystals were insoluble in aqueous solution, but might be 

solubilised by adding the solubilisation solution and incubating the plates overnight 

in humidified atmosphere. The resultant product was spectrophotometrically 

quantified using an ELISA plate reader. An increase in the number of living cells 

resulted in an increase in the total metabolic activity in the sample. This increase 

directly correlated to the amount of purple formazan crystals formed, as monitored 

by the absorbance [2 181. 

5.3 Cell proliferation and viability studies 

Cell proliferation & viability was assessed by Trypan blue staining and counting with 

haemocytometer. Trypan blue is a vital stain that colours dead tissues or cells blue. It 

is a diazo dye. Live cells or tissues with intact cell membranes will not be coloured. 



Since cells are very selective in the compounds that pass through the membrane, in a 

viable cell trypan blue is not absorbed, however, it traverses the membrane in a dead 

cell. Hence, dead cells are shown as a distinctive blue colour under a microscope. 

The reactivity of trypan blue is based on the fact that the chromopore is negatively 

charged and does not interact with the cell unless the membrane is damaged. 

Therefore, all the cells which exclude the dye are viable. 
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Figure 61 Cell proliferation and viability studies of various 0xygen:HMDSO ratio films 

Figure 61 shows initial results of the cell proliferation & viability tests, which were 

determined by Trypan blue staining and counting with a Neubauer haemocytometer. 

The lowest ratio of oxygen to HDMSO (2:l) showed the greatest proliferation, 

almost comparable to the proliferation and growth of cells seeded in absence of any 

substrate. Cell proliferation in higher oxygen to HMDSO flow ratio was similar to 

3 16L stainless steel. The cell viability tests were based on the ability of dead cells to 

take up Trypan blue dye, where as live healthy cells remained white. Percentage 

viability was calculated to be >90% in all cases except for the negative control, latex, 

which is known to be highly toxic to cells. 

Based on the data in both figs. 60 & 61, it was clear that the film coated substrates 

did not adversely effect the growth of the cells, and that the RASM cells did not die 

off in culture in the presence of these foreign materials. In fact the growth of the cells 

with coated substrates was comparable to those seeded with no substrates at all. 



5.4 Cell adhesion studies of various 0xygen:HMDSO ratio films 

The cell adhesion on plain 3 16L stainless steel, polymer like SiO,C,H, and silica like 

SiO, coatings on 316L stainless steel was carried out by fixing the cells post- 

incubation in culture with glutaraldehyde and treating with osmium tetroxide. The 

adhesion of fixed cells was assessed with scanning electron microscopy. 

2: 1 (0xygen:HMDSO) Untreated stainless steel 

Figure 62 SEM images of cell adhesion studies of HMDSO based coatings on 316L stainless steel 

The SEM pictures in figure 62 clearly demonstrated that the polymer like SiO,C,H, 

films with low oxygen:HMDSO flow ratio favoured higher cell proliferation and 

silica like films deposited at high oxygen:HMDSO flow ratio had lower cell 

proliferation than the low 0xygen:HMDSO flow ratio films. 



5.5 Protein adsorption studies 

The complex protein solutions can be analysed using several techniques like electron 

spectroscopy for chemical analysis (ESCA), Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS), time-of- 

flight secondary ion mass spectrometry (ToF-SIMS), radio active labelling, enzyme 

immunosorbent assays (EIA), Total internal reflection fluorescence (TIRF) 

spectroscopy, ellipsometry, X-Ray photoelectron spectroscopy, surface plasmon 

resonance (SPR) analysis and bicinchoninic acid assay (BCA) [2 19-2261. 

Fibrinogen adsorption assay: 

Fibrinogen adsorption in our work had been evaluated using Enzyme Immunosorbent 

Assay (EIA) [227,228]. The EIA method allows us to determine both the identity and 

quantity of many substances in bodily fluids or tissues. This method can be used to 

detect specific hormones, enzymes, viruses, bacteria, fungi, toxic substances, 

parasites, cancer-linked markers on cells, pharmaceutical substances, etc. This 

method can also detect antibodies directed against micro-organisms or autoimmune- 

antibodies. 

