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Abstract

A study has been made into the atmospheric pressure chemical vapour deposition of nitrides and 

oxynitrides of vanadium, titanium and chromium. Vanadium tetrachloride, vanadium oxychloride, 

chromyl chloride and titanium tetrachloride have been used as precursors with ammonia, at different 

flow conditions and temperatures. Vanadium nitride, vanadium oxynitride, chromium oxynitride, 

titanium/vanadium nitride and titanium/chromium oxynitride have been deposited as thin films on 

glass.

The APCVD reaction of VC14 and ammonia leads to films with general composition VNxOy. By 

raising the ammonia concentration so that it is in excess (0.42 dm3 min'1 VC14 with 1.0 dm3 m in'1 

NH3 at 500 °C) a film has been deposited with the composition VN0.8O0.2- Further investigation 

discovered similar elemental compositions could be reached by deposition at 350 °C (0.42 dm3 min'1 

VC14 with 0.5 dm3 min'1 NH3), followed by annealing at 650 °C, and cooled under a flow of 

ammonia. Only films formed below 400 °C were found to contain carbon or chlorine (<5 %). The 

reaction of VOCl3 and ammonia also lead to films of composition VNxOy the oxygen to nitrogen 

ratios depending on the deposition conditons. The reaction of VOCl3 (0.42 dm3 min'1) and ammonia 

(0.2 dm3 min'1) at 500 °C lead to a film of composition VN0 .47O 1.06- The reaction of VOCl3 (0.42 

dm3 min'1) and ammonia (0.5 dm3 min'1) at 650 °C lead to a film of composition VN0 .63O0.4 1 . The 

reaction of chromyl chloride with excess ammonia led to the formation of chromium oxide (Cr20 3) 

films.

Mixed metal films were prepared from the reactions of vanadium tetrachloride, titanium 

tetrachloride and ammonia to prepare VxTiyNz and chromyl chloride, titanium tetrachloride and 

ammonia to form TiCrxOyNz. Both reactions produced the intended mixed coating but it was found 

that the vanadium / titanium nitride contained around 10 % vanadium whatever the conditions used. 

Oxygen contamination affected the films to a lesser extent than the single metal films. The reaction 

of VC14 (0.33 dm3 m in'1) and TiCl4 (0.1 dm3 min'1) with NH3 (0.5 dm3 m in'1), at 550 °C lead to a 

film of composition Tio.75Vo.1NOo.15. Chromium / titanium oxynitride films contained minimal 

titanium (<10 %), but in contrast to the chromyl chloride / ammonia reaction nitrogen incorporation 

was good. The reaction of Cr02Cl2 (0.25 dm3 min'1) and TiCl4 (0.1 dm3 m in'1) with NH3 (0.5 dm3 

m in'1), at 600 °C lead to a film of composition CrTiojNo.5Oo.75.

All films have been investigated for their use as heat control mirrors, with vanadium / titanium 

nitride films and vanadium oxynitride films providing results of interest to the solar control industry. 

A film prepared by the reaction of VOCl3 (0.42 dm3 min'1) and NH3 (0.8 dm3 min'1) at 500 °C for 30 

seconds resulted in a film with nearly 65% IR reflectance, good visual transmission and an attractive 

lustre. A film deposited from VC14 (0.33 dm3 min'1), TiCl4 (0.1 dm3 min'1) and NH3 (0.6 dm3 min"1) 

at 550 °C for 30 seconds produced a film of equivalent heat mirror quality. Films deposited from 

C r02Cl2 and NH3 were found not to confer heat control mirror qualities.
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1.1 Aims and objectives

The aim o f this research was to produce some novel thin films o f nitrides and 

oxynitrides that could be used as wavelength selective transparent films, 

particularly for use in solar-control coatings on windows.

The first objective was to design and construct an atmospheric pressure chemical 

vapour deposition reactor. The rig was designed to lay thin films on glass and 

consisted o f a furnace capable o f heating the substrate up to 650 °C, and two  

bubblers for introduction o f precursors.

The next objective was the selection of precursors o f  early transition metal halides 

and oxyhalides for deposition studies. These groups o f materials were chosen  

because they have the potential to react with ammonia to produce thin films o f  

nitrides and oxynitrides via Atmospheric Pressure Chemical Vapour Deposition  

(APCVD). The substrate used for the coatings was glass precoated in siclon (a 

silicon-oxide based layer to prevent diffusion from the glass to the coating). Each 

o f  the experiments was studied by varying the deposition temperature, 

concentrations and flow rates o f carrier gases, deposition times and the effects o f  

annealing.

The final objective was to investigate the physical, chemical and optical properties 

o f  the thin films by a range o f analytical techniques. The techniques used were 

XRD, XPS-depth profiling, 4-probe resistance measurements, electronprobe, 

SEM , reflectance / transmission in the visible and near-IR regions and visual 

assessment o f film quality.
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1.2 The structure and properties of titanium and vanadium 

nitrides and oxynitrides.

The early transition metal nitrides are well known for their almost unique 

combination o f properties. They are materials with extreme hardness, high melting 

points, chemical durability and interesting optical properties'. Titanium nitride, for 

example, is a stable compound, resistant to attack from both acids and bases and 

oxidises in 0 2, NO, N 20 ,  or C 0 2 atmospheres at temperatures above 1200 °C2.

TiN has a melting point at 2930 °C and is an extremely hard material with a
2

microhardness o f 2000 kgf /  mm’ ranking it close to diamond. Titanium nitride is a 

brown-yellow powder but after pressing and sintering can be polished to a golden- 

yellow mirror. Pure TiN has a NaCl type cubic crystal-structure (Fm3m), with a 

bulk lattice parameter o f  4 .213 A. It is an interstitial material with nitrogen atoms 

occupying vacancies within a close packed metal lattice. The material is non-
o

stoichiometric and can be obtained with composition from TiN042 (<a = 4 .210  A) -  

TiN, ]6 (ia = 4.213 A) all with the NaCl structure type. The electrical resistivity,

21.7 pQ / cm o f TiNi.o make it a better conductor o f electricity than titanium 

metal2’4.

The properties o f  vanadium nitride (VN) relate closely to those o f TiN. Both

materials adopt the same crystal-structure (Fm3m, NaCl type cubic). The
2

microhardness o f  VNi.o is slightly lower than TiNi.o at 1500 kgf /mm and the 

electrical resistivity a little higher at 85 p£2/ cm5. Pure VNj.0 is brown in colour 

and resistant to most chemical attack. The melting point o f  VNi.o is 2350 °C and 

its lattice parameter is 4 .139 A. A range o f stoichiometries are known for the V N  

phase from V N |.0 to V N 076. Notably, as with TiN, all o f  these non-stoichiometric 

materials have the NaCl cubic structure4,5.
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Vanadium oxide (VO()») also has the same structure as TiN (Fm3m, NaCl type 

cubic). The lattice parameter is 4.12 A4. The oxygen in VO0.9, occupies similar 

interstitial positions to nitrogen in the VN metal lattice. A  material exists with both 

oxygen and nitrogen mixed in the metal lattice. This material is known as 

vanadium oxynitride. It has a formula VOxNy. The lattice parameter is located 

between 4.12 and 4.139 A, depending on the degree o f nitridation. This material is 

similar to V N  in appearance and in terms o f its chemical properties.

M ixed metal nitrides o f the form TixV yN are known. The four materials with the 

Fm3m (225) space group are VN {a = 4.139 A). VO0.9 (a  = 4 .12 A), TiN (a = 

4.241 A) and TiO,.04(</ = 4.194 A).

In the preparation o f mixed metal nitrides, it is easy to control the chosen metal but 

as oxygen is often a contaminant in nitrogen gas and is also present from the air, it 

can be very difficult to exclude oxygen completely when preparing nitride films. 

The majority o f nitride films that have been reported in the literature are heavily 

contaminated with oxygen1.

There are a number o f routes by which VN and TiN materials can be coated as thin 

films on to various substrates.

1.3 Thin films.

A thin film  is a solid layer on a surface having properties independent from those 

o f the bulk (substrate). The term ‘thin film ’ is usually applied to layers several 

micrometers, or less, thick, although they can be just a few atomic layers thick7. 

The properties o f thin layers often differ from the properties o f the bulk forms of  

the same materials. This is not only because of the thickness involved but is also 

due to stresses induced by differing thermal coefficients between the film and the
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substrate8. In many cases thin film  properties are affected by the properties o f the 

underlying substrate material7. Often small amounts o f oxygen or carbon 

impurities may become incorporated during deposition, affecting the properties o f  

the thin films further. There are many ways o f forming thin films. The two major 

methods are called Physical Vapour Deposition (PVD) and Chemical Vapour 

Deposition (CVD). Each o f these deposition techniques can be subdivided further 

depending on the specific conditions used. These differences affect the purity and 

conformality o f the final film  and thus its properties. Som e o f the deposition 

conditions in common use are described in section 1.31.

1.31 Introduction to CVD and other deposition methods.

Chemical Vapour Deposition (CVD) is a technique in which a thin film  can be 

produced from the reaction of pyrolysed gaseous precursor materials9. The CVD  

process can be summarised as a collection o f several steps, not always in this 

order: ( 1) initial transport o f reactive species to the reaction site, (2 ) gas phase 

reaction, (3) chemisorption, (4) surface nucleation, (5) reaction and desorption of  

by-products, (6 ) growth o f film.

Chemical Vapour Deposition has many sub-techniques associated with it. With 

each one slightly different conditions are used to give the required film.

Low Pressure Chemical Vapour Deposition (LPCVD ) 1013 is probably the most 

common CVD process. It means simply the use o f a vacuum to aid the flow  of  

the precursor materials to the substrate, so no process gases are required. 

Contamination o f the film  from unclean process gases is eliminated in LPCVD, 

although contamination can arise through side-reactions, or through use o f impure 

precursors. This route offers good conformality, step coverage and a final film  

stoichiometry that is relatively easy to control, making it ideal for the
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semiconductor industry14. The reactor walls in LPCVD tend to also get coated 

with a thick and adhesive coating rather than the thin, particulate, non-adhered 

coating found on the walls o f an Atmospheric Pressure Chemical Vapour 

Deposition reactor, meaning less particulate incorporation and pinhole defects in 

the film.

Plasma Enhanced CVD (PECVD) 15 features the basic LPCVD set up with the 

addition o f a glow discharge sustained simultaneously to the CVD reaction14. 

Radio frequencies allow a high electron or positive ion density that in turn aids 

decomposition o f the gaseous molecules into their component species. This 

means that the reaction can occur at much lower temperatures, allowing coating 

o f temperature sensitive substrates. The disadvantage of this process is the need 

for low-pressure conditions and extra contamination that can be generated by the 

use o f a plasma14.

Laser Enhanced CVD (LECVD ) 16 is another method that follow s the basic 

LPCVD set up. It uses a beam of monochromatic photons to enhance and control 

the reactions at the substrate. The LECVD process can proceed via two  

mechanisms, pyrolytic and photolytic9’14. Pyrolytic effectively uses the laser 

source to heat the substrate so reactions occur via decomposition on the substrate. 

This means the substrate must have a higher melting point than the temperatures 

required for gas decomposition. The photolytic process uses energetic photons to 

directly dissociate the gas phase molecules. This allows the deposition  

temperature to be lowered. Good deposition rates have been observed by 

photolytic LECVD using substrate temperatures as low as 50 °C8,14.

Metallorganic CVD (M OCVD ) 17'25 and Organometallic Vapour Phase Epitaxy 

(OM VPE) describes subsections of LPCVD that are distinguished by the chemical 

nature o f the precursors. An example of MOCVD is the reaction o f Group III
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metalorganic compounds such as M e3Ga with a Group V  hydride such as A sH v 

This reaction has allowed the formation o f epitaxial semiconducting film s o f  

GaAs. Organometallic compounds are used, as they tend to be volatile at low  

temperatures, although carbon contamination from the organic side chains can be 

problematic.

Aerosol Assisted CVD (A A C V D )26 is a technique that can be coupled with other 

CVD methods such as APCVD. An aerosol precursor delivery system  can be 

used to overcome the problems with conventional precursor delivery, which is 

often limited by low volatility and thermal stability o f the precursors27. This 

system involves the precursor being dissolved into a solvent, which can then be 

passed through an aerosol generator. The tiny micron sized droplets are 

transported effectively in a carrier gas to the preheated zone where the precursor 

decom poses and the solvent evaporates. The precursor goes on to the heated 

substrate surface, and eventually forms a coating.

APCVD2*33 varies from most o f the methods mentioned above, in that, the 

reaction chamber is at, or near, atmospheric pressure. APCVD has the advantages 

of providing fast growth rates, requires no vacuum and can be readily used with 

dual source precursors. Unfortunately, APCVD does require precursors that are 

fairly volatile liquids or low-m elting solids and a relatively high substrate 

temperature is required to initiate deposition.

CVD is one of two major techniques known for depositing a thin film  onto a 

substrate. Physical Vapour Deposition (PVD) is an older and until recently a 

more popular method for laying thin films. PVD techniques vary from CV D in 

that they involve mainly solid sources, though molten sources are also used. PVD  

techniques are carried out at reduced pressures. PV D  can be subdivided into two 

major techniques; sputtering2334 and evaporation35. Both these techniques
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originated in the nineteenth century as methods to form metal films and mirrors14. 

Evaporation involves removing atoms from a source by thermal means; the film 'is 

then able to form on the cooler substrate. Sputtering uses the impact o f gaseous 

ions as the method for obtaining source atoms.

M olecular Beam Epitaxy (MBE) is an example o f a PVD technique for forming 

simple lattice matched crystalline films. It involves the use o f a highly controlled 

evaporation o f precursors in an ultrahigh vacuum (ca . 10"10 torr)\ One or more 

evaporated beams react at a substrate surface to yield epitaxial films usually o f  

very precise heterostructures. This technique is very slow (1 pm /  hour) but can 

form very precise film s down to a single monolayer.

Evaporation was the most widely used technique for thin film  formation until the 

1960’s when sputtering took over8. PVD has the advantage o f forming pure film s 

with low  contamination and is still used for the formation o f very high quality 

films. PVD is unsuitable for the formation of large-scale heat mirrors, as it is 

carried out under vacuum and the growth rates (usually around 1pm /  hour) are 

often too slow  for large-scale industrial processes. The equipment used for PVD  

is often very expensive.

1.32 The history of CVD

The earliest example o f CVD deposition is the prehistoric pyrolytic carbon 

deposition from the incomplete oxidation o f  firewood in cave art9. In the late 

nineteenth century, the earliest patents on the CVD process were issued to John 

Howarth for the preparation o f  carbon black as a pigment9.

The next major industrial process to profit from the use o f CVD was for 

improvements to the early carbon electric light filaments by Sawyer and Mann in 

I880y. Shortly after this in 1890, Mond carried out the first metal preparation o f
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nickel from nickel carbonyl9. From this period until the 1930’s a number o f other 

CVD processes were used for the preparation o f refractory metals. This period 

also saw the first preparation of silicon from the hydrogen reduction o f silicon  

tetrachloride (Pring and Fielding 1909, Hoelbling 1927)9. The semiconductor 

industry has benefited the most from improvements in the CVD technique in the 

last 50 years9. Other examples o f industries that have benefited from the CVD  

process are optical films, decorative film s and wear-resistant coatings36.

The earliest example o f CVD being used to deposit heat-control mirrors on glass 

com e from the 1970’s when the thin film  properties o f silver and titanium nitride 

film s were investigated9,40.

In the next section the processes involved in growing a film by CVD are discussed.

1.4 Nucleation and growth of CVD films.

Nucleation is defined as the aggregation o f a condensed species to form clusters o f  

atoms possessing a specific volume37. The energy needed to create a unit area is 

always positive, so a larger surface area also means increasing the energy o f  the 

system38. The free energy o f  the system can be defined as the combination o f  the 

surface energy equal to 4rtr2y  (where r is the radius o f the particle and y  is the 

specific surface area), which is always increasing for a growing nucleus and the 

volume energy which decreases for a growing nucleus due to the negative free 

energy o f  formation AGV14’37’38.

Hence:

AG = 47tr2y  + 4/3 7ir3AGv ÊqU' 1

The term AGV, the volumetric free energy term is given by:
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AGV = -kT/V x log S (where S is supersaturation S = P/ P^)

(P = Pressure, Peq = Equilibrium pressure) (Equ. 1.4b )'

A  graph o f  the free energy in the system vs the number o f atoms in the nucleus is 

given by the graph in figure 1.4a.

Fig. 1.4a Graph o f system free energy vs. number o f atoms.
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The free energy o f  the system, as can be seen from fig. 1.4a, increases until a 

critical radius is achieved with n* atoms and an energy o f G*. The size o f the 

nucleus at this point can be calculated by setting d (AG) / dr = 0. This gives:

-  2JL_
A G v

2Y V

k T lo g ( P /P eq ) (Equ. 1.4c)

When the radius o f the nucleus is below r* there is a high likelihood that the 

particle will disintegrate back into the gas phase, while above r* the nucleus is 

likely to grow, as it will reduce the overall free energy o f the system38.
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The theory detailed above describes homogeneous nucleation in a supersaturated 

system to give spherical nuclei. Nucleation on a substrate is slightly different as 

nuclei form in the shape o f a water droplet on the substrate surface (fig. 1.4b).

Fig. 1.4b Theory o f nucleation
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The angle that the top o f the nuclei makes with the substrate is determined by:

Y,v cos 0 = Ysv - Ysc (Equ. 1.4d)

Where y \ s  the surface free energy and the subscripts c, v and s refer to the 

condensation nucleus, the vapour and the substrate respectively* .

The heterogeneous surface lowers the critical nucleus size acting as a catalyst for 

nucleation. As the angle 0, tends towards zero, in the limiting case complete 

wetting occurs and nucleation is favoured, as the free energy is negative37. As the 

angle goes the other way towards 180° the substrate becomes less involved and the 

nucleation process becomes more like the homogeneous nucleation process.

The growth o f films on any substrate can be explained by one o f  three growth 

mechanisms8,39,40. The first o f these mechanisms is known as the Volmer-W eber 

growth mechanism. This approach involves nucleation followed by three-
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dimensional island growth. This growth mode tends to occur when the film atoms 

are more strongly bound to each other than to the substrate surface. A  second  

approach is the Franck-van der Merve method, in which the growth proceeds in a 

layer by layer fashion, where one layer is complete before growth o f  the next layer 

begins. This occurs when film atoms are more strongly bound to the substrate than 

to each other. The final approach is known as the Stranski-Kastanov growth 

mechanism and is an intermediate between the two methods already discussed. 

This occurs when after the growth o f one or two monolayers, subsequent layer 

growth becomes energetically unfavourable and islands form. These methods o f  

growth are displayed graphically in figure 1.4c8’39’40.

Figure 1.4c Approaches to nucleation and growth. 
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The most common o f these growth mechanisms is the “Volmer-Weber” method. 

A defining characteristic o f “Volmer-Weber” films is that the atoms or molecules 

making up the film are more strongly bound to themselves than to the substrate.

The Volmer-W eber growth mechanism can be summarised as a combination o f  

several steps. Initially for growth to proceed, nucleation must have occurred. In 

this theory, clusters are formed by collisions o f precursors on the substrate 

surface, and in the vapour phase if supersaturation is sufficiently high37. The 

nuclei that form on the film  are statistically distributed across the substrate 

surface. Once nucleation has occurred the next stage is growth. Initially the 

nuclei develop with an increase in free energy, until a critical size is reached, after 

which growth continues with a decrease in free energy37. The nuclei grow by the 

accommodation o f adsorbed particles to form small islands or crystallites. The 

final stage o f the growth process is coalescence. Coalescence is the 

agglomeration o f islands to form larger crystals and eventually a continuous 

film 3\  Surface diffusion and nucleation processes occurring on the substrate 

surface affect the growth type and microstructure o f a film. These are strongly 

influenced by the temperature, pressure and gas phase composition in the reactor. 

Amorphous film s are often formed at lower substrate temperatures (and high 

growth rates), as surface diffusion is slow, relative to the arrival o f precursors. At 

higher substrate temperatures (and slower growth rates), surface diffusion is fast 

compared to the incoming precursors so the growth often replicates the substrate

,  . . .  f U K - 4 0lattice

1.41 Physical processes and boundary layers

The physical processes behind the CVD reaction can be linked with one o f  two  

regimes, the mass transport limited or the surface reaction limited reaction rate.
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In the gas phase mass-transport rate limited process, the speed with which the film  

grows on the substrate is limited only by the rate at which the reactants can be 

delivered to the substrate.

A  surface rate limited process occurs when the rate o f decomposition o f the 

reactants or surface chemical reactions, determine the growth rate o f the film. A  

reaction can be forced to fo llow  the surface reaction limited regime by increasing 

the precursor flow  rates or reducing the pressure.

The surface reaction rate limited regime may be affected further by a number of  

other factors occuring in the CVD reactor9. A reactor can operate by the 

molecular flow  regime or the continuous flow  regime. The molecular flow  

regime is linked to reactors where the gas mean free path (?tmfp) is long (such as in 

a vacuum), compared to the reactor dimensions, thus this type o f regime is 

typically found in LPCVD or vacuum-based reactors. A continuous flow  regime 

is found where the gas mean free path is much smaller than the reactor 

dimensions, thus it is typically found in APCVD reactors. The Knudsen number 

(Kn), calculated by the ratio o f the gas mean free path (A,mfp) to the characteristic 

reactor dimension (D p), is used in CVD reactions to determine the type o f gas 

flow  (equ. 1.41a)*’9.

K = X . / D  (equ. 1.41a)n mlp p \  Tl /

In an APCVD reactor such as the one described in this thesis, the Knudsen number 

is less than 1, (Kn «  1), because high vapour pressure in the reactor make the gas 

mean free path low, compared to the relatively high chamber diameter ( - 1 0  cm). 