Calculations 

A standard plot was drawn using the absorbance data from 316L stainless steel 

controls for various concentrations of fibrinogen. The fibrinogen adsorption on 

coated stainless steel samples were carried out by incubating the samples in solution 

with a fibrinogen concentration of 100ngIml. This concentration was chosen to make 

sure that the concentrations do not exceed the saturation limit, so that the 

spectrophotometer could distinguish the absorbance intensity. The absorbance 

measurements for the coated steel samples were fitted in the corresponding standard 

chart done on the same day and the concentration of fibrinogen was calculated by 

extrapolation. The fibrinogen binding data were reported in terms of percentage 

binding with respect to plain 316L stainless steel. The fibrinogen adsorption 

measurement on both stainless steel controls and coated substrates were done on 

three different days, for three different sets, and the standard plot was drawn for each 



day. Three different fibrinogen adsorption data, in percentage binding, on the coated 

samples were then averaged. 

The average weight of five different 316L stainless steel controls with a known 

surface area of approximately 0.8 cm2 (nearly constant), with a fixed shape, was 

measured. The weightlsurface area was calculated to get a conversion factor. By 

measuring the weight of the samples, the exact area can be calculated. For the rest of 

the experiments, the weight of the samples was divided by this conversion factor to 

get the area in cm2. The conversion factor was found to be 0.1566. This step was 

done to simplify the area calculation by measuring the weight. 

Measurement 1 

fibrinogen in ng12ml 

Figure 63 Standard plot 1, for 316L stainless steel controls against concentration of fibrinogen 
in ngl2ml and absorbance 

The abscissa in standard plot corresponds to fibrinogen concentration in the solution. 

Since 2 ml was used for all the tests, to make sure that the entire steel surface was 

convered, the abscissa was in ngl2ml. 



abs weight 
HMDSO 1.68 0.1 226 
SiO 0.656 0.1 108 
Ti0 2.005 0.1036 
SiO-Ti0 0.803 0.0973 

ngfcm2 % bound 
135.3964 67.69821 
79.14801 39.57401 
214.6448 107.3224 
98.17677 49.08839 

Table 7 Calculation of percentage fibrinogen bound, from absorbance, by extrapolating the 
standard plot 1 

Measurement 2 

fibrinogen in ngl2ml 

Figure 64, standard plot 2, for 316L stainless steel controls against concentration of fibrinogen 
in ngl2ml and absorbance 

abs 
HMDSO 0.896 
SiO 0.541 
T i0 1.577 
SiO-Ti0 1.262 

weight cm2 n g 
0.1057 0.674968 37 
0.1167 0.74521 1 24 
0.1002 0.639847 127 
0.1 135 0.724777 63 

ngfcm2 % bound 
54.81741 27.4087 
32.20566 16.10283 
198.485 99.24251 
86.92335 43.46167 

Table 8 Calculation of percentage fibrinogen bound, from absorbance, by extrapolating the 
standard plot 2 



Measurement 3 

fibrinogen in ng12ml 

Figure 65, standard plot 3, for 316L stainless steel controls against concentration of fibrinogen 
in ngl2ml and absorbance 

abs weight 
HMDSO 1.938 0.1083 
SiO 0.904 0.1 111 
Ti0 2.322 0.1012 
SiO-Ti0 2.18 0.0985 

nglcm2 % bound 
62.1 7729 31.08864 
28.1 9082 14.09541 
142.3636 71.18182 
85.85178 42.92589 

Table 9, Calculation of percentage fibrinogen bound, from absorbance, by extrapolating the 
standard plot 3 

Average 

Day 1 Day 2 
Ti0 107.32 99.24 
SiOTiO 49.09 43.46 
SiO 39.57 16.1 
SiOCH 67.7 27.41 

Day 3 
71.18 
42.93 
14.1 
31.09 

Average Std dev Std error 
92.58 18.96817 10.95128 
45.16 3.41 3781 1.970947 
23.25667 14.1631 1 8.177074 
42.06667 22.27524 12.86062 

Table 10, Percentage fibrinogen bound on three different measurements and its average 



5.5.1 Fibrinogen adsorption 

The fibrinogen adsorption was highest on low bandgap (3.3 eV), hydrophilic 

(24") TiO, films with a percentage binding of 93% relative to 316L stainless 

steel, followed by hydrophobic (105"), and high bandgap SiOCH film with a 

percentage binding of 42% relative to 316L stainless steel. The adsorption on 

hydrophilic (3 So), high bandgap (3.8 eV) silicon-titanium mixed oxide coating, 

with a fibrinogen binding of 45%, was very close to that of SiOCH films. SiO, 

films with a contact angle of 60" and bandgap 9 eV had the least adsorption of 

23.3%. 

% Fibrinogen bound 
I Contact angle (degree) 

Roughness (nm) 
Band-gap (eV) 

- 1l0 

316L'steel Tb si0:~io S ~ O  S~OCH 

Figure 66 Fibrinogen adsorption data of silicon and titanium based coatings 

From the figure 66, it is clear that as the hydrophobicity increases from Ti0 to 

SiOCH, the protein adsorption decreases and then increases for highly 

hydrophobic SiOCH film. It is expected that the fibrinogen adsorption be 

minimum at hydrophilic surface and the adsorption increase with increase in 

hydrophobicity. The reason for the observed high adsorption at hydrophilic TiO, 

film is because of the low bandgap of TiO, film. The bandgap effect overcomes 

the hydrophilicity (24") of the film and hence the fibrinogen adsorption was high 

on TiO, film. The surface roughness data shows that untreated 316L stainless 

steel is the smoothest of all the surfaces, with a RMS roughness of 3.8 nm, and 



the fibrinogen adsorption on steel is the maximum of all, ie., all other coatings 

show lower percentage of fibrinogen binding relative to 316L stainless steel. 

Untreated 316L stainless steel with a contact angle of 72" and being a metallic 

surface should adsorb more amount of fibrinogen than hydrophilic (24') titanium 

dioxide coating. As expected titanium dioxide coatings exhibited a fibrinogen 

binding of 93% relative to steel. However, some data on the replicates showed 

that the fibrinogen binding was higher than 100% ie., the binding was more than 

that of 3 16L stainless steel. This could either be due to the experimental error or 

due to the surface characteristics of the coating. A comparatively higher surface 

roughness of 7.8 nm for titanium dioxide coatings could possibly have 

contributed to the fibrinogen adsorption that led to an increased adsorption. 

Rechendorff et al., demonstrated that for a roughness increase from 2.9 nm to 7.1 

nm, there was 24% increase in fibrinogen adsorption and further increase in 

roughness to 32 nm increased the fibrinogen adsorption to a significantly higher 

value of 70% [229]. Hence, surface roughness alone could not have contributed 

for such a high fibrinogen adsorption. Hence, in the case of titanium di oxide 

coatings, the fibrinogen adsorption similar to that of untreated 3 16L stainless 

steel is caused due to low bandgap (3.17 eV) and possibly due to higher surface 

roughness of 7.8 nm. 

The fibrinogen adsorption in silicon dioxide was 23%, with a roughness value of 

6.1 nm, relative to 3 16L stainless steel with a roughness of 3.8 nm. Also, the 

surface roughness of silicon dioxide (6.1 nm) lies in between that of SiOCH (5.6 

nm) and SiOTiO (6.6 nm), whereas the fibrinogen adsorption on silicon dioxide 

was the lowest of all. It is very clear from this data that the effect of surface 

roughness in nanometer scale close to 6nrn is less significant and the surface 

chemistry plays a significant role in governing the fibrinogen adsorption. This 

behaviour was in agreement with Walivaara et al., who demonstrated that for 

titanium dioxide coatings the fibrinogen adsorption was dependent on wettability 

for surfaces with RMS roughness less than 1 nm and for roughness greater than 

5nm there was no good correlation between the surface wettability and fibrinogen 

adsorption [23 01. 



The water contact angle was increased to 38' for SiO-TiO, the bandgap also 

increased to 3.8 eV and hence the adsorption (45%) was less than that of TiO, 

(93%). With a further increase of water contact angle to 60' for SiO, film, the 

bandgap was 9 eV and the fibrinogen binding was 23%. Since the bandgap was 

high enough, the fibrinogen adsorption was reduced significantly. But with a 

further rise of water contact angle to 105' for SiOCH film, the fibrinogen 

adsorption (42%) increased than silicon dioxide. In this case, even though the 

bandgap was high enough; the hydrophobicity was overcome by the bandgap 

effect. Since the hydrophobic surfaces tend to adsorb more fibrinogen the SiOCH 

surface had adsorbed a high amount of fibrinogen. 