For continuum flow reactors (Kn «  1) boundary layers, which affect the surface 

reaction occur. This can happen in three ways. In the first, the gaseous material 

entering the reactor chamber, as a result o f its ‘viscosity’, clings to the surfaces,
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while away from the surfaces the gas moves at a faster rate. This results in a 

parabolic velocity gradient, zero at the walls to the high velocity o f  the free stream. 

A thermal boundary layer is observed where gas entering the reactor close to the 

hot surfaces heats up, while gas further away from the surfaces hasn’t enough time 

to heat to the same level. This results in a boundary layer for temperature, with the 

temperature o f the gas varying from the inlet temperature to the temperature o f  the 

walls and substrate. In the third type o f boundary layer, a concentration boundary 

layer can be observed where chemical reactions at the walls and substrate result in 

the removal o f the reactants and the formation o f products and by-products. If this 

reaction is sufficiently rapid and gas transport through the boundary layer slow , a 

concentration gradient occurs where the reactant concentration at the walls is 

nearly zero and increases with distance away from the walls. The thickness o f  this 

concentration boundary layer will increase along the reactor8,9.

The result o f the boundary layer phenomena described, is the existance o f  a 

‘stagnant’ layer that hangs over the substrate9. The degree to which this forms will 

determine how far the film deposition proceeds along the substrate, or whether a 

reaction occurs at all.

1.5 The CVD of nitrides and oxynitrides

Nitrides and oxynitrides o f transition metals can be made using the CVD and PV D  

processes described in section 1.31, although the purity o f the product and cost o f  

the film production varies considerably. By far the most work o f  any thin nitride 

film has been carried out on titanium nitride. It has been deposited by APCVD, 

LPCVD, LECVD, and PVD (both evaporation and sputtered). It has been 

deposited from both single and dual source precursors, on a variety o f  different 

substrates including glass, solar cells, steel and plastics24. Titanium nitride has been 

deposited at temperatures as low as 200 -  400 °C from Ti(NR2)4 59, or from
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Ti(NR2)4 and ammonia41. It has been coated in a mid-temperature range o f  400  -  

700 °C from reaction o f TiCL* and NH31,4247. It has been coated at high substrate 

temperatures above 800° C from TiCb and N 2/H 241. Laser enhanced CVD  

depositions o f TiN can be achieved at lower temperatures even with TiCL and 

N 2/H 2 as precursors41 but it is more expensive than conventional methods. The 

most inexpensive method o f forming TiN is by APCVD and is perhaps the only 

viable technique for large-scale industrial work because o f  the cost and speed 

requirements. APCVD o f TiN films can be split into tw o subdivisions dependent 

on whether the reactor is a cold wall or hot wall type38.

All precursors selected for use in APCVD are volatile liquids, or low melting solids 

with high volatility once in the liquid state. From there, a single source or dual 

source precursor system can be selected. Each o f  these have their relative merits, 

and required chemistry.

A single source precursor has the bonds required in the final film present in the 

precursor. On the introduction o f  heat at the substrate surface, the precursor can 

break apart to leave the required film product while other components will be 

removed safely by the exhaust as waste gases. An example o f  a single source 

precursor for a well investigated system is the CVD o f  Ti(NR 2)4 (where R= Et24 or
48

M e ) to give titanium nitride. In this example the organic ligands are removed to 

leave the Ti-N, as shown by the illustration in figure 1.5a.
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Fig. 1.5a Structural diagram of Ti (NR2)4
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* -  TiN + 3 *NR2 + 2 •  R (Equ. 1.5a)

The advantages o f the single source system are that lower temperatures can be 

employed and prereaction prior to the coater is reduced. A  disadvantage is that 

products are often highly contaminated due to incomplete decomposition o f  the

degrades electrical and optical properties. The carbon contamination detected in 

TiN films deposited from Ti(NM e2)4 was over 30 atomic percent and the films also 

contained high oxygen contamination (13-30% )24, so although films have been 

deposited, they can hardly be described as pure titanium nitride.

Dual source precursors react to give the required film, leaving gaseous by-products 

to exhaust to waste. Examples o f  the dual source system for titanium nitride films 

are the reactions o f TiCl4 and NH 3 (equation 1.5b) and TiCb with N 2/H 2 (equation 

1.5c).

6 TiCl4 +  8 NH 3 "> 6TiN + 24 HC1 + N 2 (Equ. 1.5b)

TiCU + 0.5 N 2 + 2 H2 TiN + 4 HC1 (Equ. 1.5c)

precursor40. Carbon contamination in nitride and oxynitride films is a problem as it
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Advantages o f the dual source system are that often the by-products are easier to 

remove. This is the case in the reaction o f  TiCl4 and NH 3 where the by-product, 

HC1, is easily removed by a high process gas flow without damaging or 

contaminating the freshly formed film (although if it is allowed to linger it reacts 

with N H 3 to form NH 4C1 that can contaminate the film). The nitrogen sources in
41 42,43

reactions to form titanium nitride include nitrogen gas , ammonia and
45

hydrazine . The disadvantage o f the dual source system over the single source 

system described before is that usually higher temperatures are required to initiate 

a reaction. Titanium nitride can be prepared from TiCU and N 2/H 2 from a 

temperature as low as 850 °C however, temperatures o f between 1000 - 2000 °C 

are used commercially42 for durable machine tool coatings16,42. These conditions 

would be too harsh for glass substrates. TiCU and NH 3 react together at room  

temperature to form a complex (TiCln(NH3)n), which can be broken down with 

heat to TiNCl at 350 °C and TiN above 450 °CI. At temperatures between 450  

and 600 °C some chlorine and oxygen contamination can remain in the TiN film. A  

further disadvantage o f the dual source system is that blockages often occur at the 

point o f mixing the precursors. The only way to limit this is to mix the precursors 

very close to the substrate.

Sometimes precursors that can act as single source components are used in a dual 

source system i.e. Ti (NR2)4 with N H ^equation 1.5d)-

T i(N R J 4 + NH 3 ------------- TiN + 3NHR2 + «NR2 (Equ. 1>5d)

This has been shown by several research groups to lead to better quality films than 

using the single source precursor on its own. The reaction proceeds as the 

Ti(NR2)4 complex undergoes trans-amination reactions with the ammonia 

eventually forming multiple Ti-N bonds by successive amine elimination reactions'. 

Again, as with all dual source systems, the problems o f prereaction remain,
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although the problems o f  impurities appear to be vastly improved . Carbon 

impurities o f just less than 10% have been reported by this method, while the 

deposition temperatures have been kept low (200 - 450 °C)30. These conditions 

have led to fairly good quality films, although very high purity precursors were 

used1.

The downside o f the Ti(NR2)4 and ammonia reaction is the expense o f Ti(NR2)4 

compared to the relatively inexpensive and readily available TiCU and also the films 

that are produced still typically have high carbon, hydrocarbon, carbide and oxygen 

impurities24,30.

In contrast to titanium nitride films, vanadium nitride films have received much less 

study. This is surprising as VN films can be formed in a variety o f ways, and have 

properties very similar to those o f titanium nitride. Bulk preparation involves the 

reaction o f N 2 or N fL  with vanadium metal at 1650 °C49. The most common 

method for deposition o f VN  has involved evaporating vanadium films on to the 

substrate surface in a controlled atmosphere and then heating the resultant film in a 

nitrogen atmosphere at between 1000 °C and 1400 ° c 35,50'52. This produces a 8  - 

V N X phase film. The amount o f nitridation changes dependent on the temperature 

o f the annealing. Lower annealing temperatures lead to lower nitrogen content. 

The nitrogen fills the interstitial sites in the vanadium lattice and when the nitrogen 

content (x) in V N X is less than 1, there are vacancies in the cubic structure on the 

interstitial nitrogen sites. These sites can easily be filled by oxygen or carbon 

impurities, but despite this, the carbon and oxygen contamination observed in these 

films formed by PVD has been reported to be in the 0.5 -2 .5  % range3,5. Lower 

annealing temperatures o f  300 °C can be used in the deposition o f  V N X if nitrogen 

is introduced by ion beam irradiation53, but this leads to film damage35, mixed 

phase products53, and non-uniform compositions53.
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Vanadium nitride films have been deposited by magnetron sputtering54. This 

involves high purity nitrogen (99.998%) and argon gas (99.9996% ), a vanadium  

target, and steel disc substrates. In this case high purity film s are produced with 

the nitrogen- vanadium ratios from zero to 0.96. The nitrogen partial pressure or 

the substrate bias voltage54 can control the stoicheometry.

Lower cost and lower temperature methods o f V N x deposition have not been 

extensively investigated. CVD methods o f preparation o f V N  involve the use o f  

volatile vanadium chloride (VC14) with a nitrogen/hydrogen m ixture1,33. 

M olecular precursor routes to vanadium nitrides have been achieved by reaction 

o f ammonia with organometallic dialkylamide com plexes such as V (N M e2)4['33. 

V (N M e2)4has been used to prepare smooth, reflective films with good adhesion at 

deposition temperatures as low as 200 °C by APCVD 1,33 but the carbon and 

oxygen contamination in these films was very high (up to 50%), particularly in 

the 50 A  closest to the film  surface.

The reaction for the formation of VN from VC14 and ammonia is analogous to the 

reaction of TiCl4 and NH3 (equation 1.5e).

6VC14 +  8NH3 6 VN + 24HC1 +N 2 (equ. 1.5e)

VC14 is preferential to dialkylamide complexes, as a precursor, as theoretically no 

carbon contamination should occur during CVD deposition. VC14 is 

commercially available and relatively inexpensive compared to V (N R 2)4. V ^ R ^  

is synthesised by reaction o f VC14 with LiNR^.

Vanadium oxynitride has received very little attention from any o f  the major 

coating techniques, probably due to the fact that V N  thin film depositions usually 

have a high percentage oxygen contamination. There are few references to V O xN y.
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O f those found, none involved thin film preparation only the preparation o f  V O xN y 

in its bulk form 55'57. The reason for this lack o f  study can be put down to the fact 

that the nitrides are often expected to have better physical, mechanical and 

chemical properties to oxynitrides. This is not always the case55.

Mixed metal nitride coatings have only rarely been previously attempted by CVD. 

Only two examples could be found in the literature. These involved the 

preparation o f FeNx - TiN films by LPCVD58 and the preparation o f  silver, 

palladium and copper alloys by Aerosol Assisted C V D 27. Ternary transition metal 

nitrides have been more commonly prepared by sputtering techniques59'65, 

including Ti/V N films59'60,62'63. A mixed titanium /  vanadium oxide film has been 

prepared by sputtering66.

Hoffman has carried out a review o f  the APCVD o f  many o f  the early transition
1.24

metal nitrides

1.6 The theory of heat mirrors

The main intention o f coating glass with nitride and oxynitride thin films in this 

research was to create heat-control mirrors. A  heat mirror is a coated substrate 

that has high transmittance in the visible region (0.3 - 0.77 pm) while providing 

high reflectance in the infrared region (0.77 pm - 1 0 0  pm)40. The transmittance /  

reflectance plot for a perfect heat mirror is shown in Fig. 1.6b.

With commercial considerations a heat mirror must have a thin conformal, uniform 

layered coating, that has enough visible light transmittance to allow typical glass­

like appearance.
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Som e metal coatings such as silver, gold and copper films show the properties 

associated with heat mirrors, but often conformality, chemical resistance and wear 

resistance are a problem. Indium doped SnC>2 coatings67 have improved on this

but have proved expensive (Pilkington K -  Glass). TiN and other N -doped tin 

oxides (S n 0 2  -  F68 and SnC>2 - Sb) have also shown their suitability as heat mirror

coatings.

Fig. 1.6 a Diagram o f a heat mirror.

Solar U .V ., Optical 
and I.R. ^ Ambient IR

Optical Transmission

Heat Mirror Coating
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Fig 1.6b Plot o f transmittance/ reflectance against wavelength for a perfect heat 

mirror ( 1.0  reflectance = 1 0 0 % reflectance) 0

•O-i
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<400 ~400-700nm 700+

- iUltraviolet 1 V  ~  ' Infrared
Region Visible Region

Region

The optical properties o f a thin film are able to change the properties o f a 

window. Before deposition o f a film the glass substrate, like all glass, has high 

transmission in the visible region (i.e. it is transparent), and has low reflectance in 

the infrared (doesn’t reflect heat). A spectrum showing the transmission and 

reflectance properties o f glass is shown below in fig. 1.6 c.
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Fig. 1.6c Plot of transmission / reflectance against wavelength for plain glass.
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Optical p roperties  o f  materials originate from  the behaviour o f  free electrons in the 

conduc tion  bandss. The properties o f  reflectance vs absorbency occurs  in metals 

and metal-like materials due to the large density o f  closely spaced electron energy 

states above the Fermi level. Incident photons are accep ted  over a wide range o f  

w avelengths and are readily absorbed by conduction  band electrons. T hese  excited 

electrons are prom oted  to higher energy levels w here  they undergo  collisions with 

lattice ions releasing energy as p h o n o n s \  W hen this happens, the lattice is heated , 

in effect, absorption. Alternatively when the probability o f  hitting lattice ions is 

small, the electron can emit a photon  and return to the low er energy level. W hen 

this happens, the process is essentially a reflection. Heat mirrors exhibit s trongly 

reflective properties in the IR reg ion8.

Thin films have smaller crystal boundaries and optical p roperties  that are som ew hat 

different to their bulk forms. H ow ever  the approxim ations given by the optical 

properties  o f  the bulk form o f  metals is close enough  to enable a m athematical 

description o f  h ea t-m ir ro r  films.

In general the motion o f an electron, in an electric field o f  the form E„ exp. (iox)<ll> 

'. with mass m and charge e. can be described as:
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md2x/dt2 + my dx/dt + px = -e E0 exp (icot) (Equ. 1.6a)

2 2Where md x/dt = inertial force Px = restoring force after its displacement 

and my dx/dt = damping force (proportional to the velocity o f  the electron).

The effect o f an electric field can be considered similar to the reaction o f  a wave 

with the free electrons. The free electrons in the system behave like damped 

oscillators with natural angular frequencies, C0b, equal to zero69.

The damping constant, y, is a factor that takes into account the collisions o f  

electrons and the crystal lattice69,70. It has dimension, 1/time, so it is often treated 

as an angular frequency. The solution for equation 1.6a gives the following  

expression:

-eEo

m [ ( w0 co2 ) 2 + Ycoi ] (Equ j 6b)

Polarisation can be expressed by two relationships:

P = -Nex and P = £0 E0 (sr— 1) (Equ. 1.6c)

(N = electrons per unit volume, 80 = permittivity of free space, er = complex dielectric constant) 

So
N e2

£ r =  1 +

co2 ) 2 +Y coi] (Equ. 1.6d)

This can also be written as the complex equation,

£r = £] - i£2 (Equ. 1.6e)
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Where the real part:

N e2(Q >*-G ,2 ) 
1 = --------------------------

Eom [ ( “ o (02 ) 2 + y V  ] (Equ. 1.6f)

or:

n - k (Equ. 1.6g)

and the imaginary part:

N e2 y  co 

e n m [ ( ° )n _  co2 ) 2 + Yw2 ]

2 nk

(Equ. 1.6h) 

(Equ. 1.6i)

n and k make up the complex refractive index, N.

|

| N  = n - ik k = imaginary part o f refractive index (Equ. 1.6j)

n = real part

The variation o f these two determines the degree o f  absorbance or reflectance o f  a 

material. If a material is highly absorbing, n is usually relatively small compared 

with k. If a material is dielectric, reflective and useful for optical purposes, k is 

small compared to n.

Drude expressed ^  and e2 in terms o f frequencies:

e , = n 2 —  k2 = 1 - 0)2P/  (CD2 + cat2) (Equ. 1.6k)

e2 = 2 n k  = co2p y/  w(co2 + oat2) (Equ. 1.61)

(CGp = plasma frequency, (% = collision frequency)
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At higher frequencies where co » Cty i.e. in the x-ray region e2 and k tend to zero 

and Ei tends to n2 and 1 - co2p /  (co2 + cot2). So n is positive and the film will 

appear transparent.

As the frequency is reduced E! will decrease and eventually equal zero when co2=

tt>2p ~ Cdfc2- This is a transition point. When the frequency gets lower still, Ey will

2 2becom e negative, tending towards 1- (co p /  GOt), which is a constant quantity with 

a negative value. When £i is negative, k2 is greater than n2, and a strong 

absorption and reflection o f  electromagnetic radiation will be observed.

For most materials, the transition where £j = 0, occurs in the U V  region. Materials 

o f  use as heat control mirrors will have their transitions in the visible or near IR 

region o f  the electromagnetic spectrum40,69'71.

1.7 Nitrides and oxynitrides as heat control mirrors.

As has been discussed in section 1.31, Chemical Vapour Deposition has provided 

many examples o f metal nitrides thin films. Titanium nitride in particular has been 

coated by LPC V D 1'43'47'72'74, APCVD24'30'42, LECV D16, as well as by sputtering45’75'
*7Q o n  q 1

, evaporation , and pyrolysis techniques . It has been deposited from single 

source (e.g. from Ti(NM e2)4 1,24 and Ti(NEt2)4 ]’24) and dual source precursors 

(from TiCb with N 2 and H2 16,41, from TiCb and NH 3 1,46,4?, and from Ti(NM e2)4 

and NH372’74) and also in both cold1 and hot41 wall reactors. TiN films have shown 

very promising features for heat mirror coatings43. The transition point from  

transmission to reflectance occurs in the near IR region o f  the electromagnetic 

spectrum40. TiN films are also extremely hard and wear resistant36 ensuring a long 

lifetime as a coating82. Its visible transmission colour (gold), also make it attractive 

as a coating for windows.
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Vanadium nitride shares many o f the properties o f  TiN, but has not been 

investigated as a solar-control coating. It has been coated as a thin film by several 

methods including LPCVD1, sputtering52’54, APCVD33, ion beam irradiation53, from 

both single and dual source precursors1’33, and by evaporation techniques35. 

H owever it is relatively unexplored as a coating on glass, and for its potential as a 

heat-control mirror. Like TiN, VN has its transition from transmission to 

reflectance in the near-IR region. Its hardness, similar to TiN, and appearance 

(black /  gold) give it definite potential for use in heat-control mirrors.

Vanadium oxynitride is similar to vanadium nitride in many ways including 

appearance (gold /  black) and hardness. It too has its transition from transmission 

to reflectance in the near-IR region, a property essential for heat-control mirrors. 

However, no accounts o f vanadium oxynitride as a heat-control mirror appear in 

the literature.

Chromium oxide films*'3 have been deposited on various substrates including glass, 

using APCVD 84'86 and PVD techniques87'89. They have never been investigated for 

their viability as heat-control mirrors although CrN has been investigated for its 

optical properties90. Chromium oxynitride has not been investigated as a thin film.

By using mixed metal nitrides, the transition from transmission to reflectance could 

be m oved by tailored amounts depending on the exact composition o f  the film. 

The appearance could also be changed slightly. A  mixed titanium /  vanadium oxide 

film has been prepared for use as a coating on windows66 although there is no 

record o f  mixed metal nitrides being investigated for use as heat-control mirrors in 

the literature. A mixed chromium / titanium nitride has been prepared91 but again 

not for heat-control mirrors, and there are no reports o f  chromium /  titanium 

oxynitride coatings. These factors have been discussed further in chapter 6 .

45



O f all the nitrides and oxynitrides discussed in this chapter, only titanium nitride 

has been studied for its potential as a heat-control mirror on glass40’92.

1.8 APCVD of nitrides and oxynitrides for heat control mirrors

This thesis discusses the design and construction o f an Atmospheric Pressure 

Chemical Vapour Deposition rig. It also describes the APCVD depositions o f  

vanadium nitride, vanadium oxynitride, chromium oxide, chromium oxynitride and 

mixed metal nitride and oxynitride films. The films have been analysed in detail for 

use as heat-control mirrors.
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Chapter 2
Design and Construction of the APCVD

Rig
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2.0 Design and construction of an APCVD reactor

A CVD rig was designed and constructed for the study o f  the atmospheric pressure 

reaction o f  TiCl4, VC14, VC14/  TiCl4, TiCl4 /  C r02Cl2and CrC^C^ with ammonia.

APCVD requires inert transport gases (nitrogen or argon), to carry reactive 

volatile material into mixing chambers (where they will meet ammonia or other 

precursors), and on into a reactor or coater chamber where deposition will follow. 

An exhaust system is required to dispose o f  unreacted material and by-product 

gases.

Several designs were considered for the pipe framework and mixing chambers. 

The nature o f  the chemicals used (NH 3, MCln), meant that combination, even at 

low temperatures, led to the formation o f particulate material that blocked the 

pipework.

The design o f the rig can be split into several sections. The coater /  furnace, the 

bubbler (or volataliser), the pipe framework and mixing chamber, and the exhaust. 

Each o f these areas will be dealt with separately.

2.1 The coater / furnace

The coater is the area where final mixing and arranging o f  the precursor gases and 

their flow patterns must occur for a trouble-free coating. The coater has an 

entrance system that not only mixes the gases but changes the flow from an 

entrance pipe to a uniform flow over the whole substrate. The entrance flange to 

the coater had to be designed specifically to the dimensions o f  the coater and 

substrate. The lA inch tube that enters the coater forces the gases into a number o f
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directional changes before the gases can escape in a uniform shape flow (Fig 2.1a, 

b).

Fig. 2.1a Top view o f coater entrance flange.

Gases in
Gases out

Uniform flow

Fig. 2.1 b Side view of coater entrance flange.

Gases In

Gases Out

APCVD reactions typically require high temperatures. Other things that must be 

considered are a uniform heating area that fits the substrate in question and an 

effective exhaust out o f the coater.

The type o f  coater decided upon for this study is known as a cold wall atmospheric 

pressure channel flow reactor. A hot wall reactor would have required a heating

source around the walls o f the reactor93.

In these studies a graphite block is used in to provide uniform heating to the whole 

substrate, although this is not entirely effective. The block is heated by three 

cartridge heaters, which run the length o f the graphite block. A temperature 

difference o f around 60 °C across the substrate was noted at 500 °C. These
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temperature differences could be partially explained by the fact that the 

investigative measurements were carried out in an open environment to allow  

access for a thermocouple. This allows cool air from the outside to affect 

measurements in some areas away from the centre o f the graphite block. It also 

means that overall temperatures across the block would be lower than expected. A  

table o f the coater temperatures measured from various positions across the block 

is shown below.

Fig 2. lc  Readout positions on graphite block.

1 2 3

4 5 6

7 8 9

Fig 2 . Id Thermocouple readings from positions in Fig 2.1c (with a substrate 

monitoring thermocouple reading o f 500 °C)

Position Temperature
1 411 °C
2 414 °C
3 410 °C
4 429 °C
5 441 °C
6 434 °C
7 382 °C
8 404 °C
9 404 °C
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A graph o f the graphite thermocouple temperature against the recorded substrate 

temperature (measured by placing a thermocouple onto the surface o f the graphite 

block) is shown in figure 2.1e.

Figure 2.1e Plot o f graphite thermocouple temperature vs. the recorded 

substrate temperature
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The graphite block measures 100 mm x 230 mm, giving adequate room for the 

glass substrate measuring 225 x 89 x 4 mm. A diagram o f the coater is shown 

below.

Fig. 2 . 1 f Side view o f  the coater.
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Fig 2. lg  View o f coater from above.
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2.11 The substrate

The substrate was specifically designed by Pilkington Glass to aid adhesion o f  films 

to the surface while at the same time preventing interdiffusion o f  ions from the 

glass into the film. The diffusion barrier layer selected was called Siclon. It is 

between 50-70 nm thick and contains carbon, silicon and oxygen. This layer helps 

prevent contaminants such as sodium, potassium and bromine from the bulk glass 

floating to the surface during deposition and affecting the properties o f  the film. 

The glass substrate fitted easily into the coater leaving room at the edges.

2.2 The bubbler / volatiliser

A bubbler is necessary in this system as one o f the precursors is always a liquid 

(TiCl4,VCl4,VOCl3,C r02Cl2). A bubbler is one o f the most effective ways for

transport o f these materials to the reactor. The precursor is heated in the bubbler 

to approximately 30 °C below its boiling point in a sealed system. Opening the 

appropriate valves enables transport gas to flow into the bubbler. The transport 

gas becomes saturated with the liquid precursor and the resultant gas stream, laden 

with the precursor vapour, is then transported to the reactor. The bubbler was
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Figure 2.2a Bubbler Diagram
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constructed from stainless steel and o f dimensions diameter 35 mm, height 100
3

mm. The bubbler has a volume o f  approximately 96 cm but was rarely filled over
3

60 cm (see figure 2.2a).

The valves surrounding the bubbler mean that the transport gases can either by­

pass or pass through the bubbler. The by-pass valve is open during warm up and 

cool down o f  the rig in order to keep the system purged. When the by-pass valve 

is closed and the bubbler entrance and exit valves opened a transport gas flow s 

through the bubbler. The gas enters the bubbler via a flexible pipe connected to a 

stainless steel Va inch pipe that extends virtually to the base o f the bubbler. The 

exit to the bubbler is from a hole in the lid, that connects to a flexible pipe and on 

to the 4-way valve and coater.

A type K thermocouple is used to accurately determine the temperature o f  the 

precursor material and to ‘police’ the heat to the hot plate. A  stainless steel

cylindrical block has been constructed to surround the relatively thin walled

bubbler to ensure uniform heating.

The bubbler and flexible teflon pipework were cleaned following a set o f  runs with 

water and acetone. The flexible tubing running in and out o f  the bubbler was 

found to be a source o f blockages.

Flow rates into the bubbler were calculated to allow only a certain amount o f  

precursor material to enter into the gas flow. As the vapour pressure o f  each

precursor material is slightly different, the temperature o f precursor, flow  rates

through the bubbler and vapour pressure are all important considerations in 

determining the amount o f  material that will reach the substrate. The vapour 

pressure o f  a precursor was determined at a specific temperature, using one o f  the
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charts in figure 2.2b. The amount o f material used in grams or cm3 min'1 can 

determined using the following expression.

Where VpT = Vapour Pressure (Torr) at temperature T (from fig 2.2b). 

CF = Carrier Gas Flow rate (dm3 min'1).

MW = Molecular weight o f precursor.

Atmospheric Pressure = 7 6 0  Torr 

Volume o f Gas at STP = 24.4 dm3 

D = Density o f precursor

V PT . CF . MW  

(760 - V PT) 24.4 D
= Amount o f material used 

in ml /  min (Equ. 2.
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Fig 2.2b Plots o f vapour pressure vs. temperature for CrC^Ch, TiCU, VCI4 and 
VOCb
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2.3 The pipe framework / mixing chamber
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2.31 Initial rig design

Initial design o f the pipe framework was intended to fulfil the following criteria: 

there had to be six separate gas lines, each with a different purpose. These lines 

were responsible not only for transportation o f precursors to the reactor but also to 

carry enough flow o f inert process gas to minimise blockages. The pipework had 

to be o f certain lengths so that the process gas could be heated to an adequate 

temperature before meeting with the heated precursor vapour. There also had to
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be shutoff valves and alternative routes so that the reaction start and finish times 

could be measured accurately. A  pipe diagram o f  the initial pipework plan is 

shown in figure 2.31a.

O f the six gas lines used in the APCVD rig, five are connected to a pair o f  nitrogen 

cylinders and the sixth to an ammonia cylinder. The line connected to the ammonia 

cylinder is simply known and referred to as the *NH3’ line. O f the five ‘N 2’ lines,

two are bubbler lines; ‘Bubbler 1’ and ‘Bubbler 2 ’. This means that they have the 

option to run through the bubblers after their initial 1.5 metre heat-up period. The 

two bubbler lines are only able to carry up to 2 dm3 min'1, o f  process gas but 

usually carry -0 .4  dm' min'1 or less as higher flows can cause the precursor in the 

bubbler to overflow. The third ‘N 2’ line is a high flow line, which can accomodate

flows o f up to 12 dm3 m in 1. Flows o f  this level are sometimes required in runs 

where blockages might occur. This line is known as the syringe line as it also has 

an access point for the addition o f a ‘dopant’ material via a syringe. This means 

that an initial 1.5 metres o f  heated pipe is needed before the syringe access, to 

allow the process gas to heat up. Then a further 1.5 metres o f  line is needed after 

the syringe access, all running ‘downhill’, to insure that the dopant material is able 

to vaporise before meeting the other precursors in the mixing chamber. In this 

study the syringe was never used.

The fourth ‘N 2’ line is known as the *N2 /  NH3’ line, as it mixes with the ‘N H 3’ line 

soon after the ammonia regulator and flow metre. The purpose o f  this line is to act 

as a dilutant for the ammonia and to have a ‘higher’ flow rate to try to prevent 

blockage further down the pipe (in the mixing chamber). A  high flow rate will also 

prevent back-flow o f other gases from the mixing chamber into the ammonia line. 

Flows o f 1 dm3 min'1 or more ammonia were rarely called for, most o f  the time 

only 0.5 dm3 min'1 ammonia or less was used. The ‘N 2 /  NH 3’ flow was usually

set to around 1.2 dm3 min’1 but was capable o f  reaching 2 dm3 min'1 maximum
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flow. The final ‘N 2’ line is known as the ‘plain’ line, as it carries only nitrogen. It 

is another high flow line so can handle up to 12 dm3 min ' 1 o f  carrier gas flow.

The initial design meant that either the N 2 from the ‘plain’ line or gases from the 

other five lines were going through the reactor. This was designed so that nitrogen 

was always running over the heated substrate. To do this, a four-way valve was 

added to the pipework about 80 cm from the entrance to the reactor. This allowed 

N 2 flow from the plain line to be diverted though to the reactor while the substrate 

was heated to the reaction temperature, as the other five lines all diverted out o f  

the exhaust. When the reaction temperature is obtained the four-way valve is 

moved anticlockwise through 90 ° and the path o f  the gases is switched. At the 

completion o f the run the four-way valve can be moved back so nitrogen gas is 

flowing over the substrate while it is cooling down to room temperature. The 

action o f the four-way valve is represented in figure 2.31b.

Fig. 2.3 lb  Four Way Valve

T o E xhaust To Exhaust

Plain  line

From 'Mixing chamber' 
Bubblers 1 + 2, Syringe 
N2/NH3 and NH3 lines

T Y

From 'Mixing chamber 
Bubblers 1 + 2, Syring' 
N2/NH3 and NH3 line

To Reactor To Reactor

During Substrate Heating During reaction
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This set up allows the precursors to be directed through the coater only when the 

temperature o f the substrate is correct. It also gives control over the time that the 

precursor gases can flow over the substrate.

2.32 Problems with rig design number 1.

This initial design was soon found to contain some faults that were affecting the 

quality o f  the films. The main fault was that blockages occurred in the bubbler 

pipework and in the mixing chamber. This was put down to the early mixing o f  the 

precursors, particularly at the ammonia access point. Additionally, particulate 

material was building up along the length o f pipe leading to the reactor from the 

four-way valve. It was also found that the plastic material in the four-way valve 

was chemically and thermally attacked, and in fact, partially melted into the 

surrounding piping. Some minor changes to the design o f the rig were decided 

upon to rectify these faults.

2.33 Rig design number 2.

The inserts to the four-way valve were removed and in their place some new  

inserts made from the high melting plastic Vespel were added. To overcome the 

pre-reaction in the mixing chamber a separate access point for the ammonia 

(N 2/N H 3 and NH 3 lines), was chosen just before the entrance to the reactor itself.

Although pre-reaction is still a problem the part o f the pipe-work affected can 

easily be removed and cleaned with water and acetone following each run. A  new  

pipe diagram for the modified rig is shown in figure 2.33a.

These modifications allowed the original set-up (NH-? entering previous to the 

four-way valve) to be used if required by simply opening one valve and closing 

another. However the new set-up proved successful and the old set-up hasn’t been
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used since. The Vespel insert, that replaced the previous low melting inserts, have 

also proved to be a success. They had to be replaced only once during the course 

o f this study.

2.4 The Exhaust

The exhaust line holds a crucial role in the successful running o f  the rig. It is 

necessary to aid the transport o f  by-products and the process gas out o f  the system  

in order to avoid particulate build up on the surface o f  the substrate. The exhaust 

system has been constructed from Vi inch stainless steel pipework, in an effort to 

prevent the particulate material formed in the furnace causing blockages in the 

exhaust. A blockage in this area could cause an explosion o f the most vulnerable 

part o f  the rig, in the glass tube o f the reactor. As can be seen from the exhaust 

layout a second port was made available so that the system could be connected to a 

vacuum. The purpose o f  this was to aid cleaning and to aid the removal o f  air 

from the system. Generally this was not used. The exhaust was directed up to the 

top o f the fume cupboard, near to the vent, before the waste was allowed to escape 

to the atmosphere. The exits to the exhaust had valves added to allow the system  

to be closed to the atmosphere when it was not in use.
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Fig 2.4a Diagram of the exhaust pipework.
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2.5 The control system

It is vital that in a system o f this size that there are ways o f monitoring the factors 

that could affect the nature o f the films. In the APCVD experiments the 

temperature o f  the coater, the temperature o f the pipes, the temperature o f  the 

precursor and the flow rates o f the gases were altered in a systematic way. All o f  

these factors were set, measured and adjusted in the control system part o f  the rig. 

A photograph o f  the control system is shown below.
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Fig. 2 . 5 a  P h o t o g r a p h  o f  th e  c o n t r o l  s y s t e m

Eight separate  heater tapes were used on the rig. each responsible for the heating 

o f  a separate  length o f  pipework. These stretches o f  pipe were num bered one to 

eight and each had an independent controller. These are displayed in table 2.5b.

6 4



Table 2.5b Location o f the heater tapes and their jobs.

Heater tape No. Description Job

1 Bubbler 1 line Heat gas before it passes through the bubbler

2 Bubbler 2 line Same as above

3 Syringe line Heat process gas before the cross pipe

4 Bubbler 1/2 and N 2/N H 3 Heat pipes that contain volatile gases from bubblers

5 Plain Line Heat process gas in plain line before 4-way

6 Reactor line Heat pipe from 4-way to entrance of coater

7 4 -Way Valve Keep 4-way valve hot so reactants don’t condense

8 Exhaust (from 4 way) Destroy unreacted reactants before they escape rig

Tape heaters were used to warm the pipes, the temperatures o f  the pipes were 

monitored by thermocouples located in certain key areas. Six thermocouples were 

used. The positions chosen are displayed in table 2.5c.

Table 2.5c Locations o f thermocouples for monitoring rig temperatures.

Thermocouple No. Location

1 Bubbler 1 flexible hose

2 Bubbler 2 valve

3 At cross

4 4-way valve

5 Reactor line

6 Exit point o f exhaust gases

In addition to the thermocouples measuring the pipe temperature, there was also a 

thermocouple for measuring the temperature o f the precursor. This thermocouple
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was located inside the bubbler itself as shown in figure 2.2a. It had the job o f  not 

only measuring the precursor temperature but also regulating the power to the hot 

plate. The temperature was set on the heater and the power was automatically 

turned off when the thermocouple recorded that the precursor had reached the 

required temperature. Unfortunately if the temperature o f the hotplate was set too  

high then the temperature o f the precursor would often overshoot the set 

temperature as the hot plate remained hot even though the power to it had been 

switched off. For this reason the heat up o f the precursor had to be done in stages 

and the temperature allowed to settle, before recommencing the heat up process.

The final piece o f equipment in the control system was the reactor control. A  

special device on this allowed ramping o f the temperature at a rate that wouldn’t 

cause damage to the glass. If glass is heated too quickly then cracks can form or 

the glass can shatter, for this reason the ramp rate o f the reactor control was set to 

9 °C / min. As already discussed, three cartridge heaters in the graphite block were 

responsible for the heating o f the reactor. There are two thermocouples 

responsible for regulating the reactor temperature, a cartridge thermocouple and a 

policeman. The cartridge thermocouple provided the main readout on the 

controller and it was from this that the ramp rate and power regulation was set. 

The ‘policeman’ thermocouple touched the graphite block at the edge and was 

responsible for making sure that the temperature o f the block didn’t exceed the 

temperature set on the control. If the temperature o f the block exceeded the 

temperature set on the policeman then the power to the reactor was cut off. The 

temperature recorded by this policeman was lower than the temperature recorded 

by the cartridge thermocouple as the policeman thermocouple had contact with the 

graphite block rather than the cartridge heater itself. Although the graphite block 

was an effective heat conductor it was not perfect so some heat was lost. The 

reactor control also allowed the temperature o f the block to be held at a certain 

temperature for a dwell time before cooling began.
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2.6 Comparison with other APCVD rigs

Although atmospheric pressure chemical vapour deposition is relatively common, 

the rig that has been constructed for this project is quite different to the APCVD  

rigs that have preceded it. The rig constructed here contains more gas-lines and 

temperature controllers than typical APCVD apparatus. This sophisticated 

APCVD rig enables the CVD process to be studied in detail.

Dobkin et al (1990) used an atmospheric pressure continuous belt reactor, for the 

preparation of tungsten silicide from the reaction o f  W F6 and silane or disilane28. 

This sort o f preparation has the advantage o f offering fast continuous throughput 

and fast deposition but is pointless for this work where deposition conditions are 

changed for every run. Dobkin and his co-workers also used two gas precursors, 

so the need for bubblers and the accompanying complications that this brings were 

never an issue. Gordon and Hoffman used a similar set up to the reactor used in 

this work when they carried out APCVD o f titanium, zirconium and hafnium 

nitride thin films30. However their rig has only tw o lines, one which carries the 

process gas through the bubbler and the other which is responsible for the delivery 

o f the ammonia to the deposition chamber. Extra lines in the rig designed here, 

limit blockage and also provides a range o f extra options, such as the addition o f  a 

second precursor through the second bubbler or the potential for dopant addition. 

Further to this, the use o f a plain line and four-way valve in this work means that 

the length o f deposition time can be strictly monitored. The APCVD rig that has 

been constructed by Mayer for the preparation o f tin and fluorine doped indium 

oxide has 6  separate gas lines and several bubblers but is specific to the preparation 

o f a limited number o f materials94. Several other APCVD rigs have been described 

in the literature29'42,58 95 but none come very close to the specifications for the rig 

described in this chapter.
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The rig constructed for the work in this thesis has many advantages over others 

described in the literature. The presence o f two bubblers gives us the potential to 

prepare mixed metal coatings, while the number o f lines mean that alterations can 

be made easily to the rig to make it capable o f laying virtually any material that can 

be prepared under atmospheric conditions.

2.7 The future

While this rig has many advantages over the APCVD rigs that have preceded it 

there is still room for improvement. There are several factors that have been noted 

over the course o f this project that could be upgraded or redesigned to improve the 

general running and efficiency o f the rig. A new rig has been designed and 

constructed where the problems that have been encountered in this project have 

been overcome or given a reduced impact by several innovative new design 

features. None o f the work described in this thesis was carried out on the new  

design, however the author o f  this thesis designed and oversaw construction o f  the 

new rig.

Many problems have been encountered in the apparatus used in this thesis 

including prereaction which leads to blockages that in turn produce lower quality 

films with poor conformality and pinhole defects. The reasons attributed as the 

cause o f  the blockages are firstly the lA inch pipe leading to the entrance to the 

coater and the T- piece pipe, which means that the ammonia enters the main gas 

flow at a right angle. To improve on this, the new rig was set up with an ingenious 

pipe set-up, which saw the ammonia (or second gas precursor), enter the coater 

flange via a lA inch pipe inside a Vi inch. This gave the precursors less chance to 

mix and react, reducing prereaction considerably.
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The second major change to the rig was made at the bubbler. This change was 

made mainly to make the running o f the rig more convenient. In the rig used for 

this thesis the bubbler is set up with valves followed by the flexible tubes leading to 

the bubbler. This set up means that the flexible tubes have to be cleaned after each 

precursor. This is inconvenient and takes a lot o f  time as the heater tapes have to 

be undone and the whole bubbler unit taken apart. This set up also means that if a 

new air sensitive precursor is being added, it has to be added via a syringe in small 

quantities or poured directly into the bubbler. The new set up has the flexible 

tubes before the valves as shown in figure 2.7a. With the new set up, the whole 

unit is small enough to be taken directly into the fume cupboard for addition o f  a 

new precursor. This redesign not only saves time but also makes it less likely that 

the precursor will become contaminated.
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Fig 2.7a The new design for the bubbler
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The next change that was made was to the position o f  the four-way valve. The 

four-way valve in the current rig is positioned at the back o f the rig above the 

bubbler heaters. This made it hazardous to reach across to operate the four-way to 

begin a coating. The redesign gave the four-way valve a much more accessible 

position. The pipe layout o f the four-way and surrounding pipework was 

unchanged.

These changes have been a success with less prereaction and apparently purer films 

being formed on the new rig.
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Chapter 3

Thin Films of Vanadium Nitride



3.1 Experimental details

3.11 Precursor loading

Note: This chapter refers to any film deposited from the reaction o f  VCI4 and NH3 as 

vanadium nitride (VN). This is despite the films containing notable levels o f  oxygen.

The liquid precursor, vanadium tetrachloride (Aldrich, 99 % ), was used as supplied. It 

was loaded into the bubbler by transporting it via a syringe from a Sure-seal bottle into 

the entrance port o f  the bubbler.

The bubbler was flushed with nitrogen gas (BOC, 99.99 %) for 30 minutes to ensure the 

absence o f air in the vessel. The gas inlet to the bubbler was then closed and the syringe 

entrance valve opened. The highly reactive V C 14 was injected as fast as possible into 

the bubbler via the syringe entrance valve. After addition o f VCI4 this valve was 

quickly sealed and a small amount o f nitrogen gas (0 .2  dm3 min'1) was diverted through 

the bubbler, (and therefore through the vanadium tetrachloride liquid in the bubbler), for 

ca. 30 seconds. The gas flow  was then redirected through the bubbler bypass. During a 

typical precursor loading, enough liquid was added to the bubbler to enable 

approximately 30 deposition experiments (around 30 cm 3 o f  VCI4).

3.12 Substrate preparation.

The glass substrates (225 x 89 x 4 mm) were prepared for the APCVD experiments 

firstly by cleaning with petroleum-ether (60-80 °C), to remove dust and greasy marks 

and then secondly by rinsing with isopropanol. The glass was then left in an upright 

position to air-dry prior to use. All contact with the surface o f  the glass was avoided. 

The glass substrates were handled by contact with only the edge o f  the sheets. Once the 

glass had dried it was visually inspected for marks and if satisfactory was loaded into
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the coater. This was done so that the precoated side o f  the glass was facing up and the 

uncoated side was in contact with the graphite block. The end o f  the glass was in 

contact with the step at the entrance to the reactor.

3.13 Final preparation and reaction.

The top sheet o f the reactor was reinserted and the reactor reconnected to the exhaust 

pipework. At this point the heating devices controlling the heater tapes, the graphite 

block cartridge heaters and the bubbler hotplates were set to their reaction temperatures 

and heating started. Small flows o f nitrogen gas were passed over the substrate and 

through the pipes during the heating process. Flows o f  around 1 dm3 min ' 1 were 

allowed through each o f the high flow nitrogen lines. Flows o f 0.5 dm3 min ' 1 N 2 were 

put through the bubbler by-pass and N2/NH3 line. This helped remove as much air as 

possible from the pipework and substrate surface and in turn reduce oxygen  

contamination in the final film.