5.6 Summary 

Cytotoxicity and cell proliferation studies were carried out using rat aortic smooth 

muscle cells, for silicon based SiOxCyHz ,d SiO, coating deposited on 3 16L stainless 

steel. Fibrinogen adsorption of SiO,C,H,, SiO,, TiO,, and SiO-Ti0 coatings 

deposited on 3 16L stainless steel was measured using enzyme immunosorbent assay. 

Cytotoxicity tests carried out on SiOxCyHz and SiO, coating showed that the 

films did not adversely affect the growth of rat aortic smooth muscle cells 

Cell proliferation study on SiOxCyHz and SiO, coating showed that the cell 

proliferation was higher on hydrophobic SiOxCyH, coating and lower on 

hydrophilic SiO, coating 

Fibrinogen adsorption was highest on low bandgap (3.17 eV), hydrophilic 

(24') TiO, films with 93% relative to that of 3 16L stainless steel, followed by 

SiO-Ti0 films with intermediate value water contact angle of 38" and 

bandgap 3.8 eV showed a fibrinogen binding of 45%, hydrophobic (105'), 

and high bandgap SiOCH film with 42%. SiO, with a contact angle of 60' and 

bandgap 9 eV had the least adsorption of 23% relative to that of steel. 

a Lower fibrinogen binding on SiO, was due to both the high bandgap and low 

water contact angle. 



High adsorption on hydrophilic TiO, film was probably due to the low 

bandgap that caused electron transfer between fibrinogen and TiO, surface. 

Surface roughness of TiO, films could possibly have contributed to an 

increased fibrinogen adsorption. However, surface roughness of silicon 

dioxide did not have any influence on the fibrinogen adsorption. Since the 

roughness of SiOCH and SiO-Ti0 films were 0.5nm below and above that of 

silicon dioxide, the surface roughness was less likely to have influenced the 

fibrinogen adsorption behaviour of SiOCH and SiOTiO films, to a 

statistically significant quantity. 

High adsorption on hydrophobic SiO,C,H, was due to its hydrophobicity 

SiO-Ti0 film that was hypothesised to have lower adsorption due to its lower 

water contact angle than SiOx and higher bandgap than TiO, showed a 

comparatively higher adsorption than SiO, and lower than TiO,. 

A combination of bandgap and wettability of the surface played a significant 

role in governing the fibrinogen adsorption behaviour and both had to be 

optimised to minimise the fibrinogen binding. 



6. CONCLUSIONS 

The primary objective of this work was to deposit silicon and titanium based coatings 

with a range of surface characteristics through a thorough understanding of the 

influence of process parameters on the film properties, analyse the surface related 

factors that govern the fibrinogen adsorption and minimise the fibrinogen adsorption 

by depositing films with tailored surface characteristics. For this purpose, four 

different kinds of coatings, with a range of surface characteristics, were deposited by 

PECVD. Polymer-like SiO,C,H, film, silica-like SiO, film, titanium dioxide (Ti02) 

and silicon-titanium mixed oxide (SiO-TiO) coatings had been deposited. 

6.1 Surface chemical and mechanical properties 

The initial approach was to analyse the influence of plasma process parameters 

including oxygen to HMDSO flow ratio, RF power, and position of substrate on the 

floating and powered electrode, on the surface characteristics of the silicon based 

coatings. It was observed that the oxygen to HMDSO flow ratio and RF power 

influenced the chemical structure and the mechanical characteristics of the film to a 

significant extent. Hydrocarbon rich plasmas with low or no oxygen flow led to the 

formation of a soft (1.6 GPa nano hardness), polymer-like (hydrocarbon rich), 

hydrophobic (CA 106') SiOCH film with a refractive index of 1.842 and density 1.59 

g.cm-3. The observed low hardness, high hydrophobicity and high refractive index 

were due to the fact that the film was hydrocarbon rich. Whereas, oxygen rich 

plasmas with high 0xygen:HMDSO flow ratio led to the formation of a hard (-7 GPa 

nano hardness), silica-like, less hydrophobic (CA 60') SiO, film with a refractive 

index of 1.487 and a density of 2.3 1 g.cm-3. 

The films deposited at oxygen to HMDSO ratio of 10:1, at varying RF powers 

showed that the film characteristics strongly depend on the RF power. At a low RF 



power of 50W, the water contact angle of 10:l (0xygen:HMDSO) films were around 

80°, it then decreased gradually with increase in RF power reaching a value of 65' at 

450W. At 50W, the refractive index and film density were 1.47 and 1.487 g.cm-3 

respectively and at 450W, the refractive index was 1.55 and the density 2.499 g.cm". 