The coater temperature was ramped up at a rate o f approximately 9 °C per minute. This 

was to avoid cracks in the glass, which may be caused by rapid heating. The bubbler 

hotplates had no temperature ramp setting, so close monitoring o f the precursor 

temperature was required so that it didn’t exceed the required temperature. Failure to 

do this could lead to the o-ring seal o f the bubbler blowing due to excessive pressure. 

The bubbler temperature set for VCI4 runs was usually 118 °C (30 °C below the boiling 

point o f  VCI4). This temperature was chosen because it gave sufficient precursor 

vapour pressure (see fig 2 .2 b).

Once the temperature of the reactor had stabilised at the deposition temperature, the gas 

flow  rates were raised to the level required for the particular experiment. The ammonia 

cylinder was opened at this point, if it was required, and the ammonia flow  set to the
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required rate. All the temperatures of the pipes, graphite block and the precursors were 

noted before the run commenced.

To commence the deposition, the bubbler by-pass valve was closed, the bubbler outlet 

valve opened and the bubbler inlet valve opened so that nitrogen was allowed to flow  

through the precursor. The VCI4 was volatilised into the nitrogen stream at this point. 

Orange fumes could be seen escaping from the exhaust. To start the run the four-way 

valve was turned to allow the volatilised VCI4 to flow  through the reaction chamber 

(rather than being directed through the exhaust). Deposition times were between 20  

seconds and 2 minutes.

3.14 C om pletion o f  the run and sam ple preparation for analysis.

The deposition process was halted by initially closing the bubbler inlet and outlet, then 

reopening the by-pass valve. Finally, the four-way valve was turned back to its original 

position. The ammonia flow was stopped and the nitrogen gas flow rates reduced to the 

levels prior to the run. The power to the substrate cartridge heaters, the pipe heaters and 

the bubbler hot plates was switched o ff and the rig allowed to cool to room temperature 

under a flow o f nitrogen.

Once the substrate had cooled to room temperature it was removed from the coater, 

measured with the 4-probe resistance device and assessed visually. The glass was 

partially cut into approximately 4 cm  by 4 cm pieces for glancing angle X-ray 

diffraction analysis and transmission / reflectance measurements. Some smaller pieces 

(approximately 1 cm  x 1 cm or smaller) were also prepared for SEM and XPS analysis. 

The procedure for XPS analysis is fairly complex, and is discussed in section 3.2. The 

remainder o f the coated substrate was labelled and stored in air.

74



Follow ing a run, the rig was cleaned in several key areas, which tended to get the 

highest build up o f powdery by-products. If these areas were not cleared each time then 

blockages would occur in the following run. The insides o f  the cold wall reactor and 

top plate in particular were often covered in a white powdery deposit follow ing a run 

due to the reaction o f co-produced HC1 with NH 3 which formed NH4CI. The top plate 

and the inside o f the glass tube o f the reactor were cleaned by wiping them with a damp 

cloth followed by a wipe with acetone. The reactor entrance flange and T-piece where 

ammonia first mixes with the precursor often attracted large deposits o f  amorphous 

materia] during a run. These parts were unscrewed from the rig and washed with water 

and acetone. They were dried by attaching to an air source and finally left in an oven to 

dry before being reconnected to the rig. The final area that was found to be a recipient 

o f  solid deposit was the coater exhaust pipework. This unit was removed from the rig 

and connected to an air source to blow the solid out onto a damp cloth. If the next run 

used the same precursors then this cleaning procedure was usually enough. However, if 

the next run was to involve a new precursor then a more thorough cleaning procedure 

was required to ensure that the following runs were not contaminated with precursors 

from the previous runs.

The unused VC14 contained in the bubbler was destroyed at the end o f  the VN  

deposition experiments. This was achieved by slowly adding the unused material to 

isopropanol followed by the dropwise addition o f water, (vanadium tetrachloride reacts 

vigorously with water). The bubbler was then rinsed with copious amounts o f  water 

and detergent and cleaned with an abrasive brush. Next, the heater tape and insulating 

tape were unwound from the flexible Teflon tubing leading to and from the bubbler. 

The flexible tubes were disconnected from the rig and cleaned thoroughly using water, 

detergent, pipe cleaners and acetone. The tubes were dried in an oven. If these tubes 

were not cleaned then cross-contamination o f the precursors could occur. Finally, once 

all the pipes were clean and dry, the bubbler section was rebuilt and flushed with 

nitrogen to prepare it for the addition o f a new precursor.
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The purpose o f  the work in this chapter is to investigate the preparation o f  vanadium 

nitride films from the reaction o f VCI4 and ammonia. It concentrates on the effects o f  

varying the reaction conditions on the composition and structures o f the films.

XRD, SEM, electron microprobe, XPS and transmission /  reflectance analysis were 

carried out on the films. XRD analysis was carried out on a Philips X-pert 

diffractometer using unfiltered CuKa (k } = 1.5405 A, X2 =1.5443 A) radiation in the 

reflection mode using a glancing incident angle o f  1.5 °. Samples were indexed using 

Unitcell (35-768) and compared with database standards. The crystallite size was 

estimated using the broadening o f the (2 0 0) reflection using the Scherrer equation and 

ignored any contributions from lattice strain. SEM was obtained on a Hitachi S570  

instrument using the KEVEX system. Electron microprobe analysis was carried out on 

a JEOL EM A instrument and referenced to a polished vanadium standard. XPS 

experimental information is described in section 3.2.

3.2 XPS analysis

X-ray Photoelectron Spectrometry (XPS) allows the investigation o f a small (100 pm) 

part o f  the film surface, to reveal information on composition and oxidation state.

3.21 Experimental

XPS spectra were recorded with a VG ESCALAB 2201 XL instrument using a focused 

300 pm  x 300 pm spot.

Sample pieces, approximately 1 cm x 1 cm, were broken from the substrate and brought 

via a sample tube to the XPS apparatus. A sample holder had to be designed and built 

specifically for the glass samples as typical samples for XPS are pressed powders or 

crystallites that can be stuck directly onto a conductive pad on the sample holder. A
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conductive link between the sample and the sample holder /  instrument is required to 

distribute the charge build-up which can occur during XPS analysis. The new sample 

holder consisted o f a stainless steel bridge, which had the dual purposes o f  holding the 

sample in place and linking the film to the instrument. Without this link, bombarding 

the film  with X-rays to excite electrons away from the film  leads to positive charge 

build-up on the surface and loss o f chemical shift information. Charge could not be 

neutralised, as the glass upon which the film is deposited is non-conductive. Using an 

electron flood gun to neutralise the charge does help to an extent, but without the 

conductive link to Earth, charge build up is a major problem

To get the sample into the analysis chamber (held at ~10 -10 torr), the sample holder and 

sample were mounted on an extendable arm in a smaller anti-chamber, that could be 

quickly evacuated down to -ICT4 Torr. Access could not be gained to the analysis 

chamber until the vacuum in the anti-chamber was sufficient to restrict contamination. 

Once the sample was in position, the initial analysis could take place. M onochromatic 

A lK a radiation was used at a pass energy o f  20 eV. Scans were acquired with steps o f  

50 meV. A flood gun was used to control charging and the binding energies were 

referenced to an adventitious C Is peak at 284.8 eV.

Depth profile measurements were obtained using argon sputtering. During the use o f
*7

the ion gun the chamber pressure was brought up to ~ 2  x 10 ' torr and an additional ion 

pump used to aid the removal o f argon gas and help maintain the vacuum. Once 

analysis was complete the sample was removed via the smaller port and the vacuum  

restored to 1 0 '10 torr before analysis o f a new sample.

3.22 Interpretation of results and theory.

All APCVD films in this study were exposed to air prior to their analysis by XPS. The 

films collected carbon dioxide and other contaminants on the surface. Because XPS is a
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purely surface technique (top ten atomic layers interrogated), these contaminants show  

up and affect the composition analysis o f  the films. An XPS spectrum o f the surface o f  

a representative vanadium nitride film formed in this study is shown in figure 3.22a 

with a composition analysis in table 3.22b.

Figure 3.22a XPS elemental scan from surface (prior to ion gun use).
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Table 3.22b Composition calculated from figure 3.22a XPS scan.

Element Chemical Shift Elemental %

(eV) present in bulk

Vanadium 5 1 3 .7 1 + 5 1 5 .8 24.6

Oxygen 529.57 + 531.77 25.5

Nitrogen 396.59 + 398.54 26.4

Carbon 284.25 + 286.27 24.5

Chlorine - 0

The compositional analysis from XPS enabled a determination o f the percentage 

elemental abundance in the film. This was obtained by integrating the area under each 

o f the XPS peaks and applying a significance factor for each element. The XPS was 

calibrated against internal machine standards and specific metal nitrides (TiNi.o and 

VNi.o, Alpha Chemicals).

The chemical shift values in table 3.22b are consistent with the values expected from a 

highly contaminated metal oxynitride surface with absorbed carbon dioxide and 

elemental carbon (from the high vacuum pumps). For all the elements described two 

peaks were observed, one due to elements in the bulk material and the other due to 

oxidised elements on the top most surface layers.

To overcome this problem with XPS compositional information, an argon sputtering 

gun was used to effectively strip o ff the film s’ surface, layer by layer, until the 

composition measured was self-consistent and the composition o f the bulk revealed. 

The argon sputtering gun that was used wasn’t particularly powerful, removing only a 

few nanometers on each etching. A depth profile, showing how the composition o f a 

representative sample prepared from VCI4 and NH 3 changed after around 45 minutes o f  

etching is shown in figure 3.22c.

79



Figure 3.22c Depth profile showing composition change after 45 minutes of etching.
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Another feature o f  XPS is that the binding energies o f  electrons change depending on

which atom they com e from, and the local chemical environment o f that atom. For 

example, an electron ejected from surface bound oxygen will have a different 

environment and hence binding energy to an electron emitted from an oxygen atom in 

the bulk. The largest shifts in binding energy are due to changes in oxidation state o f  

the element in question. A  2p3 electron from a vanadium atom will be slightly harder to 

remove if the vanadium has a +5 oxidation state (VON) than if it has a +3 (V N ) or zero 

(vanadium metal) oxidation state, due to the electrostatic force. Photoelectrons from  

atoms in a more electropositive state are emitted with less kinetic energy (and therefore 

have greater binding energy) and vice-versa for atoms which are more electronegative. 

Because the kinetic energy (Vimv2) and frequency (v) o f an excited electron can be 

measured, binding energies can be calculated by Einstein’s equation (equ. 3.2a)

hv = Binding Energy + Vi mv2 (equ. 3.2a)
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Oxidation states, and even specific environments (eg whether the carbon is bound to 

oxygen), may be determined by comparing the binding energy o f  the peak with known 

binding energies, obtained from standards. An example o f how the binding energy can 

change is shown in figure 3.22d.

Figure 3.22d XPS chemical shift showing change in vanadium peak position and 

intensity at various stages o f  etching
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In the example given the peak in the background is due to a surface bound vanadium. 

As the surface is etched away by the argon ion gun the vanadium peak shifts to the right 

as its binding energy changes. In the foreground, the peaks are due to vanadium atoms 

in the bulk which are bound to nitrogen and oxygen.

Once the composition o f the film has levelled o ff in a consistent manner, a final scan o f  

the whole XPS range can take place. The final scan for a film prepared from VCI4 and 

NH3 (fig. 3.2e) and the resultant composition (fig. 3.2f) are shown below. It can be seen 

from this plot that there are no elements present other than vanadium, nitrogen, small 

amounts o f oxygen and trace amounts o f carbon and chlorine.
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Figure 3.22e XPS scan of a VN film, following 45 minutes of ion gun use.
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Figure 3 .2 f Composition calculated from figure 3.22e scan.

Element Chemical Shift 

(eV)

Elemental % 

present in bulk

Vanadium 513.06 49.6

Nitrogen 397.08 40.40

Oxygen 530.78 9.99

Carbon - 0

Chlorine - 0

An XPS chemical shift o f 513 eV  is half way between the expected result for vanadium  

metal (512.14 eV) and vanadium nitride (514.3 eV). The chemical shift o f  515.8 eV  

observed for vanadium on the surface is typical of vanadium in a high oxidation state 

such as V 20 5 (517.65 eV). The XPS values observed for nitrogen and oxygen atoms in
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the bulk material are both consistent with the XPS chemical shifts expected for a 

transition metal nitride (396.8 - 398 eV) and oxide (529.5 -  531.3 eV).

3.3 Effect of coater temperature

The first study to be carried out on all the precursor systems was to obtain film s at a 

variety o f temperatures to see how the temperature o f  the coater affected the 

composition and properties o f the film. The deposition temperature has often been 

found to be the most important variable when forming a film. At too low  a coater 

temperature, reaction o f the precursors may not occur and they w ill be released, 

unchanged, from the exhaust. In some cases, crystallinity is an important feature 

required in heat mirror films. Crystallinity may not be observed at lower substrate 

temperatures, while higher temperatures can encourage impurity incorporation. For a 

thin film route to be considered useful, the reaction must occur favourably in between  

these two temperature boundaries. For the commercial float-glass process, the viable 

substrate temperature range is between 300 °C and 650 °C, with an optimum  

temperature o f 550 °C for the easy addition o f  any process to the currently-used plant.

For this study, four samples were prepared at temperatures of 350, 450, 550  and 650 °C. 

The experimental conditions used in this study are detailed in table 3.3a.

Table 3.3a Conditions for preparation o f V N X films in coater temperature variation 
study.

Variable Level fixed at

Bubbler Temp.

Time o f  Run 

Flow through bubbler 

Process flow

117 °C

30 secs

0.42 dm3 min'1 

5 dm3 min'1
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N H 3 Flow 0.5 dm3 min'1

N 2 /N H 3 flow 1.2 dm3 min'1

Using the equations in section 2.2, it can be seen that these experimental conditions 

deliver 0 .0074 m oles o f VC14 and 0.0103 m oles o f ammonia to the reactor during the 

course o f the deposition. From the idealised equation in section 1.5 it can be seen that 6 

m oles o f VC14 react with 8 m oles of ammonia. So 0.0098 m oles o f NH 3 would be 

needed to react with 0 .0074 m oles o f VC1.. The ammonia was used in excess for this
4

experiment. This was undertaken as stoichiometric V N  films were desired, rather than 

film s that had nitrogen vacancies that could be filled by carbon or oxygen contaminants.

Initial assessment o f the film quality was carried out by visual inspection. This 

inspection revealed that the films had uniform coverage over the whole substrate at 350

°C while at 650 °C the progression o f the film across the glass was only about 4 cm.
*

This suggests that the reaction occurs much faster at hotter substrate temperatures. All 

the films are black or grey and most are reflective. The darkness and degree o f  optical 

reflection o f  the films increased with substrate temperature. This can be explained by 

an increase in film  thickness with temperature. It appears that as the substrate 

temperature increases, the film is progressively formed at the earliest moment the 

precursors reach the substrate (transport limited regime). This is not really an issue for 

an industrial process as the substrate would be on a moving conveyor. More particulate 

build-up is registered in the entrance flange and in the exhaust pipework at higher 

substrate temperatures.

From the graphs below it can be shown that the deposition temperature shows the 

highest percentage o f vanadium in the film  for runs at 450 °C while the oxygen  

contamination is highest at 350 °C and is at a minimum when the temperature is 450 °C. 

Nitrogen and carbon incorporation in the films increase with temperature. The carbon 

contamination is probably due to impurities in the substrate or possibly from the
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precu rso rs  or process gas. Carbon could  also be p resen t due to exposure  o f  the film  to 

air fo llow ing  deposition, a lthough usually this type o f  ca rbon  con tam ina tion  is surface 

lim ited  and com ple te ly  rem oved  by depth profiling.

F igure  3 .3b C hanges  in e lem enta l  com posit ion  in V N X film s p repared  w ith  vary ing  

co a te r  tem pera tu re  (0 .42 d m 3 m in ' 1 VCU with 0.5 d m 3 m in ' 1 N H 3 and 5 d m 3 m in ' 1 

p ro cess  gas flow).

Varying Vanadium Composition

-+—  P e rc e n ta g e  
V anadium

400 500 600 700
Coater Temperature(degrees C)

Varying Oxygen Composition

P e rc e n ta g e
O xygen

400 500 600 700
Coater Temperature(degrees C)

400 500 600 700
Coater Temperature(degrees C)

Varying Nitrogen Composition

P e rc e n ta g e
Nitrogen

Varying Carbon Composition

400 500 600 700
Coater temperature(degrees C)

T he chem ical shifts for vanad ium  fall at 513.4 eV for the f ilm  deposited  at 350  °C and 

are 513 .0  eV for the film s deposited at h igher tem peratures .  T h is  show s ho w  the h igher 

o x ygen  con tam ination  in the film deposited at 350 °C has affected the ox ida tion  state o f
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the vanadium. A vanadium chemical shift of around 513 eV is expected for vanadium 

nitride. Surface vanadium peaks are observed at around 516.8 eV, which can be 

characterised as highly oxidised states o f vanadium such as V 20 5 (vanadium chemical 

shift o f 517.6 eV). The results in figure 3.3b suggest that at lower substrate 

temperatures amorphous films are produced which are porous and susceptible to oxygen 

damage while at higher temperatures, contaminants (eg carbon) are possibly coming up 

from the substrate. Another source for carbon contamination could be from the nitrogen 

process gas, as this would cause the contamination to be spread throughout the bulk o f  

the film. Further evidence o f  this is the higher carbon incorporation with temperature.

Four-probe resistance measurements are a way o f assessing the conductivity o f  the film. 

The four-probe measurement is related to the resistance and thickness o f the film. A 

four-probe measurement alone provides only an approximation o f the sheet resistance. 

Even so, four-probe measurement is useful as it provides a rough idea o f crystallinity 

(crystalline film s tend to be more conductive) and where a thickness is known, the 

resistance can be determined.

A chart o f the four-probe measurements o f the films produced from VC14 and NH, in the 

temperature range 350 -  650 °C is shown in table 3.3c.

Table 3.3c Four-probe measurements for films grown at different coater temperatures 

(0.42 dm3 min"1 VCI4 with 0.5 dm3 min"1 NH3 and 5 dm3 min"1 process gas flow).

Temperature Four-Probe

(°C ) Reading (£1 /a)
350 2450

450 80

550 61

650 178
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These results show that although the thickness is not known accurately, the resistance is 

highest at 350 °C. With increasing substrate temperature, it then drops and stays 

approximately constant for the films obtained at 450 and 550 °C, then rises for the film  

deposited at 650 °C. The high resistance measurement for the film  obtained at 650 °C 

could be due to carbon contaminants, which appear in the film  at higher temperatures.

Scanning electron micrographs provide information on the film  grain sizes. The grain 

sizes appear to increase with substrate temperature. This could be due to faster film  

growth rates at higher substrate temperatures.

X-Ray Diffraction measurements give an indication o f the crystallinity o f  the samples. 

The diffraction patterns are consistent with those expected for vanadium nitride. 

Further conclusions on the crystallite sizes and composition (from the lattice parameter) 

can be drawn from peak indexing and evaluating peak size and position. O xygen  

contamination will shift the peaks, so altering the lattice parameter. Like four-probe 

resistance measurements, XRD patterns are affected by the thickness o f  the sample. By  

using a glancing incident X-ray angle, the radiation will skim through the film, rather 

than flooding straight through the amorphous glass. The large hump that appears below  

35° on the 2 0 scale is due to the amorphous glass that does register. A  glancing angle 

o f  1.5° will investigate the 300 nm closest to the surface, so if the film  is thinner than 

that, the amorphous glass will have a presence in the spectrum. Films becom e more 

crystalline with increasing temperature. This is shown in fig 3.3d.
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Fig 3.3d G lancing angle X R D  patterns o f  vanadium  nitride films with varying coa te r  

tem peratu re  (0.42 d m ' min"1 VC14 with 0.5 d m 3 m in"1 N H 3 and 5 d m 3 m in "1 process  gas
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T hese peaks have been indexed. In all the above cases, o ther than the alm ost 

com ple te ly  am orphous  film deposited at 350 °C, peaks appear due to reflections in the 

(l  l I ), (2 0 0) and (2 2 0) planes. The X-ray patterns are consistant with a cubic crystal 

pattern. Further investigation of the indexed peaks can give inform ation on 

s to ich iom etry  (from Vegards* Law)'1'' and crystallite size (from  the Scherrer eq u a tio n ) '4.



Table 3.3e Lattice parameter from XRD indexing of spectra in fig. 3.3d with

compositional and crystallite size information.

Deposition Lattice parameter Crystallite size N/V ratio N/V ratio from

temperature a (A) A from XRD XPS

350 - - 0 .5 6 /1

450 4.072 171 0 .7 0 /1 0 .6 4 / 1

550 4.078 193 0.77 /1 0.75 /1

650 4.088 199 0 .8 0 /1 0 .7 0 / 1

Discussion by Goldsmidt et a tM has determined that a N /V  ratio can be evaluated from 

the indexing of the peaks and use o f Vegards’ Law. The figures in table 3.3e show that 

the ratio of the nitrogen to vanadium estimated from XR D is fairly close to that 

calculated by XPS, the exception being the film deposited at 650 °C which was 

calculated to have a higher N /V  ratio by XRD than was shown by XPS. This result is 

despite the belief that oxygen and carbon can also be located in the same interstitial 

sites. It appears that it is the proportion o f nitrogen that shifts the reflections to the 

greatest extent. The difference between the XPS and X R D  measurements could easily 

be due to the small detection area used by XPS, which limits the sample size to 300 by 

300 microns area. For this reason, no definite conclusions on the composition o f the 

film can be made from the XRD lattice parameter. The crystallite sizes are calculated 

from the width o f the (2 0 0) peak at half height. These results show that the grains seen 

by SEM are in fact made up o f many smaller crystallites. The crystallite size does 

appear to rise consistently with deposition temperature.

The final measurement that w ill be mentioned in this section is the transmission and 

reflectance measurements on the film. These measurements show that a rise in substrate 

temperature has a dramatic affect on the way the film  performs as a heat-control mirror. 