The increase in refractive index is because of the increase in density, which in turn 

arises due to the formation of a sub-stoichiometric Si rich SiO, film at 450 W. The 

nano hardness results of the powered electrode deposited films show a linear increase 

with increase in RF power indicating the formation of hydrocarbon less Si-0-Si 

network that is confirmed by FTIR spectroscopy, whereas the floating potential 

deposited films did not show any variation in nano hardness with the RF power. The 

powered electrode deposited films showed a higher wettability and a superior 

mechanical property than the floating electrode deposited films. The optical bandgap 

of SiO, films from the literature was found to be 9 eV and a minimum stable contact 

angle of 60' was achieved with 500 sccm oxygen and 15 sccm HMDSO flow rates. 

The UV-Vis spectrum of SiOCH film appeared similar to that of SiO, film and hence 

the bandgap is around the same as SiO, film. 

The titanium dioxide coatings were characterised by varying the oxygen flow rate at 

fixed TIP flow and also by studying the effect of RF power at fixed oxygen and TIP 

flows. The water contact angle decreased initially with increase in oxygen:TIP flow 

ratio that was similar to HMDSO based coatings but after a certain oxygen:HMDSO 

flow ratio the water contact angle remained the same. With RF power, the water 

contact angle decreased initially and then increased. An optimum oxygen flow of 500 

sccm and RF power of 250 W produced hydrophilic TiO, films with a water contact 

angle of 24'. The bandgap of TiOx film calculated by using Tauc plot was estimated 

to be 3.17 eV. 

The bandgap of SiO, is 9 eV and that of TiO, is 3.17 eV and the water contact angle 

of SiO, is 60' and that of TiO, is 24'. The silicon-titanium mixed oxide coatings 

were deposited with an objective of getting an intermediate value of both bandgap 

and wettability. The oxygen, HMDSO and TIP flow ratios were varied to optimise 



the mixed oxide coating. An optimum water contact angle of 38" was obtained. The 

bandgap value calculated from Tauc plot was found to be 3.8 eV. 

The adhesion strength measurement of the SiO,C,H, and SiO, films to 316L 

stainless steel substrates showed that polymer-like films had poor adhesion than 

silica-like SiO, films. The SiO, films are then exposed to biological media to check 

its stability; it was observed that the films flaked off after exposing to biological 

media. Hence there was a need to increase the adhesion strength of the film to the 

medical grade stainless steel. Plasma pre-treatment procedures were carried out with 

argon, oxygen, argon and oxygen mixture plasmas at various pre-treatment time and 

RF power. An optimum pre-treatment time and RF power of 3 min and 250W 

respectively were found to increase the adhesion strength to a significant extent. SiO, 

films were used as an adhesion layer for depositing SiOxCyH, films. The adhesion 

increased considerably for titanium dioxide coatings and mixed oxide coatings, after 

an argon + oxygen mixture plasma pre-treatment. A pre-treatment time of 3 minutes 

was found to be optimum similar to that of SiO, film. But the adhesion strength of 

mixed oxide coatings remained much lower than that of SiO, and TiO, for all pre- 

treatment times. 

The stability of the films were tested by immersing the samples in various 

physiological solutions at 37 +I- lo C for 24 hours and also steam sterilized at 121" 

C and 15 psi pressure for about 30 minutes. The films were then observed through 

optical and scanning electron microscope, the mixed oxide coatings peeled even after 

plasma pre-treatment. A SiO, coating was used as an adhesion layer and the film 

stability improved considerably with no peeling. 

6.2 Fibrinogen adsorption 

The fibrinogen adsorption was highest on low bandgap (3.17 eV), hydrophilic (24") 

TiOx films with a percentage binding of 93% relative to 316L stainless steel, 

hydrophobic (105"), and high bandgap SiOCH film showed a percentage binding of 

42% relative to 3 16L stainless steel. SiO, with a contact angle of 60" and bandgap 9 

eV had the least adsorption of 23.3%. 