As can be seen in the spectra in fig. 3.3f, at 350 °C there appears to be only minimal
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heat m irro r qualities. All the other tem peratures show som e heat m irror characteris tics  

as de term ined  by the similarity to the spectra in fig 1.6b in chap te r  1. T he  d iffe rence 

between them  is only the degree o f  IR reflectance and visual transm ission, w hich 

should , ideally, be as large as possible. The best IR reflectance is in the film  p roduced  

at 550 °C. The best visual transmission occurs for the film g row n at 350 °C, h o w ever  

this film  shows no reflectivity properties. For a useful hea t-contro l m irro r  a 

com bination  o f  good visible region transmission and IR reflectance are required. One 

or the o ther on its own is of no use. F or this reason, the best overall selection o f  heat 

m irro r  properties  is seen in the film deposited at 650 °C as this seem s to g ive a good mix 

o f  IR reflectance and visual transmission.

Fig. 3 .3 f  T ransm iss ion  and reflectance data for V N  films deposited  with varying coa te r  

tem perature  (0.42 d m ' m in "1 VC14 with 0.5 d m 3 m in "1 N H i  and 5 d m 3 m in "1 p rocess  gas

flow).
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3.4 Effect of ammonia gas flow concentration

Varying the ammonia concentration during deposition affects the com position o f  the 

VN film. At high flows o f  ammonia, it would be expected that the atomic percentage o f  

nitrogen in the film  would increase. Again, as with the coater temperature experiments, 

there appears to be two limits between which the ammonia concentration should be set. 

B elow  the lower limit, the required film is not produced. Above the higher level the 

ammonia is in excess and excessive prereaction means that the build-up o f  particulate 

material affects the conformality o f the film. Particulate formation from the prereaction 

is pushed by the gas flow on to the surface o f the substrate which can then affect the 

future film growth (blotchy films are obtained).

N o coating was produced without a flow o f ammonia.. Runs were carried out under the 

conditions detailed in table 3.4a. During this study the ammonia flow was varied from 

0 dm3 min'1 to 1 dm3 min'1 at intervals o f 0.1 dm3 min'1 and one run which was carried 

out at 2 dm3 min'1.

Table 3.4a Conditions for ammonia variation study for V N X films.

Variable Level fixed at

Coater temp. 500 °C

Bubbler Temp. 117 °C

Time o f  Run 30secs

Flow through Bubbler 0.42 dm3 min'1

Process flow 10 dm3 min'1

N2/NH3 flow 1.2 dm3 min'1
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U sing the equations in section 1.5 it can be show n that under m odel conditions  0 .0098 

m oles  o f  am m onia  are required  to react with 0 .00735  m oles o f  VC14 to fo rm  VN . An 

am m o n ia  flow o f  0.1 d m 3 m in ' 1 represents  0 .00205  moles. O nce the flow o f  am m o n ia  is 

0.5 d n r  m in ' 1 o r  m ore, the am m onia  is in excess.  A flow o f  2 d m 3 m in ' 1 am m onia  

represents  0.041 moles. It should  be noted  that VCI4 does  not react in the  deposition  

ch a m b e r  in the absence o f  am m o n ia  so at low am m o n ia  flow rates a thin o r  patchy  film 

form ed. The th ickness  o f  the films as de te rm ined  by S E M  are constan t for the 

deposit ions  em ploy ing  an am m onia  flow o f  above 0.5 d m 3 m in '1. All the films 

p ro d u ced  with variable flows o f  N H 3 w ere grey / black and reflective.

T he  X P S  profiles o f  VN  film s prepared with d iffe ren t flow  rates o f  am m o n ia  are show n 

in figure  3.4b. T hese  m easurem ents  show  that increasing the am m o n ia  f low  rate leads 

to an increase in nitrogen and vanadium  concen tra tions  in the films, and also a decrease 

in the atom ic percentage o f  oxygen. A m m o n ia  helps to inhibit oxygen incorporation  in 

the film. Carbon con tam ination  also appears to d rop  with am m o n ia  flow  rate, although 

this could  not be assessed  accurately.

F igure  3 .4b C hange in e lem enta l com posit ion  with chang ing  am m o n ia  flow, from  XPS 

(0.42 d m 3 m in ' 1 VC14 at 500 °C and 10 d m 3 m in ' 1 p rocess  gas flow)

Varying Vanadium Composition Varying Oxygen Composition
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T hese  results suggest that if a m ethod  for the addition o f  the am m onia  cou ld  be found 

w hich  cut dow n on prereaction and consequent particula te  formation, then  h igher 

am m o n ia  concentra tion  could be routinely used to result in films o f  be tte r  com posit ion .  

T he  com posit ion  o f  the film grow n at 500 °C with 1 dm' m in‘ flow o f  am m o n ia  is 

V 5N 4O. D espite  the lower oxygen contam ination at higher flow rates o f  am m o n ia ,  the 

chem ica l  shift for the vanad ium  peak stays at 513.1 eV  for all samples. T h is  is m ost 

p robab ly  due to vanadium  m aintaining the same oxidation  state.

T he  four-probe resistance m easurem ents  o f  the films prepared  with vary ing  N H 3 flow 

ra tes  are m eaningfu l as the films are all o f  a similar thickness (ca 300 nm) (table 3.4c).
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Table 3.4c Four-probe measurements for films obtained in the ammonia variation study

(0.42 dm3 min'1 VC14 at 500 °C and 10 dm3 min'1 process gas flow).

Ammonia Flow  
(l/min)

Four-probe resistance 
Reading (0 / 0 )

0 Non conductive
0.1 250
0.2 240
0.3 213
0.4 171
0.5 145
0.6 116
0.7 125
0.8 113
0.9 112
1.0 115
2.0 107

Table 3.4c shows that a general trend o f a decrease in film  resistivity with increasing 

ammonia flows. It appears from this information that the conductivity o f  vanadium  

nitride films is improved if there are less contaminants, such as oxygen and carbon 

incorporated in the film.

The SEM photos o f the VN films produced from different ammonia flow s, show that 

there is not much difference between the particle sizes formed from low  and high 

concentrations o f ammonia. When the ammonia flow  rate is zero no film  is deposited 

and the SEM photograph shows plain glass. The SEM  photos o f 0  dm3 min*1 and 0.6  

dm3 min"1 are shown below in fig. 3.4d.
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F i g u r e  3 . 4 d  S E M  p h o t o g r a p h s  o f  f i lm s  d e p o s i t e d  w i th  0  l /m in  NH-* (1 )  a n d  0 . 6  l /m in

NFT, (2 )  ( 0 .4 2  d m 3 m i n ' 1 V C U  at 5 0 0  °C  a n d  10 d m 3 m i n ' 1 p r o c e s s  g a s  f lo w ) .

9 00804  30KV 7 5 9n »

2

The photograph  in figure 3.4d (2) suggests that the grow th m echan ism  for these film s is 

by an island grow th  (also know n as V olm er-W eber grow th) m echanism . T h is  can be 

identified by the appearance o f  small islands or grains rather than a sm ooth  single 

crystal g rowth.

The X R D  spectra  for films prepared from VCI, and N H V obtained with varying 

am m o n ia  concentra tion  should be similar, as the crystallite sizes and th icknesses are 

equivalen t.  The only tiling that should change is the exact position o f  the peaks as the 

elem ental com position  of the film changes slightly. T he spectra ob ta ined  from films 

deposited  with an am m o n ia  flow rate o f  0 .6 , 1.0 and 2 . 0  dn r  min 1 are show n  in fig. 

3.4e.



F i g u r e  3 .4 e  X R D  p a t t e r n s  w i th  v a r y in g  a m m o n i a  f l o w  ( 0 .4 2  d m 3 m i n ' 1 V C 14 at 5 0 0  °C

and 10  d m 3 m in ' 1 process gas flow).
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From  the spectra  shown in fig. 3.4e it can be seen that the crystallinity  isn 't  really good 

enough  to distinguish the peaks very well, but it can clearly be seen that the sharpest 

peak is at around 45 ° which shows preferred growth in the (2 0 0) direction. A lthough 

these peaks are not very clear, they have been indexed and the results are given in table
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Table  3 .4f Lattice param eters  from indexing o f X R D  peaks in fig. 3.4e and crystallite

sizes.

Ammonia Lattice parameter Crystallite size

How rate a (A) A

0.6 4.070 211

1.0 4.071 226

2.0 4.074 177

It can be seen from  table 3 .4f that the lattice param eters  increase with am m o n ia  flow, 

relating to a change in chem ical com position. T he crystallite  sizes d o n ’t appear to be 

affected  greatly by the am m o n ia  flow rates.

T he transm ission and reflectance spectra for the films obtained from the variation in 

am m o n ia  flow-rate  experim ents  are shown in figure 3.4g. As can be seen from  the 

spectra  the heat mirror qualities im prove as the am m o n ia  flow rate is raised. T he 

transm ission  properties remain fairly consistent th roughout the series but the reflectance 

p roperties  are m uch improved when h igher flow rates o f  am m onia  are used for the 

deposition . T he best overall heat m irror qualities are seen in the film deposited  with an 

NH. flow o f  2 d n r  m in '1.

Fig 3 .4g Transm ission  and reflectance spectra for rising am m onia  flow rate (0.42 d m ’ 

m in ' 1 V C l4 at 500 °C and 10 d m 3 m in ' 1 process gas flow).
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O verall,  the am m onia  variance study has shown that h igher f low s o f am m o n ia  lead to 

film s with lower oxygen  and carbon contam ination  and better conductiv ity .  

Crystallinity  in the films appears to be independent o f  the am m onia  flow  rate. 

H ow ever, heat m irror qualities are improved when higher am m onia  flow rates are used. 

The only negative effect of increasing the flow rate o f am m o n ia  is the prereaction. In 

future studies this could be changed  by m inor variations to the rig design, especially  

m ix ing ,the  gases directly in the reaction chamber.

3.5 Effect of process gas flow

The process  gas flow rate is key to the success o f  a coating. If the flow rate is too low 

then the blockages caused by prereaction will not be blown out and com plete  blockages 

o f  the reaction lines could occur. If the process gas flow rate is too high then unreacted  

p recu rso r  can be vented out o f  the exhaust without reacting to form a film. G enerally



the process gas flow rate is set in order to minimise blockages. For this study, the 

process gas flow rate was varied from 5 to 10 dm3 min'1 in steps o f 2.5 dm3 min'1 to see 

what effect this had on the film. The conditions that remained unchanged throughout 

the study are listed in table 3.5a.

Table 3.5a Experimental conditions for process gas variation study for V N X films.

Variable Level fixed at

Coater temp.

Bubbler Temp.

Time o f  Run 

Flow through Bubbler 

Ammonia flow  

N 2/N H 3 flow

450 °C 

118 °C 

30 secs

0.42 dm3 min'1 (0.00735 mols VCU) 

0.5 dm3 min'1 (0.0102 mols)

1.2 dm3 min'1

i
| For this study ammonia was in slight excess.

i
i
| The film s were initially assessed visually. This revealed, as expected, that film s which

were grown under lower process gas flow rates appeared darker and thicker and had not 

formed over as much o f the substrate as the film s which were grown with higher 

process gas flow  rates. All three o f the films appeared grey /  black and reflective as 

with the other VN  film s reported in the chapter.

As the only factor to change in this study was the process gas flow  rate, the XPS data 

for the film s was not expected to show any significant differences in composition. This 

was shown to be incorrect. Table 3.5b below, shows how the composition o f the film  

varies with increasing process gas flow  rate.
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Table 3.5b Changes in composition o f films formed with process gas flow s o f 5 dm3 

min*1 and 10 dm3 min"1 (0.42 dm3 min' 1 VCI4 at 450  °C and 0.5 dm3 min ' 1 ammonia gas 

flow ).

Element At. % (process 
gas 5 dm3 min'1)

At. % (process 
gas 10  dm3 min'1)

Vanadium 47.46 41.93

Nitrogen 30.64 31.51

Oxygen 19.57 21.14

Carbon 1.24 3.74

Chlorine 1.09 1.67

O I

This g ives the overall composition as V5N 3O2 when the film is deposited at 5 dm* min' 

and V4N 3O2 for the film deposited at 10 dm3 min'1. This result seems to indicate that 

higher process gas flow rates lead to slightly higher oxygen impurities. This result 

lends more evidence to the hypothesis that a source o f oxygen contamination in the 

films com es from impurities in the nitrogen process gas.

Four-probe resistance measurements o f the VN films increase for films grown at higher 

process gas flows. The measurements are shown in table 3.5c.
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T a b l e  3 .5 c  F o u r - p r o b e  m e a s u r e m e n t s  f o r  v a r y in g  p r o c e s s  g a s  f lo w  ( 0 .4 2  d m 3 m i n ' 1 V C 14

at 4 5 0  °C  a n d  0 .5  d m '  m i n ' 1 a m m o n i a  g a s  f lo w ) .

Process Gas 
F low (d m 3 m in '1)

Four Probe 
Reading ( a /a )

5 80

7.5 107

10 128

Fig. 3.5d X R D  spectra obtained for films grown with varying process gas f low  rates 

(0.42 d m ' m in ' 1 VC14 and 0.5 dnT m in ' 1 am m onia  at 450  °C).
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T hese  peaks have been indexed to assess the degree to which changing  the process gas 

flow  rate has affected the crystal structure. Sharper peaks were observed  for lower 

process  gas flows, figure 3.5d

in  I



T ab le  3.5e Lattice param eters from  indexing of X R D  peaks in fig. 3.5d and crystallite

sizes.

Process gas flow Lattice Crystallite size

rate (din1 min'1) parameter a (A) A

5 4.072 171

10 4.065 228

The crystallite size increases with higher process gas flow rates. This can be explained  

by less nucleation sites being allowed to settle and grow  into the final film w hen using 

higher process gas flow rates.

A decrease in thickness leads to an im provem ent in the visible transm ission  properties 

o f  the films but also leads to a decrease in the reflectance properties. This can be seen 

by the reflectance and transm ission spec tra  shown in figure 3.5f.

F igure 3 .5 f  T ransm ission  / reflectance spectra with varying process  gas flow rate (0.42 

d m ' m in ' 1 VC14 and 0.5 d m ' m in ' 1 am m onia  at 450  °C).
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One o f  the main problem s with vanadium  nitride heat-control m irrors com es to light 

with these results. T hicker films have excellent reflectance spec tra  but are difficult to 

see through, so have limited use as heat-control mirrors. By m aking  the film thinner, 

the visual transm ission properties have reached a sa tisfactory  level but they are 

com prom ised  by a decrease in the reflectance properties. T he best overall com bination  

o f  properties is seen in the films deposited  at high process gas flow rates.

3.6 Effect of growth tim es

This s tudy  involved changing  the length o f  time for which the film w as  grow n. The 

deposition  time will directly affect the thickness o f  the film. At longer g row th  tim es the 

am oun t o f  particulate build-up can lead to severe b lockages in the p ipew ork . In this 

study all conditions  were kept constant except for the deposition  time. The shortest 

t ime chosen  was 2 0  seconds and the longest time, before severe b lockage m eant the run
r

had to be stopped, was 2 minutes. Table 3.6a contains a list o f  the o ther conditions, 

which were kept constant throughout the series o f  runs.



Table 3.6a Experimental conditions for the growth time study for VNX films.

Variable Level fixed at

Coater temp.

Bubbler Temp. 

Ammonia Flow  

Flow through Bubbler 

Process flow  

N2/NH3 flow

500 °C 

117 °C

0.8 dm3 min'1 (0.0164m ols)

0.42 dm3 min'1 (0.00735m ols VCI4) 

10 dm3 min'1 

1.2 dm3 min'1

The figures in table 3.6a correspond to a high excess o f  ammonia, as this has proved in 

previous runs to lead to a lowering o f the oxygen content o f the film (see section 3.4). 

The films differ in appearance, depending on growth time. The film produced from a 

20 second run is pale black in colour and quite transparent. It is reasonably reflective. 

The film produced from a 2 minute run is very dark and reflective with a metallic lustre.

The XPS depth profiling spectra gave very similar compositions for the films 

independent o f run time. The actual percentages vary by only a few percent. The 

average composition and the degree to which the four film compositions vary from this 

average are shown below in table 3.6b.

Table 3.6b Average XPS composition for films produced in growth time study (0.42  

dm3 m in'1 VC14 and 0.8 dm3 min*1 ammonia at 500 °C).

Element Atomic
Percentage

Vanadium

Nitrogen

47.4  (±0.4 %)

36.5 (±1.5% )
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Oxygen 15.0 (±2% )

Carbon 0.5(±0.5 %)

Chlorine 0.00

The reason for the slight variation in the chemical composition is probably due to local 

impurities in the sample which was used for XPS testing.

Four probe readings from films deposited with different deposition times are given in 

table 3.6c. It can be seen that the resistance decreases with deposition time. As with the 

trend shown for the process gas flow rate variation experiment, this can be attributed to 

film thickness.

Table 3.6c Four probe resistance readings for VNX films grown for 20, 30, 60 and 120 

seconds (0.42 dm3 m in'1 VCI4 and 0.8 dm3 min'1 ammonia at 500 °C).

Coating
Time(s)

Four Probe 
Reading (Q /o)

20 403

30 113

60 70

120 29

The XRD peaks are sharper as the films increase in thickness as shown in the spectra in 

figure 3.6d.
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F ig u r e  3 .6 d  X R D  s p e c t r a  w i th  v a r y in g  g r o w t h  t im e s  ( 0 .4 2  d m 3 m i n ' 1 V C 14 a n d  0 .8  d m 1

m in ’ 1 am m o n ia  at 500 °C).
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T he lattice param eter calculated from  the indexing o f  these peaks is approx im ate ly  the 

sam e for all the com pounds  with an average o f a = 4 .082  A. T he  preferred  orientation, 

as with all vanadium  nitride films grow n in this project, is in the (2 0 0) direction. T he 

crystallite  size rem ains fairly consistent and is independent o f  grow th  time. A 

crystallite  size o f 206 A has been calculated  for the 30 second deposition. T he 60 

second deposition and 120 second deposition both have sim ilar crystallite  sizes (205 A 

and 225 A respectively).

T he reflectance and transm ission spectra (fig 3.6e) vary as before, with the thicker films 

having m uch lower visual transm ission.
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The reflectance show n by the film in the 120 second deposition  show s excellent 

p roperties  for a heat mirror, as the curve dips in the visible region o f  the spectrum. 

U nfortunate ly  the visual transm ission is so small that the glass is too dark to see 

through. On the other hand, the visual transmission is excellent in the film deposited  

over 20”seconds. O ver 40 % o f  light is transm itted in the visible region, w hich is above 

the m in im um  required for com m ercial w indow s (30 % t ransm ission in the visible 

region). H ow ever, there is very little difference in the reflectance in the visible and IR 

regions o f  the spec trum , m eaning this film would find minimal use as a heat-control 

mirror. The best overall com bination  o f  properties appear in the films deposited  for 

betw een  30 and 60 seconds.
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3.7 Effect of annealing

As a final experiment for vanadium nitride films, a film  was deposited at 350 °C and 

then heated to 650 °C. The purpose o f  this was to see if the properties o f  the film  

deposited at 350 °C were still present if  the film was annealed at 650 °C. It was 

uncertain whether the oxygen and carbon were incorporated into the film during 

deposition, on storage o f the films in air or during the cool down period in the coater. 

Also, films formed at 350 °C have a uniform coating over the whole glass, whereas 

those formed at higher temperatures formed at just the start o f  the substrate. That meant 

that the films formed at higher temperatures were too thick to see through although, 

they had excellent IR reflective properties. The results from this section are compared 

with results from section 3.3 and the conditions, apart from the annealing, are identical.

The appearance o f the film formed was excellent. The coating was reflective and fairly 

dark but still transparent. It had fairly good uniformity over the whole substrate. The 

exact conditions used to prepare it are detailed below in table 3.7a.

Table 3.7a Conditions used for deposition o f V N X film  in annealing study.

Variable Level fixed at

Coater temp. 350 °C

Bubbler Temp. 117 °C

Ammonia Flow 0.5 dm3 min ' 1 (0.0102m ols)

Flow through Bubbler 0.42 dm3 min ' 1 (0.00735m ols VC14)

Process flow 10  dm3 min ' 1

N 2/N H 3 flow 1.2  dm3 min ' 1

Time o f  deposition 30 seconds

Annealing temperature 650 °C (for lhr)
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The com position o f  the film  produced by these conditions is shown in table 3.7b.

Table 3.7b XPS com position o f film used in annealing study (0.42 dm3 min ' 1 VCI4 and 

0.5 dm3 min ' 1 ammonia).

Element Atomic
Percentage

Vanadium 47

Nitrogen 38

Oxygen 12

Carbon 2.9

Chlorine 0 .0 0

These results are a little unexpected as the oxygen percentage is lower than the films 

produced at 350 °C and 650 °C, (section 3.3), despite the fact that the conditions were 

exactly the same apart from the annealing stage. The reason for the lower oxygen  

concentration appears to be due to the fact that the film was annealed under a flow o f  

ammonia. This has allowed nitrogen to replace the oxygen incorporated in the film. 

This result would suggest that films should be cooled under a flow o f ammonia, which 

hasn’t been the case in all the other runs in this chapter. The only anomaly in these 

results is the fairly high carbon content o f 2.87 atomic percent. This is similar to the 

carbon percentage present in the film produced at 650 °C in section 3.3 and would 

suggest that the higher temperatures have allowed carbon from the substrate, process 

gas or even the carbon block on which the substrate rests to become incorporated into 

the film.
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The resistance o f  the film was calculated  at 93 Q / P  which can be co m p ared  with the 

film o f  the sam e thickness deposited  in section 3.3, which had a four probe 

m easu rem en t o f  2450 Q  /□  . This confirms other conclusions about the crysta llin ity  o f  

the film being a m ajor factor in the resistance.

S E M  show s that the grain sizes p roduced  for the annealed V N  film are equ ilava len t to 

the film produced  at 650 °C and perhaps even larger. This is a result o f  the hour- long  

annealing  process, which has given enough time for the grains to cong lom era te  together 

into larger particles. The film prepared  at 650 °C in section 3.3 was only held at 650  °C 

for a few seconds after the deposition had been com ple ted  before the substrate  was 

a llow ed to cool to room  temperature.

The X R D  for the film produced  is show n in figure 3.7c.

Fig 3.7c The X R D  pattern produced  from a sample deposited  at 350 °C and annealed  at 

650 °C for 1 hour (0.42 dm 3 m in ' 1 VC14 and 0.5 d m 3 m in ' 1 am m onia)
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The graph in fig. 3.7c show s that, although the film is crystalline and does  show some 

peaks, the film th ickness means that the peaks a ren ’t as sharp as they could  be, because 

the instrum ent is m easuring the am orphous glass. The lattice param eter ca lcu la ted  from 

the indexed peaks is a = 4 .116  A, a lot closer to the lattice param eter for pure VN (a =



4 . 1 3 9  A) c a l c u l a t e d  f r o m  th e  X R D  i n d e x in g  o f  th e  (2  0  0 )  p e a k .  T h e  c r y s t a l l i t e  s iz e  is

175 A.

T he transm ission and reflectance spectra  for the annealed film are show n in fig 3.7d.

Fig 3.7d Transm ission  / reflectance spectra  for annealed film (0.42 d m 3 m in ' 1 VC14 and 

0.5 d m 3 m in ' 1 am m onia).
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These spec tra  show  a visible transm ission better than any o ther vanad ium  nitride film 

but the infrared reflection is still very low. This seem s to confirm  that th icker films are 

needed  to achieve good reflective properties, even though that leads to low er visible 

transm ission.

3.8 Sum m ary of vanadium  nitride film s

F ollow ing  the studies discussed in this chapter the following conclusions have been 

drawn.

The best quality VN films deposited  from  the reaction o f  V C l4 and NFF, as determ ined  

by com posit ion ,  are achieved at substrate tem peratures between 500 and 600 °C. Above 

and below  this tem perature, carbon and oxygen con tam ination  can be a problem.



Higher ammonia flow rates also lead to lower oxygen contamination, but prereaction 

can be a problem. To overcome prereaction, the new precursor delivery and mixing 

methods that have been developed and discussed in chapter 2 and 7 should be used. 

Changing the process gas flow rate and the deposition time do not significantly alter the 

com position o f the film, but do alter film thickness. Prereaction is a problem at all 

temperatures, but is minimised by higher process gas flow rates. Finally, the annealing 

experiment has revealed that keeping the deposited film under an ammonia flow during 

cooling is beneficial as it minimises oxygen contamination.

The chemical shifts o f  the elements from the XPS spectra, all fall within the boundaries 

expected for vanadium nitride predicted from the literature97.

Lattice parameters for V N X films have varied from 4.06 to 4.11 A suggesting a large 

range o f compositions are possible and this has been confirmed by the XPS 

measurements.

Preparing a good quality film, composition-wise and one that fulfils the requirements o f  

a heat mirror are two separate goals, but it does seem  that films with lower oxygen  

contamination do make better heat-control mirrors. Unfortunately, only films with a 

limited thickness meet the heat mirror goals, as they must have good visual 

transmission. Nonetheless, many o f  the films that have been produced in this chapter do 

fulfil the characteristics o f heat-control mirrors and there are some industrial methods 

available for improving the visual transmission o f darker films.

The best reflectance / transmission properties o f  a vanadium nitride film  (good IR 

reflectance and reasonable visual transmission) are achieved by a film deposited at 

around 550 °C for 30 seconds, with high ammonia flow  and high process gas flow, then 

annealed at 650 °C and cooled under an ammonia flow.
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The results in this chapter compare w ell with results achieved by other groups, although 

it is difficult to find other references in the literature, relating to A P C V D  o f VN  films or 

the reaction o f VCI4 and NH3. Hoffman et a t  have deposited polycrystalline VN X films 

by A P C V D  o f V(NM e2)4 /  NH3. However their results show that over 10% carbon is 

present, even in films prepared at 400 °C, and carbon contamination is known to 

increase with deposition temperature for organometallic precursors. Farges et al54 

report films o f  exceptional quality sputtered from vanadium metal and N 2 gas. Their 

work shows that via sputtering it is possible to control nitrogen composition o f 8-V N x 

films to within 1 at. %54. Although composition control figures are difficult to quote, it 

can be seen from the ammonia variation study in section 3.4, that nitrogen composition 

is reproducibly controllable even by A P C V D . Sorciano et al51, have reported XRD  

lattice parameters for pure V N  films (a = 4 .14 A) in the region o f  the lattice parameters 

in this thesis. Analysis o f  the bulk vanadium nitride produced by the reaction o f V2O3 

and N 2 at 1000 °C, by Tripathy et al49, showed 8% carbon and over 11% oxygen  

contamination. This compares w ell with vanadium nitride prepared in this thesis which 

has been formed at a much lower temperature and much faster growth rates, resulting in 

a lot less carbon contamination.

To summarise, vanadium nitride films in this work have been produced faster and in a 

purer form than many prior methods, particularly when comparing this work with 

previous APCVD work.



Chapter 4

Thin Films of Vanadium oxynitride



4.1 Experimental details

The experimental procedure for preparing vanadium oxynitride thin films is as 

described in chapter 3 (section 3.1) except for the follow ing changes.

Vanadium oxychloride (VOCI3) was purchased from Aldrich (99%) and used instead 

o f  VCI4. It is an orange liquid at room temperature, with a boiling point o f  126.5 °C.

Bubbler temperatures were set to around 96 °C as this provided a good vapour 

pressure o f vanadium oxychloride (see graph 2 .2 b).

The intended coating from this series o f experiments is vanadium oxynitride (V O xN y). 

Prior to this work, this material had only been prepared and characterised as a bulk 

material (see section 1.5). In the context o f this work it was not known whether the 

oxygen in the film introduced from the precursor would affect the quality o f  the heat- 

control mirror. For compositional purposes it was important to learn how altering the 

amounts o f precursors could vary the oxygen and nitrogen levels in the final film  and 

how these levels would affect the physical properties o f  the film.

VOCI3 + NH3 -> VO N + 3HC1 (Equ. 4.1a)

From equ. 4.1a and the vapour pressure charts in fig. 2.2b it can be seen that for a 30 s 

deposition a flow o f N 2 o f  0 .42 l/min through the bubbler w ill yield 0.00678 m oles o f  

VOCI3 at 98° C. Using a flow o f 0.3 l/min o f  ammonia w ill yield a similar molar 

equivalent 0 .00615moles, therefore any flow o f  NH3 above 0.3 l/min, w ill have the 

ammonia in excess, and below 0.3 l/min NH3, the VOCI3 will be in excess. Unlike the 

reaction o f vanadium tetrachloride and ammonia, where the vanadium is reduced from  

V4+ (in the precursor) to V 3+(in the film), the VOCI3 precursor has V  in the +5 

oxidation state and in the product, V can have varied oxidation states depending on the
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values o f  x and y in VOxN y. This may lead to different film properties to those 

observed for VN.

4.2 Effect of coater temperature

This study is similar in many ways to the VCI4/N H 3 study. Like the VCI4/N H 3 

prepared films the composition o f  the film is affected by the coater temperature. In 

this study films were grown at 350, 450, 550 and 650 °C, all other factors being kept 

constant (table 4.2a).

Table 4.2a Factors kept constant for coater temperature study.

Variable Level fixed at

Bubbler Temp.

Time o f  Run 

Flow through Bubbler 

Process flow  

N H 3 Flow  

N 2/N H 3 flow

98 °C 

30 secs

0.42 dm3 min ' 1 (0.0068 mols) 

5 dm3 min' 1

0.5 dm3 min ' 1 (0.0102 mols) 

1.2 dm3 min' 1

According to equation 4.1a, VOCl3 and NH 3 react in a 1:1 ratio to form VO N, 

therefore, from table 4.2a, it can be seen that the ammonia is in excess for these 

experiments.

At a low  process gas flow  rate (5 dm3 min'1), all the runs experienced prereaction, 

formation of particulates and some blocking of the pipes, except the run carried out at 

350 °C. These blockages were caused by the precursors reacting prior to the reaction 

chamber. The blockages affected the visual quality of the films, with the films

116



produced at 450, 550 and 650 °C looking splattered and non-uniform in places. The 

run at 650 °C had blockages in the pipework after only 5 seconds and the film  only 

formed along the first 3 cm of the substrate. The film  was splattered and patchy. 

Because o f this, films were also produced at higher process gas flow rates. A ll the 

conditions described in table 4.1a were kept constant except the flow  rate o f the 

process gas was raised to 10 dm3 min'1. An increased process gas flow  rate did not 

affect the amounts of precursor reaching the substrate, only their concentrations in the 

inert process gas. Visually, the films produced with a higher process gas flow  rate 

were better; prereaction affected the films to a lesser extent. The film  produced at 650  

°C only progressed 6 cm along the substrate and was very dark but contained no 

particulates. The results obtained from both the high and low process gas flow  rates 

will be described.

XPS has been used to obtain depth profiles and com positions for the film s produced 

from VOCl^and NHV An XPS spectrum of a typical film  prepared at 550 °C with 10 

dm3 min'1 process gas flow and with the experimental conditions as detailed in table 

4.2a is shown in figure 4.2b.

Fig. 4.2b XPS data from VOxN y film prepared at 550 °C from reaction of VOCl3 -I- NH 3 

with 10 dm3 min'1 process gas flow.
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Element Chemical Shift
Elemental % 
present in bulk

Vanadium 513.02eV 44.7

Oxygen 530.67eV 32.1

Nitrogen 397.08eV 21.9

Carbon 282eV 1.3

Chlorine - 0

Q o  ti

The composition o f the film prepared from the reaction of VOC13(0.42 dm3 min'1) and 

NH, (0.25 dm3 min'1) with 10 dm3 min'1 process gas flow at 550 °C is VO(J73NHS. This 

data can be compared with XPS spectra obtained from a VN film  in section 3.2. The 

chemical shifts observed for V, O and N  peaks in vanadium oxynitride are very similar 

to those observed for the VC14/NH 3 films in chapter three. This isn’t surprising as the 

VC14/N H 3 prepared film s contain oxygen contamination. A chemical shift o f 517.1 eV  

was observed for the surface bound vanadium and is consistent with vanadium in a 

higher oxidation state such as V 20 5 (517.65 eV). An observed XPS chemical shift o f  

513 eV  is observed for the bulk vanadium oxynitride film after sputtering. This value 

is halfway between the expected result for vanadium metal (512.14 eV) and vanadium  

nitride (514.3 eV). The XPS values observed for nitrogen and oxygen in the bulk 

material are both consistent with the XPS chemical shifts expected for a transition 

metal nitride (396.8 - 398 eV) and oxide (529.5 -  531.3 eV).

XPS data has been used to obtain compositions for films in the coater temperature 

study. First to be described are the films produced at the low process gas flow  rate of  

5 dm3 m in'1. Graphs o f how the elemental percentage varies with film  deposition 

temperature are shown in figure 4.2c.
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F ig .  4 .2 c  V a r i a t i o n  in X P S  c o m p o s i t i o n  w i th  v a r y i n g  t e m p e r a t u r e  ( 0 .4 2  d m 3  m i n ' !

V O C h  a n d  0 .5  d n r  m i n ' 1 a m m o n i a  a t 5 d m  ' m i n ' 1).
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C hlorine  was only seen in the film deposited at 350  °C, and assessed at 4 .2  at. %. In

all f i lm s deposited  at tem peratures above 350 °C no ch lo rine  was detec ted . Fig. 4 .2d

show s the graphs o f elem ental variation in com posit ion  o f  the V O xN y f i lm s against

 ̂ • !
substra te  tem perature  at the higher process gas f low  rate o f  10  dm ' m in ' .
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F ig .  4 . 2 d  V a r i a t i o n  in X P S  c o m p o s i t i o n  w i t h  v a r y i n g  t e m p e r a t u r e  ( 0 .4 2  d m 3 m i n ' 1

V O C I 3  a n d  0 .5  d m 3  m in  ' a m m o n i a  at 10 d m 3 m i n ' 1).
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At h igher  p rocess  gas f lows chlorine was again o b served  only in film s d epos i ted  at 

350 °C (7 at. %). It appears  that lower substrate  tem pera tu res  are not en o u g h  to break 

dow n  the VOCI3 com ple te ly .  This m ay be due to a similar reaction occuring  to  that 

w hich  has a lready  been  repo rted  in the l iterature for reaction o f  T iC l4 and  am m o n ia  

(described  in sec tion  1.5), w here  T iN C l is fo rm ed  below  550 °C. Substrate  

tem pera tu res  above 550 °C are able to break T iN C l dow n  to T iN 1.

F rom  figures  4 .2c  and 4 .2 d  it can be seen that with increased deposition  tem pera tu re  

the am o u n t o f  oxygen  in the film drops. In fact, at higher tem pera tu res  the 

com pos it ion  is s im ilar  to that o f  the films p repared  from  VCI4 and NH3 in ch ap te r  3
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where oxygen was a contaminant. It is difficult to explain this result especially in light 

o f  the result seen in section 3.3, where the oxygen contamination actually started to 

rise again at higher coater temperatures. In this set o f data the oxygen atomic percent 

drops significantly between 550 and 650 °C. This could be explained by the fact that 

there is a difference between oxygen from the precursor and oxygen contamination 

from the process gas.

Chlorine contamination is only seen at 350 °C in the films prepared from VOCI3 and 

N H 3, which is different from the VCI4 /  NH3 films, where chlorine contamination 

w asn’t seen at all. This suggests that a VNxCly intermediate is not formed in these 

cases or if it did form it breaks down to VNX at lower temperatures than a VO xN yClz 

intermediate breaks down to VOxN y. Carbon contamination rises slightly at higher 

substrate temperatures. The carbon is probably due to contamination from the N 2 

process gas and the higher substrate temperatures would leave the film  more 

susceptible to attack.

The other important thing to note, by comparing figures 4.2c and 4.2d, is that as the 

flow  rate o f the process gas increases, despite keeping all other factors the same, the 

com position o f the film is altered. This has been summarised in table 4.2e.

Table. 4 .2e Variation in XPS composition with varying temperature (0.42 dm3 min*1 

VOCI3 and 0.5 dm3 min*1 ammonia at 450 °C).

Element At. % (5 dm3 min'1) At. % (10 dm3 min"1)

Vanadium 44 37

Oxygen 35 45

Nitrogen 2 0 18

Carbon 1.15 2.4
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The atomic percentage o f oxygen present in the vanadium oxynitride film s, in 

particular, is significantly higher at higher process gas flow  rate. The probable reason 

for this is that the reaction o f ammonia with vanadium oxychloride is slow and the 

longer the ammonia is given to react with the vanadium oxychloride at the substrate 

surface, the more nitrogen is absorbed into the growing film. At higher deposition 

temperatures, the difference between the elemental compositions o f the VO xN y films 

obtained at the two different flow rates isn’t as significant. The carrier gas being a 

source o f oxygen contamination can also explain this result, so at higher flow s o f  

carrier gas more oxygen is incorporated in the film.

Four probe sheet-resi stance measurements give an idea o f the conductivity o f these 

films, although, again, these results are distorted by the differences in film  thickness. 

Films formed at lower temperatures are thinner than those formed at higher 

temperatures for reasons discussed in section 3.3. Films formed at higher process gas 

flow  rates are also thinner than those deposited at low process gas flow rates. These 

readings are still useful to look at, as they still give an idea on the improvement in 

conductivity. The measured four probe resistance readings are given in table 4 .2 f and 

4.2g.

Table 4 .2 f Four-probe readings at low flow  rate (0.42 dm3 min' 1 VOCI3 and 0.5 dm3 

min ' 1 ammonia at 5 dm3 min'1).

Temperature Four-Probe

(°C ) Reading (Q/U)

350 333

450 86

550 29

650 30
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Table 4.2g Four-probe readings at high flow rate (0.42 dm3 min' 1 VOCI3 and 0.5 dm3

min' 1 ammonia at 1 0  dm3 min' 1 process gas flow)

Temperature Four-Probe

(°C ) Reading (Q/Q)

350 15800

450 72

550 31

650 80

These results show that the sheet resistance decreases with an increase in substrate 

temperature up to 550 °C and then increases slightly for the films grown at 650 °C 

even though the oxygen atomic percent in the film is lower. This result could be due 

to an increase in carbon contamination for the film grown at 650 °C. There isn ’t much 

change in the resistance between the films deposited at low flow  rates compared with 

those deposited at high process gas flow rates.

The XRD patterns o f the films grown from VOCl3/ NH, show that the crystallinity is 

affected by decomposition temperature. The XRD patterns observed for the film s 

grown from VOCl,/ N R , are similar to those observed from VN film s, indicating a 

similar crystal structure for VOxN y , as shown in fig 4.2h.
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Fig. 4 .2h X R D  spectra with varying substrate tem perature, at low process gas flow 

(0.42 d m 3 m in ' 1 V O C h  and 0.5 dm 3 m in ' 1 am m onia  at 5 d m 1 m in ' 1 process  gas flow).
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These results show  that the coating is more crystalline at h igher deposition  

tem peratures.  S imilar X R D  patterns are seen from  VN films obtained from VCU/NH^ 

at 450  °C as are seen from V O xN v films at 420 °C. so the onset o f  crystallinity  for 

these two types o f  films is different despite the similarity o f  the final com posit ion .

T he spec tra  show n in figure 4.2h have been indexed and show strong preferential 

g row th  in the (2 0 0) direction. The lattice param eter for V O 0.9 is a =  4 .12  A  and for 

VN is a -  4 .139  A. so the expected value for V O xN y should be similar. Crystallite 

sizes have also been calculated  using the Scherrer equation using the width at half 

height o f  the (2 0 0) reflection. Values for these calculations are given in table 4.2i.
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Table 4.2i Lattice parameters and crystallite sizes for VO xN y film s in coater 

temperature study (0.42 dm3 min ' 1 VOCI3 and 0.5 dm3 min ' 1 ammonia at 5 dm3 min'1) 

(from fig. 4.2h).

Deposition 

temperature ( °C)

Lattice

parameter a (A)

Crystallite size

A

350 - -

450 4.074 121

550 4.072 240

650 4.093 252

The crystallite size increases with deposition temperature. Larger crystallites are 

expected at higher substrate temperatures as faster growth rates should occur.

The flow rate o f the process gas doesn’t seem to affect the grain size observed by 

SEM, although XRD has already shown the crystallite size to increase with deposition  

temperature.

The reflectance and transmission spectra for VO xN y films are expected to be inferior to 

those obtained from VC14 /  N H 3 deposited films due to the extra oxygen (which 

seemed to damage the reflectance properties for VCI4 /  N H 3 deposited films). 

However, there are a number o f  things that bring some promise to the vanadium  

oxynitride films, such as the lower temperature onset o f  crystallinity. The reflectance 

and transmission spectra shown in fig. 4.2j are from the films o f  VO xN y deposited at 

the low process gas flow rate.
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F ig .  4 .2 j  T r a n s m i s s i o n  a n d  r e f l e c t a n c e  s p e c t r a  fo r  f i lm s  in c o a t e r  t e m p e r a t u r e  s tu d y

( 0 .4 2  d m 7 m i n ' 1 V O C h  a n d  0 .5  d m 3 m i n ' 1 a m m o n i a ) .

Substrate Temperature 350 “C

0.8  -  

0.6 -

• Transm ission 

Reflection

2 cc
0.4 --/
0.2 \{

300 800 1300 1800
Wavelength (nm)

2300

1 T

0.8

0.6 -

0.4

0.2

Substrate Temperature 450 °C

Transm osion
R eflection

300 800 1300 1800
Wavelength (nm)

2300

0.8
£ *>O o
a S o.6

0.4

0 2

300

Substrate Temperature 550 °C

Transm ission

Reflection

800 1300 1800
Wavelength (nm)

2300

0.8

0.6

0.4

0.2

Substrate Temperature 650 °C

T ransnisr.ion

Reflection

0 I-— 
300 800 1300 1800

Wavrelength (nm)

- 1-  —  

2300

As can be seen from these spectra  at the low process gas flow rates the reflectance is 

excellent in the infrared region but the visual transm ission is very poor and gets worse 

for films prepared at higher deposition tem peratures.

4.3 E ffect of am m onia gas flow concentration

The variation o f  the am m onia  flow rate is another w ay o f  affecting the values o f  x and 

y in V O xN y. In this study films were grow n with am m onia  flow rates o f  between 0 

and l d m ' min ' in steps o f  0 . 1 d m ' m in ' 1 to d iscover how much x and y could be 

varied. All o ther factors were kept constant and these are d isplayed in table 4.3a.



Table 4.3a Conditions for variation in ammonia flow on VOxNy films.

Variable Level fixed at

Bubbler Temp.

Time o f  Run 

Flow through Bubbler 

Process flow  

Coater Temperature 

N2/NH3 flow

98 °C 

30 secs

0.42 dm3 min ' 1 (0.0068m ols)

10 dm3 min*1

500 °C

1.2  dm3 min ' 1

A flow o f  0.42 dm3 min ' 1 through the bubbler corresponds to 0.00678 m oles o f  VOCI3 

over a 30 second time period at 98 °C. According to equation 4.1a, 1 m ole o f  VOCI3 

reacts with 1 mole N H 3 to form 1 mole VOxN y. 0.1 dm3 min' 1 NH3 corresponds to 

0.00205 moles so at this flow rate the VOCI3 is in excess. 0.3 dm3 min ' 1 of- NH 3 

provides 0.00615 moles; with this flow the concentration o f the precursors are 

balanced. At 1.0 dm3 min ' 1 NH 3, 0.0205 moles o f ammonia are reaching the coater so 

the ammonia is in excess.