The hydrophobic SiO,C,H, film was expected to have high fibrinogen binding 

caused due to its hydrophobicity, since the fibrinogen binding on hydrophobic 

surface would be higher than on the hydrophilic surface [231,232,233]. Lower 

fibrinogen binding on SiO, was caused due to both the high bandgap and low water 

contact angle. Though the TiO, film was highly hydrophilic with a water contact 

angle of 24', the fibrinogen adsorption was significantly higher than expected. This 

high amount was probably due to the low bandgap of TiO, films (3.17 eV) that 

caused electron transfer between fibrinogen and TiO, surface resulting in more 

fibrinogen binding. 

Since the fibrinogen adsorption was lower on high bandgap SiO,, with relatively 

high water contact angle of 60" than that of TiO, film with low bandgap (3.17 eV) 

and low water contact angle (24"), it was hypothesised that by increasing the 

bandgap higher than that of TiO, while retaining the hydrophilicity of the surface, 

the fibrinogen adsorption can be minimised. SiO-Ti0 films with intermediate value 

water contact angle and bandgap showed a fibrinogen binding of 45%. The water 

contact angle of SiO-Ti0 film was 38" and hence there should have been a much 

lower fibrinogen binding on SiO-Ti0 than that of SiO, (23.3%) with a contact angle 

of 60'. The observed high fibrinogen adsorption was again probably due to the 

bandgap effect. The bandgap was not high enough to lower the fibrinogen adsorption 

even though the wettability was high. In the case of SiO, with 9 eV and SiO-Ti0 

with 3.8 eV, the high bandgap of SiO, resulted in low binding. But in the case of 

SiOCH with contact angle 106"and SiO, with contact angle 60°, though the bandgap 

was same the wettability played a crucial role in bringing down the fibrinogen 

binding. 

A comparatively higher surface roughness of 7.8 nm for titanium dioxide coatings 

could possibly have contributed to the fibrinogen adsorption that led to an increased 

adsorption. However, surface roughness of silicon dioxide did not have any influence 

on the fibrinogen adsorption. The fibrinogen adsorption in silicon dioxide was 23%, 

with a roughness value of 6.1 nm, relative to 3 16L stainless steel with a roughness of 

3.8 nm. Also, the surface roughness of silicon dioxide (6.1 nm) lies in between that 

of SiOCH (5.6 nrn) and SiOTiO (6.6 nm), whereas the fibrinogen adsorption on 



silicon dioxide was the lowest of all. It was very clear from this data that the effect of 

surface roughness in nanometer scale close to 6nm was less significant and the 

surface chemistry played a significant role in governing the fibrinogen adsorption. 

Hence it was concluded that the combination of bandgap and wettability of the 

surface played a significant role in deciding the fibrinogen adsorption and both had 

to be optirnised to minirnise the fibrinogen binding. 



7 FUTURE WORK 

What's missing 

The titanium isopropoxide was let in into the chamber through a needle valve and the 

flow rate of titanium isopropoxide is unknown. A heated mass flow controller has to 

be used in order to find the exact flow rate of titanium isopropoxide. 

The adhesion strength of the film to 316L stainless steel has been increased by 

plasma pre-treatment but it is not clear if the adhesion strength is strong enough to 

withstand the expansion of coated stent. An examination has to be done on coated 

stainless steel stents to check for the cracking and or peeling after expansion of the 

stent. 

An advancement of this work would be to do the competitive protein adsorption and 

fibrinogen adsorption from a mixed protein solution would give more information 

regarding the protein adsorption characteristics of the coating. Cytotoxicity, cell 

proliferation and cell adhesion tests for titanium oxide and silicon-titanium mixed 

oxide coatings has to be carried out to get a complete picture of the cell proliferation 

characteristics of all the coatings 

Future directions 

The drug holding and elution capability study of the coating could be the next step 

that would give an idea if the coating as such can be used as a thrombo-resistant, non 

inflammatory biocompatible, drug holding matrix for drug eluting stents. If the drug 

elution rate is high because of absence of pores in the coating, a porous oxide based 

coating could act as a drug holding matrix for drug eluting stents. Hence the work 

can be focussed to have a biocompatible thrombo-resistant base coating with a 

porous coating on top to enable drug loading for slow drug elution. PECVD can 

again be used to deposit a porous coating by choosing a cyclic polymer for plasma 

polymerization and then annealing the coating to evaporate the cyclic structure that 

will result in the formation of a porous coating. 
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