Due to the thickness and poor visual transmission o f the films produced with a process 

gas flow rate o f 5 dm3 min' 1 a process gas flow rate o f 10 dm3 min ' 1 was chosen for 

this study.

Visually, the films varied very little with an increase in ammonia flow rate. The 

exception to this, as in section 3.4, was when an ammonia flow rate o f  0  dm3 min ' 1 

was used. As with the vanadium nitride depositions, no film was formed when no 

ammonia was used. When the VOCI3 was in excess (ammonia flow rate 0.1 dm3 

m in'1), the film appeared streaky. This was due to the non-uniform flow  o f  the 

ammonia through the coater and local preferences for deposition. At flows o f 0.2 dm3
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m in ' 1 and above the films appear un iform  with a bronze /  b lack metallic lustre. T he 

films appeared  reflective and had an appreciable am o u n t o f  visual transm ission .

X P S  analysis w as carried out to d iscover the effect o f  varying the am m o n ia  gas flow 

rate on the com position  o f  the film.

Fig. 4 .3b  Plots o f  XPS com posit ion  vs. am m o n ia  flow  rate for V O xN y films (0 .42 d m 3 

m in ' 1 V O C p  at 500 °C and 10 d m 3 m in ' 1 p rocess  gas flow).
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T hese  spec tra  show  that the elem ental com posit ion  o f  the films change very little with 

increasing am m o n ia  flows and certainly not to the sam e ex ten t as that seen in the 

vanad ium  nitride films reported  in chap te r  3. T h ere  w as a slight change  in the 

com posit ion  o f the films with increasing am m o n ia  flow  rates with a sm all increase in 

the observed  vanadium  and nitrogen content and a corresponding  decrease  in the

128



observed oxygen and carbon contents. Despite this, the oxygen atomic percentage in 

the films are still over 35 % even with an ammonia flow rate o f 1.0 dm3 min'1. 

However, the ratio o f vanadium to oxygen is lower in the film (1:0.8, V :0 ) at higher 

flow s o f  ammonia, than it is in the precursor (1:1, V :0 ). All carbon compositional 

values were below 2  atomic percent.

As the ammonia flow  rate increases a lowering o f oxygen content in the film  has lead 

to an increase in the conductance observed by four probe resistance measurements. 

This is shown in table 4.3c.

Table 4.3c Four-probe readings at low flow rate (0.42 dm3 min ' 1 VOCI3 at 500 °C and 

10 dm3 min ' 1 process gas flow).

NH, Flow Rate 

(dm3 min'1)

Four-Probe 

Reading ( Q /D )

0 No Coating

0.1 104

0 .2 74

0.3 70

0.4 63

0.5 58

0 .6 51

0.7 48

0 .8 39

0.9 46

1.0 42

Lower four-probe resistance measurements o f the vanadium oxynitride films were 

observed with increasing ammonia flows, with the exception o f the film prepared with
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a flow o f  0.8 d m 3 m in '1, where an anom alous result appears. It seems from  this data  

that there is a limit to the decrease in the sheet resistance and that level is p robably  at 

around 1.2 -  1.5 d m ’ min ' 1 NH.v Surprisingly, the films have a lower sheet resistance 

than the vanadium  nitride films deposited  under the same conditions despite the larger 

oxygen  content. This is p robably  due to the h igher degree o f  crystallinity  in the 

vanadium  oxynitride films.

X R D  proves that the vanadium  oxynitride films are m ore crystalline than vanad ium  

nitride films prepared in chap te r 3 under similar conditions. T he X R D  patterns shown 

below can be com pared  with the similar spectra  for VN films in figure 3.4e.

Fig 4 .3d X R D  patterns with varying am m onia  flow (0.42 d m 3 m in ' 1 V O C I3 at 500  °C 

and 10  d m ' m in ' 1 process gas flow).
Ammonia Flow - 0.2 l/min Ammonia Flow - 0 .4  l/min

1600

0 4- 
30 40 50 60 70 80 90

2 Theta (degrees)
30 40 50 60 70 80

2 Theta (degrees)

Ammonia Flow - 0.6 l/min Ammonia Flow - 0.8 l/min
500 600

0 0 ->--------------------------

30 4030 40 50 60 70 80
2 Theta (degrees)

600 y
Ammonia Flow - 1.0 l/min

90 50 60 70 80
2 Theta (degrees)

30 40 50 60 70 80 90
2 Theta (degrees)



As can be seen from the spectra in 4.3d the reflections change very little as the 

ammonia flow rate is raised. One thing that is different for the XRD patterns o f  the 

VO xN y films is the preferred orientation. This seem s to shift from (2 0 0) at low  

ammonia flows to (1 1 1) at higher flows.

The reflections have been indexed. Crystallite sizes have been evaluated using the 

Scherrer equation (table 4.3e).

Table 4.3e Lattice parameters and crystallite sizes for VO xN y film s in ammonia study 

from peaks in fig. 4.3d.

Ammonia 

flow rate

Lattice 

parameter a

Crystallite size 

A

0.2 4.063 152

0.4 4.061 144

0.6 4.062 133

0.8 4.069 201

1.0 4.066 130

The results displayed in table 4.3e show that the crystallite size and the lattice 

parameter vary very little from sample to sample. This seem s to suggest that a high 

excess o f  ammonia does not lead to larger crystallites or a change in the lattice 

parameter.

Changing the ammonia flow rate affects the sheet resistance but not the com position  

or crystallinity o f the films. In figure 4 .3 f below, the transmission and reflectance 

spectra are given for films obtained with differing ammonia flow rates.
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F ig  4 . 3 f  R e f l e c t a n c e  / t r a n s m i s s i o n  s p e c t r a  fo r  v a r y in g  a m m o n i a  f lo w  r a te  ( 0 .4 2  d m 3
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As can be seen from these spectra, films produced  at am m onia  flow levels above 0.2 

d m ' m in ' 1 show  very little difference in the transm ission o r reflectance properties . In 

com parison  with the spectra obtained for the equivalent study with vanad ium  nitride 

films (section  3.4), the spectra obtained here show that vanadium  oxynitr ide  has a 

m uch greater potential for use as a heat-control mirror. This is a com plete ly  

unexpected  result considering the amount o f  nitrogen present in the films. Even with 

an am m o n ia  flow rate o f  0.1  dnT m in ' 1 the visual transm ission  is 40 % and the infrared 

reflectance show s the required properties for a heat-control mirror. The only problem  

with the film deposited  with a 0.1  dnT m in ' 1 flow o f  NH^ is its s treaky  appearance



which is due to the uneven flow  o f  ammonia over the substrate. This could be 

remedied relatively simply by using an entrance flange o f appropriate design.

4.4 Effect of growth times

Films o f  V N  (section 3.5) lose many o f  their heat-control properties as coating times 

are reduced but the vanadium oxynitride films examined in this chapter show that 

good reflectance properties can be produced with shorter deposition times. These 

films also have good visual transmission. The effect o f  changing the deposition time 

from 15 seconds up to 210 seconds was examined while keeping other factors 

constant. The conditions em ployed for this study are displayed in table 4.4a.

Table 4.4a Deposition conditions used for growth time study on VO xNy films.

Variable Level fixed at

Bubbler Temp. 

Flow through Bubbler 

Process flow  

Coater Temperature 

N2/NH3 flow  

Ammonia flow rate

98 °C

0.42 dm3 min*1 (0.0068 mols) 

10  dm3 min ' 1 

500 °C 

1.2  dm3 min ' 1 

0.8 dm3 min ' 1 (0.0164m ols)

A high excess o f  ammonia was used for this series o f experiments. XPS analysis was 

carried out on several films and the compositional analysis was shown to be invariant 

with deposition time. The average film composition is displayed below in table 4.4b.
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Table 4.4b Average composition of vanadium oxynitride films deposited for 15, 20,

30, 60 and 210 seconds (0.42 dm3 min' 1 VOCI3 at 500 °C and 10 dm3 min' 1 process gas

flow).

Element Atomic
Percentage

Vanadium

Nitrogen

Oxygen

Carbon

Chlorine

40.81 (±0.1) 

21.03 (±0.5) 

37.85 (±0.65) 

0.36 (±0.06) 

0

These elemental percentages suggest a composition close to V O N 0.5, which would 

indicate a mix o f V 3+ and V4+. The XPS chemical shift for vanadium consistently  

appears at 513.2 eV, a value expected for vanadium in a low oxidation state.

Visually, the films changed considerably as the deposition time was altered. A  fifteen  

second deposition leads to a dark, metallic, transparent film that is uniform over the 

whole substrate. A  210 s deposition time produced a black, metallic, reflective coating 

which was non-transparent. Some small pinholes where dust and prereacted material 

had landed on the substrate during deposition were also observed for the 2 1 0  s run.

The film  produced over a 210 s period was thick enough to run an electron probe 

colour mapping experiment on it. The result o f this is shown in the photograph in fig  

4.4c.
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F ig .  4 . 4 c  E l e c t r o n  p r o b e  c o l o u r  m a p p i n g  to  s h o w  V O xN y f i lm  t h i c k n e s s  ( 0 .4 2  d m '

m in * 1 V O C b  at 5 0 0  °C  a n d  10 d m 3 m i n ' 1 p r o c e s s  g a s  f lo w ) .

X 400 0.35 ,ja
Y 400 8.35 jn
D. T»f>* 50ftcc. U. 7.0 mU
P. Cur 1.29E-07 « 
T h r# * * o Id

2.00  
Si 496.00

K EY  (Green : silicon present. Red : vanadium  present)

The clear boundary  between the vanadium  and silicon (in Fig. 4 .4c), show s that no 

vanadium  is absorbed into the substrate o r  silicon absorbed  into the coating. The 

th ickness o f  this film is 1.68 pm . This enables us to correlate the thickness o f  som e of 

the o ther vanadium  oxynitride films produced  in this w ork with the SEM  film 

th ickness m easurem ents.  The approxim ate th icknesses o f  the film s p roduced  in this 

time study are listed in table 4 .4d below. These values are only approxim ate , but are 

the best estim ate based on the information available. Some correlating  SE M  and step 

m easurem ent data was obtained, although diam ond polishing (needed for preparation 

o f  the sample) lead to the films peeling aw ay and som e inconsistent results.



Table 4.4d Estimates o f VO xN y film  thickness from electron probe and SEM  

measurements.

Deposition  

Time (s)

Approximate

Thickness

15 120  nm

2 0 160 nm

25 2 0 0  nm

30 240 nm

60 480 nm

2 1 0 1680 nm

The four-probe resistance readings are affected by the thickness o f  the film  (table 

4.4e).

Table 4.4e Four-probe readings for varying growth time (0.42 dm3 min-1 VOCI3 at 500  

°C and 10 dm3 min ' 1 process gas flow).

Deposition  

Time (s)

Four-Probe 

Reading (£2/D)

15 57

2 0 57

25 44

30 39

60 15

2 1 0 5
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From  these results it can be seen that the conductiv ity  o f  the films increases with 

g row th  time. These results can be com pared  with those from  vanad ium  nitride films 

in section 3.5 where a four-probe reading o f  70 Q /U  was achieved with a film 

deposited  over 60 seconds. The result from  the vanad ium  oxynitride equivalen t is 

a lm ost 5 times lower at 15 £2/0. Visually the films look very similar.

The X R D  spectra  for the thicker films are expected  to show  better quality  patterns  as 

the g lancing  angle x-ray beam  is only passing through the deposited  film and not 

th rough the am orphous  glass material. This will be achieved if the film is th icker than 

approx im ate ly  300 nm. The spectra that have been collected  for the g row th  time study 

are displayed in fig. 4.4f.

Fig. 4 .4 f  X R D  spectra  from  films grow n for 30 and 210 seconds (0.42 d m ' m in ' 1 

V O C h  at 500 °C and 10 d m ' m in ' 1 process gas flow).
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As can be seen from the data  in fig 4.4f, the broad reflection at - 3 0  ° due to the 

am orphous  charac te r  o f  the glass is much less apparent for the film deposited  over 2 1 0  

seconds  than for the one prepared over 30 seconds. According to the es tim ated  

th icknesses  in table 4.4e. the film deposited  over  30 seconds is only  240  nm thick, 

which ties in with the theory m entioned earlier that films under 300 nm thick are thin 

enough  for the x-ray beam  to be analysing the am orphous  glass substrate  as well as the 

film on the surface. The slight rise to the left o f  the X R D  spec trum  for the film



deposited over 2 1 0  seconds is probably due to some amorphous character in the actual 

film.

The films prepared in this study have been indexed. The XRD spectra show a 

preferred growth in the (1 1 1) direction. The lattice parameters and crystallite sizes  

for vanadium oxynitride films grown for 30, 60 and 210 seconds have been calculated  

(table 4.4g).

Table 4.4g Lattice parameters and crystallite sizes for VOxN y films in ammonia study 

(0.42 dm3 min ' 1 VOCI3 at 500 °C and 10 dm3 min' 1 process gas flow).

Growth Lattice Crystallite size

time (s) parameter a A

30 4.069 201

60 4.060 214

210 4.065 173

The values in table 4.4g show that the crystallite sizes and lattice parameters are not 

particularly affected by varying the growth time.

Reflectance and transmission spectra were collected from the films o f  different 

thickness to discover whether the thinner films in particular had any potential as heat- 

control mirrors. The results are displayed in fig. 4.4h.

138



Fig. 4 .4h R eflectance and transm ission data  for films with varying thickness (0.42 d m 3

m in ' 1 V O C I3 at 500 °C and 10 d m 3 m in ' 1 process gas flow).
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These spec tra  show that the IR reflectance properties stay rem arkably  s im ilar w ha tever  

deposition time is used, while the visual transm ission is obviously  a lot poore r for 

thicker films. The film deposited  over 210 seconds show s virtually no transm ission  at 

any wavelength . C ontrary  to the results for vanadium  nitride films in section  3.5, IR 

reflectance d o esn ' t  deteriorate to the same extent for thinner films.

4.5 E ffect of annealing

As with vanad ium  nitride films, it was interesting to d iscover w hether the effect o f  

annealing vanadium  oxynitride films under a flow o f  am m onia  would  have an effect 

on the appearance and com position  o f  the film. In this study tw o films were prepared. 

Both films were deposited  at 350 °C for only 20 seconds. This time length was 

selected based on results from  section 4.4; it was felt that longer depositions  led to 

films that were too thick for heat-m irror application. The films were annealed  at 650 

and 500 °C respectively under a nitrogen / am m onia  How for one hour. The other 

conditions  utilised in the experim ent are displayed in table 4.5a.



Table 4.5a Deposition conditions for annealing study on VOxNy films.

Variable Level fixed at

Deposition Temp. 350 °C

Bubbler Temp. 98 °C

Ammonia Flow 0.8 dm3 min ' 1 (0 .0164 mols)

Flow through Bubbler 0.42 dm3 min ' 1 (0.0068 mols)

Process flow 10 dm3 min ' 1

N2/NH3 flow 1.2  dm3 min ' 1

Time o f  deposition 2 0  seconds

The visual appearance o f these two films was very different. The film annealed at 650  

°C was very reflective and was fairly dark and metallic in appearance. The film  

annealed at 500 °C had poor reflectivity and a non-metallic appearance.

The composition o f  the film annealed at 650 °C as determined by XPS analysis is 

displayed below in table 4.5b.

Table 4.5b XPS analysis o f  annealed film  (0.42 dm3 min ' 1 VOCI3 and 0.8 dm3 min ' 1 

ammonia). ___________________________________
Element Annealed at 650  

°C
At. %

Vanadium 49.44

Nitrogen 33.76

Oxygen 14.16

Carbon 2.64

Chlorine 0 .0 0
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The vanadium XPS chemical shift for the 650 °C sample was observed at 512.80 eV  

suggesting much more vanadium metal character (V metal: 512.14 eV) than vanadium  

nitride character (514.3 eV ). This chemical shift is lower than vanadium chemical 

shifts observed for other films deposited from VOCI3 and NH 3 that invariably have a 

vanadium chemical shift above 513 eV.

The results from this data (table 4.5b) more or less confirm what was speculated in 

section 3.6. Annealing under ammonia at high temperatures leads to nitrogen-oxygen  

exchange within the crystal lattice. This nitrogen-oxygen exchange is evident, as an 

oxygen percentage o f 15 % or lower would be low for a film prepared from VCI4 and 

NH 3, whereas films prepared from VOCI3 /  NH3 typically have a much higher oxygen  

content o f  the order o f 35-40 %. It appears that this transfer can only take place at 

high temperatures as the film  annealed at 500 °C has retained the appearance and 

com position o f a film deposited at 350 °C and cooled without annealing.

The four-probe resistance measurements further confirm this, as the reading for the 

film  annealed at 650 °C is 55 f2/D, whereas the reading for the film annealed at 500 °C 

is 750 Q/U. As the films are both o f the same thickness, these measurements 

correspond to quite a difference in the conductivity o f the films. The thickness o f  

these films is around 160 nm.
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Figure 4 .5c X R D  spectra  for annealing study (0.42 dm 3 m in ' 1 V O C I3 and 0.8  d m 3 

m in "1 am m onia).

Deposited 350 °C - Annealed at 650 Deposited 350 ‘TD - Annealed at 500 ‘C

30 40 50 60 70 80 90 30 40 50 60 70 80 90
2 Theta (degrees) 2 Theta (degrees)

N either o f  the annealed films prepared from V O C I3 /  N H 3 are very crysta lline, 

a lthough they are both thin. It is possible that a higher degree o f  crysta llin ity  cou ld  

have been achieved with a longer annealing time. The film annealed  at 650  °C does 

show very weak peaks, which have been indexed. The lattice param eter,  a, has been 

calculated  as 4 .124  A and the crystallite size is 71 A. Both o f  these figures should  be 

treated with caution.

The transm ission  and reflectance spectra  obtained for the annealed  films are d isp layed  

in fig 4.5d.

Fig. 4 .5d Transm ission  and reflectance spectra for V O xN y annealed  films (0.42 dnT 

m in ' 1 V O C h  and 0.8 d m ' m in ' 1 am m onia)
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These spectra again confirm what has been shown before in this study about the film  

annealed at 500 °C. It appears that 500 °C isn’t a high enough temperature to have 

much affect on a film which has been deposited at 350 °C. However, 650 °C is a 

sufficiently high annealing temperature to allow the crystal structure to reform on the 

surface o f  the glass and even accept nitrogen-oxygen transfer into its lattice. The heat- 

mirror qualities are present in the film annealed at 650 °C but are not particularly 

good. This is perhaps due to the lower atomic percentage o f  oxygen present. Earlier 

films in this chapter have shown much more promise as heat-control mirrors, with 

higher amounts o f oxygen present in the crystal structure.

4.6 Summary of vanadium oxynitride films

The composition o f  films obtained from the reaction o f VOCI3 and NH 3 can change 

dependent on reaction conditions. The oxygen concentration in the VO xN y films is 

lower when the substrate temperature is high or when the ammonia flow rate is high. 

The nitrogen concentration is lower when the substrate temperature is low or the 

ammonia flow rate is low. The oxygen concentration (x) varied between 0 .29 and 

1.22. The nitrogen concentration (y) varied between 0.43 and 0.68. The lowest 

carbon and chlorine contamination was found for films deposited at 450 °C or above.

Crystallinity increased with substrate deposition temperature and deposition time.

The best sheet resistance measurements were recorded for films deposited above 500  

°C with high ammonia flow rates, and low process gas flow rates.

The largest crystallite sizes were observed when the substrate temperatures were 500  

°C and above.
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The films with the best heat-control mirror properties were those deposited at substrate 

temperatures o f 450 to 550 °C. Infrared reflectance was better for films prepared with 

higher deposition temperatures and lower process gas flow rates. High ammonia flow  

rates also lead to improved IR reflectance. IR reflectance was not particularly affected 

by growth time. The best all-round heat mirror qualities were found for a film  

prepared at 500 °C with a high process gas flow rate and low ammonia flow  rate.

Annealing lead to films o f  composition close to that o f vanadium nitride. This 

occurred through nitrogen-oxygen substitution. This only took place at high annealing 

temperatures. Annealing did not improve heat-control mirror properties.

It is difficult to compare this work to previously published work as no study o f VOxN y 

films has been previously undertaken. In one o f the few papers regarding the 

synthesis o f vanadium oxynitride, Raskolenko et al55 have reported vanadium 

oxynitride prepared by self-proprogating high temperature synthesis. The lattice 

parameters for the material produced was in the range a = 4.076 A to a  = 4.128 A, 

equivalent to the range o f  lattice parameters that have been observed in this thesis, 

however their work has concentrated on VOxN y as a bulk material rather than a thin 

film, as presented here. Zaninulin et al56 reported a wide range o f stoicheometries 

from VNqj 10 |  20 (a = 4.076 A), to VN 0.93O0.12 (« = 4.128 A) for bulk vanadium 

oxynitride. These stoicheometries compare to those reported in this thesis from 

V N 0.43O 1.22 (amorphous), to V N 0.6sO0.29 (0  = 4.124 A).

In summary the vanadium oxynitride films prepared in this thesis compare very well 

with results cited elsewhere in the literature, although this appears to be the first time 

that V N xOy has been specifically deposited as a thin film.
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Chapter 5

Thin Films of Chromium Oxide and
Oxynitride
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5.1 Experimental details

The APCVD experimental conditions for chromium oxynitride and oxide film  

deposition is identical to the procedure described in chapter 3 (section 3.1) except for 

the follow ing changes:

Chromyl chloride (CrCbCb) was purchased from Aldrich (99 %).  It is a red liquid 

with boiling point 117 °C.

Bubbler temperatures were set to around 77 °C as this provided a good vapour 

pressure o f chromyl chloride (see figure 2 .2 b).

The intended coating from this series o f experiments is chromium oxynitride 

(CrOxN y). Prior to this work, CrOxNy has not been reported.

Chromyl chloride is a highly oxidising and air sensitive liquid. It was provided by 

Aldrich Chemical Co. in glass ampoules. To add CrC^Cb to the bubbler meant first 

preparing the bubbler by purging with nitrogen for several minutes. The seal around 

the lid o f the bubbler was loosened. The top o f the ampoule was scored with a glass 

knife. The lid to the bubbler was removed and the nitrogen flow stopped and the 

contents o f the ampoule quickly poured into the bubbler vessel. The lid to the bubbler 

was replaced and the seals tightened. Finally, a small flow o f nitrogen (ca. 0.2  dm3 

min*1) was allowed to pass through the bubbler and its contents. This entire process 

was completed within 5-10 seconds in order to minimise air reacting with the 

precursor.

The proposed equation for the APCVD reaction o f chromyl chloride and ammonia is 

shown in equation 5.11.
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6 Cr02Cl2 + 8 NH3 -» 6 CrOxNy + 12 HC1 + 6 H2 + (4-3y) N2 + (6-3x) 0 2 (eq. 5.11)

5.2 Effect of coater temperature

This study was carried out to look into the effects o f  changing the substrate 

temperature on the final composition o f the film. In the previous work described in 

this thesis, films prepared at lower temperatures were amorphous, had high levels o f  

contamination and didn’t have heat mirror qualities comparable to the same materials 

prepared at higher temperatures. The purpose o f this study was to find out at what 

deposition temperature chromium oxynitride films became crystalline and how the 

composition and optical properties o f the film changed with deposition temperature. 

As before, films were deposited from the chromyl chloride precursor at coater 

temperatures o f 350, 450, 550 and 650 °C. The deposition conditions used in the 

experiments are displayed in table 5.2a.
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Table 5.2a Deposition conditions for the reaction o f  chromyl chloride with ammonia 

for coater temperature variance study.

Variable Level fixed at

Bubbler Temp.

Time o f  Run 

Flow through Bubbler 

Process flow  

NH 3 Flow  

NVNH 3 flow

77 °C

240 seconds

0.25 dm3 min ' 1 (0.0146 mols) 

6  dm3 min ' 1

0.2 dm3 min*1 (0.0328 mols) 

1.2  dm3 min ' 1

Ammonia was used in excess for these experiments, based on the results from 

previous chapters. The films were metallic-bronze in appearance, changing to a 

green/brown colour where the film was thicker. The uniformity for all films was poor 

with only the initial 5-10 cm o f  the substrate covered at all substrate temperatures. 

Similar to all the results quoted for VN and VOxN y coatings, adhesion to the surface o f  

the substrate was excellent. Prereaction was a problem, as there was quite a high build 

up o f green powder in the entrance flange to the coater. Despite this, there were no 

blockages during a 4-m inute run.

XPS analysis was carried out on the films to monitor the effect o f  coater temperature 

on film  composition. This analysis yielded an unexpected result. It was found that 

despite the use o f ammonia, the final composition o f  the film contained no nitrogen, 

and in fact, produced a film  made up o f  only chromium and oxygen. There are at least 

three distinct reported stoichiometries for chromium oxide. These are CrC>3, Cr2C>3 

and C r0 2. The XPS analysis result for the film deposited at 650 °C is shown in figure 

5.2b.
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Fig 5.2b XPS compositional analysis for film deposited from chromyl chloride (0.25  

dm3 min'1) and ammonia (0.2 dm3 min'1) with a substrate temperature o f  650 °C.

Element At. % present

Chromium 39.85

Oxygen 59.8

Nitrogen 0

Carbon 0.3

Chlorine 0

This compositional analysis o f the film prepared at 650 °C suggests a Cr2C>3 film  

(expected: chromium 40 %, oxygen 60 %; found: chromium 39.85 %, oxygen 59.8 %) 

formed. A  four-probe resistance device was used to determine the resistance o f  the 

chromium oxide films. This showed that all films were insulating.

Glancing angle XRD analysis was used to assess the crystallinity o f  the films. As can 

be seen from a representative spectrum (fig. 5.2c) the films were amorphous. The 

XRD results are puzzling, as chromium oxide films prepared by other methods at 

similar temperatures have shown crystallinity84’85’87. All glancing angle X R D  analysis 

on chromium oxide films were run for 12 hours.
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Fig. 5.2c X R D  spectrum  o f  film deposited  from the reaction o f  chrom yl chloride with 

am m o n ia  at a substrate tem perature  o f  650 °C (0.25 dm 3 m in ' 1 CrCFCF and 0 . 2  d m 3 

m in ' 1 NFh).
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_  120 
(0
f  100

40 --

20 -

30 40 50 60 70 80 90
2 Theta (degrees)

SE M  photographs show ed that the particle size w asn 't  really affected  by a rise in 

substrate  tem perature. An SE M  photograph  o f the film deposited  at 650 °C is show n 

below  in fig. 5.2d.

Fig. 5.2d SEM  photograph o f  a CT2O 3 film deposited  at 650 °C (0.25 dnv m in ' 1 

CrCTCF and 0 . 2  d m ' min 1 N H 3).

T o  com plete  this study the films were analysed for their heat mirror qualities. The 

transm ission  and reflectance spec tra  obtained from  these films are d isp layed  below in 

fig. 5.2e.
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Fig 5.2e Transm ission  / reflectance spectra for coater tem perature study 
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The spectra  in fig. 5.2e show that the chrom ium  oxide films deposited  by A P C V D  at 

350 -  650 °C cannot be used as heat-control mirrors. T heir characteris tics  are not 

unlike the reflectance and transm ission properties d isplayed by plain g lass (see fig. 

1.6 c).

5.3 Effect of am m onia gas flow concentration

The results from section 5.2 show that there was no nitrogen incorporated  into the 

films prepared from the reaction o f  CrCFCN with NHh despite the use o f  excess  

am m onia  in the deposition  process. In this section the effects o f  chang ing  the 

am m o n ia  flow rate and coating without am m onia  will be presented.



In this study films were deposited with an ammonia flow rate o f 0, 0.2, 0.6  and 1 dm3 

m in'1. All other factors were kept constant. The conditions which weren’t changed 

during the study are displayed below in table 5.3a.

Table 5.3a Conditions for ammonia flow rate study on films deposited from 

chromyl chloride and ammonia.

Variable Level fixed at

Bubbler Temp. 77 °C

Time o f  Run 240 seconds

Flow through Bubbler 0.25 dm3 min ' 1 (0.0146 mols)

Process flow 6  dm3 min' 1

Substrate temp. 500 °C

N 2/N H .3 flow 1.2  dm3 min ' 1

A flow o f rate o f 1.0 dm3 min ' 1 o f ammonia for four minutes is equivalent to 0.164  

moles. According to equation 5.11, chromyl chloride reacts with ammonia in a 1:1.33 

ratio. Only 0.0146 moles o f chromyl chloride should pass through the reaction 

chamber during the course o f the reaction so the N H 3 is in excess with a flow o f 0 .2  

dm3 min'1.

It was found that a film formed even when only C r0 2Cl2 was used without ammonia. 

This was not really a surprise as the films prepared prior to this contained no nitrogen. 

The film deposited without ammonia had a completely different visual appearance to 

the films deposited in the presence o f ammonia. The film deposited with no ammonia 

was dark green, appeared thick, and covered most o f  the substrate. The films
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deposited with ammonia were all thin, slightly metallic looking and covered the first 

few centimetres o f the substrate.

The compositions o f the films from XPS obtained from the reaction o f  CrC^C^ and 

ammonia with a flow rate o f 0, 0.6 and 1.0 dm3 min' 1 are shown in table 5.3b.

Table 5.3b Compositions o f films deposited with varying ammonia 

flow (0.25 dm3 min ' 1 Cr0 2 Cl2 at 650 °C).

Conditions/

Composition

Ammonia flow  

0  dm3 min' 1

Ammonia flow  

0 .6  dm3 min’1

Ammonia flow  

1.0  dm3 min ' 1

Chromium 13.76 36.2 29.07

Oxygen 37.06 61.9 58.07

Carbon 49.18 0 0

Nitrogen 0 0 6.74

Chlorine 0 1.8 5.32

As can be seen from the data in table 5.3b, film composition is considerably different 

for those prepared in the presence o f ammonia. The amount o f nitrogen present in the 

films never exceeds 7 atomic %. The high percentage o f carbon in the film  deposited  

in the absence o f ammonia is surprising. Indeed the XPS depth profile (fig. 5.3c) 

shows that the composition on the surface to be the same as it is in the bulk. It 

appears that the film is porous and highly reactive in air.
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Fig 5.3c Depth profile o f  the film produced from APCVD reaction o f  CrC^CE in the 

absence o f ammonia (0.25 dm3 min' 1 O O 2CI2 at 650 °C)

It appears from this study that the presence o f ammonia som ehow regulates the 

composition o f the films. This could occur by ammonia facilitating the removal o f  

contaminants and by-products during film deposition. A new equation for the reaction 

o f chromyl chloride and ammonia consistent with these results is shown below  

(equation 5.31).

4C r0 2Cl2 + 8NH 3 -> 2Cr20 3 + 6 NH4CI + 0 2 + N 2 + Cl2 (eq. 5.31)

Exceptionally high levels o f ammonia result in som e nitrogen incorporation in the film  

as shown by the film deposited with 1.0 dm3 min ' 1 NH 3 (table 5.3b). Four-probe 

resistance measurements on all films prepared with a variable N H 3 flow  show that 

they are insulating. Glancing angle XRD carried out on these films has shown some 

reflections for the film deposited without ammonia. The XR D spectra obtained from  

these films are shown below in fig. 5.3d.
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As can be seen from  the spectra  in fig.5.3d, only the film deposited  in the absence o f 

am m onia  is crystalline. This X R D  pattern relates closely to the pattern expected  for 

C r : 0 ’,. If some crystalline Cr^CF is present, the ex tra  carbon and oxygen  in the film 

could have orig inated  from the porous film reacting in air. Films deposited  at higher 

flow rates o f  am m onia  are am orphous. The reason for this is not known.

T here  is a definite difference in the appearance o f  the films p roduced  with and without 

am m onia . Below\ in fig 5.3e, SEM  photographs from the film deposited  with no 

am m onia  and from  the film deposited  with 0 . 6  d m ’ m in ' 1 am m onia  are presented.
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Fig 5.3e S E M  of film prepared with no am m onia  (1) and film  deposited  with 0 .6  dn r  

m in ' 1 am m o n ia  (2 ) (0.25 dnr min"' CrCFCF at 650 °C).
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The transm ission  and reflectance spectra are displayed in fig. 5.3f.

Fig. 5 .3 f  T ransm ission  and reflectance spectra o f  films deposited  from chrom yl 

ch loride  and am m onia  from  the am m onia  flow rate study (0.25 d m 3 m in ' 1 CrCTCF at 
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As can be seen from the spectra in fig 5.3f, the reflectance does rise slightly in the 

infrared region when no ammonia was used during deposition. It also rises where 

higher flow rates o f ammonia have been used, but overall none o f these films have 

optical properties that would make them suitable for use as heat-control mirrors.

5.4 Effect of process gas flow

Films in the previous sections have been prepared with a process gas flow  o f  6  dm3 

m in 1. This has led to attractive coatings, but also to a high build up o f  particulates at 

the entrance flange to the coater.. The purpose o f this study was to investigate what 

effect raising the process gas flow rate to 10 dm3 min*1 had not only on the degree o f  

prereaction but also to see how it affected the appearance and composition o f  the film. 

All factors were kept constant for this study other than the process gas flow  rate. The 

conditions used for this study are displayed below in table 5.4a.

Table 5.4a Conditions for process gas variation study on films deposited from  

chromyl chloride and ammonia.

Variable Level fixed at

Bubbler Temp. 77 °C

Time o f  Run 240 seconds

Flow through Bubbler 0.25 dm3 min*1

Ammonia flow 0 .8  dm3 min' 1

Substrate temp. 550 °C

N 2/N H 3 flow 1.2  dm3 min*1

The first thing o f note from this study was the change in the visual appearance o f the 

films. The film deposited with a process gas flow rate o f 6 dm3 min*1, was bronze
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with mustard yellow areas at the sides where the film was thicker. It had good  

adhesion to the substrate surface and progressed only around 4-5 cm  along the 

substrate. The film deposited under a process gas flow  rate o f 10 dm3 min ' 1 was also 

bronze, although it was lighter in colour than the film deposited with a process gas 

flow rate o f 6  dm3 min'1, this film progressed 7 cm  along the substrate. Adhesion and 

metallic lustre were maintained in both films.

In table 5.4b are details o f  the composition analysed by XPS.

Table 5.4b Composition o f a film prepared with a 6  dm3 min’1 process gas flow rate 

(0.25 dm3 min ' 1 CrOoCb and 0.8 dm3 min' 1 NH 3 at 550 °C).

Element At. % at 6  dm3 min ' 1

Chromium 37.28

Oxygen 61.53

Nitrogen 0

Chlorine 1.19

Carbon 0

The resistance, crystallinity and heat-control mirror qualities o f the films grown at 

high process gas flow rate were equivalent to those films o f chromium oxide prepared 

in the earlier sections.
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5.5 Effect of growth times

As has already been shown in this chapter, the films produced from the reaction o f  

chromyl chloride and ammonia lead to chromium oxide films, which are not 

crystalline and do not possess heat mirror properties. The purpose o f this study was to 

see how the deposition time affected the visual appearance o f the film and the particle 

size as observed by SEM.

Three deposition times were selected for this study - 120, 240 and 600 seconds. All 

other factors were kept constant and are listed in table 5.5a.

Table 5.5a Conditions for deposition time study on films deposited from chromyl 

chloride and ammonia.

Variable Level fixed at

Bubbler Temp. 77 °C

Coater Temp. 550 °C

Flow through Bubbler 0.25 dm3 min ' 1

Process flow 6  dm3 min' 1

NH 3 Flow 0 .8  dm3 min ' 1

N 2/N H 3 flow 1.2 dm3 min ' 1

XPS analysis was used to ensure that the composition o f the material was the same 

over each o f  the deposition times. The results o f this and the amount by which the 

atomic percentage varied between the samples is shown below in table 5.5b.
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Table 5.5b Composition o f films produced from variable growth time studies (0.25  

dm3 min ' 1 Q O 2CI2 and 0.8 dm3 min' 1 NH3 at 550 °C).

Element At. %

Chromium

Oxygen

Nitrogen

Carbon

Chlorine

37.15 (±0.13) 

59.5 (±2)

0

1.8 (±1.5)

1.8 (±0 .6 )

All the films appeared bronze/yellow in colour and, as expected, the film  deposited  

over 120  seconds was a lot lighter than the film deposited for 600 seconds.

5.6 Summary of chromium oxide and oxynitride films

The preparation o f chromium oxide films from APCVD has proved to be quite 

disappointing in terms o f preparing a film o f  potential use as a heat-control mirror. 

None o f the films deposited under the conditions described in this chapter have shown  

anything to suggest that they may have useful optical properties.

The composition o f  the films seems to vary very little from G 2O3 regardless o f  the 

preparation conditions. The exception to this was, o f  course, the film  prepared in the 

absence o f ammonia, which had almost 50 % carbon contamination and film s prepared 

with high excesses o f ammonia which contained up to 7 % nitrogen.
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None o f  the chromium oxide films displayed any crystallinity (apart from the film  

prepared without ammonia) as measured by x-ray diffraction or conductivity as 

determined by four-probe resistance measurements.

Chromium oxide films have been prepared before by several methods in the literature. 

Maruyama et a lu  prepared Q 2O3 thin films by APCVD from Cr(CO)6 and air at 

temperatures as low as 150 °C (or 60 °C with U V  radiation). The films they describe 

have high IR reflectance coupled with significant solar absorptance (necessary for the 

conversion o f solar energy to heat). This was not the case for the films deposited from  

C1O2CI2 and NH 3 in this chapter. However, Maruyama et a l state that the morphology 

o f the chromium oxide films are strongly dependent on the source material and ratio o f  

precursors84. Various other Cr203  films prepared by Erben et a /85, Poznyak et a l%e and 

Lee et a /88,89 have been extensively investigated for use as photothermal energy 

converters, due to their high solar absorptance (a  >0.95) and high IR reflectance.

To conclude this chapter, chromium oxide films have been prepared from the APCVD  

reaction o f chromyl chloride and ammonia. Chromium oxide films prepared by this 

method do not display heat-mirror properties.
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Chapter 6

Mixed Metal coatings



6.1 Experimental details

Note: This chapter refers to any film deposited from the reaction o f VCI4 and NH 3 as 

vanadium nitride (VN) despite the variation in compositions noted in chapter 3. The 

films deposited from the reaction o f TiCU and N H 3 are referred to as titanium nitride 

(TiN) films. The films deposited from the reactions o f  VC14, TiCl4 and NH 3 are 

referred to as vanadium / titanium nitride.

M ixed metal coatings were attempted using TiCl4 in one bubbler and VCU in the 

second bubbler, to form V xTiyN. The second set o f mixed metal films was attempted 

using TiCl4 from the first bubbler and CrC^Cb in the second bubbler to deposit films 

o f CrxTiyOzN. Films o f V xTiyN have been grown before by sputtering as was 

discussed in section 1.7 but CrxTiyOzN films have never previously been grown. 

None o f these mixed metal coatings have been deposited on glass before or 

investigated as heat-control coatings. TiCU was purchased from Aldrich (99.9%) in 

Sure-seal bottles and used as supplied.

To attempt mixed metal coatings, firstly films o f  TiN, VN and Cr203  were laid down 

to provide a comparison for resistance measurements, XRD analysis and 

transmission and reflectance measurements.

The bubbler temperatures were set depending on the precursor (table 6.1a).
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Table 6.1a Bubbler temperatures for some mixed metal coating precursors.

Precursor Temperature

TiCU 95 °C

VCU 118 °C

C r02Cl2 77 °C

The experimental details for mixed metal coatings is generally the same as those 

described in section 3.1 except that this time there are two bubblers in use. The 

changes from the experimental details in section 3.1 are described below.

For the first time in this work both precursor bubblers were used simultaneously. 

The main changes were in the moments immediately preceding and follow ing the 

coating. In section 3.1 the flow was diverted through the bubbler by closing the 

bypass valve then opening the bubbler outlet valve and finally opening the inlet to 

the bubbler to allow the nitrogen flow to bubble through the precursor material. This 

procedure is followed for mixed metal coatings as well, except this time the 

corresponding valves must be closed or opened on the second bubbler at exactly the 

same time as those on the first bubbler. The reverse o f this procedure is performed at 

the end o f the deposition. As the metal halides precursors do not react with each 

other there was considered to be no problem with the early mixing o f  the precursor 

gases after their exit from the bubblers. As before, prereaction occurs when the 

precursor gases meet the ammonia line just before their entrance to the coater.
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6.2 Effect of coater temperature

6.20 Reaction conditions for mixed metal films.

To begin this study, films o f  titanium nitride were deposited at several coater 

temperatures. It was found that below 500 °C, titanium nitride film s had very poor 

adhesion to the glass substrate, so films were deposited at 500, 550, 600 and 650 °C. 

This has been noted in previous literature (discussed in section 1.5) and is due to the 

incomplete decomposition o f the TiCL* /  N H 3 complex. Films o f  vanadium nitride 

were also deposited at these four temperatures under identical conditions. Finally a 

mixed metal film was deposited with bubbler flow  rates that together made up the 

same overall mass flow  as had been used for the single metal coatings. The 

conditions used are summarised below in table 6 .2 0 a.

Table 6.20a Conditions for coater temperature study on mixed metal films

Variable TiN films VN films Cr20 3

films

VxTiyN films CrxTiyOzN

films

Bubbler 1 Temp - 118 °C 77 °C 118 °C 77 °C

Bubbler 2 Temp 95 °C - - 95 °C 95 °C

Time of Run 30 secs 30 secs 4 mins 30 secs 1 min

Bubbler 1 flow - 0.42 dm3 min'1 0.25 dm3 min'1 0.33 dm3 min'1 0.25 dm3 min'1

(0.00735mols) (0.015mols) (0.0058mols VC14) (0.0037 mol C r02Cl2)

Bubbler 2 flow 0.42 dm3 min'1 - - 0.1 dm3 min'1 0.1 dm3 min'1

(0.0036 mols) (0.00086 mols TiCl4) (0.0017 mols TiCU)

Process flow 10 dm3 min'1 10 dm3 min'1 6 dm3 min'1 10 dm3 min'1 6 dm3 min'1

NH, Flow 0.5 dm3 min'1 0.5 dm3 min'1 0.5 dm3 m in'1 0.5 dm3 min'1 0.5 dm3 min*1

(0.00103mols) (0.00103mols) (0.082 mols) (0.00103 mols) (0.0021 mols)

N1/NH1 flow 1.2 dm3 min'1 1.2 dm3 min'1 1.2 dm3 min'1 1.2 dm3 min'1 1.2 dm3 min'1
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The data in figure 6.20a shows that the bubbler flow rates are different in the mixed 

metal depositions. This was to see if one o f the metals was more prominent in the 

final film. For example, for the mixed Ti/V film, six times more VCI4 is reaching the 

deposition chamber than TiCfi. If there is the same chance o f each o f the precursors 

reacting there should be six times as much vanadium as titanium in the final film.

In the same way, for the mixed Cr/Ti films, twice as much Cr0 2Cl2 should reach the 

reaction chamber as TiCfi. The deposition times had to be altered from the individual 

depositions for chromium oxide and titanium nitride because a one minute coating o f  

titanium nitride lead to a very thick film while a one minute coating o f  chromium  

oxide lead to a very thin film. A one-minute deposition time was chosen for the 

combined chromium /  titanium oxynitride depositions.

6.21 Effect of coater temperature on titanium nitride films

As discussed in previous sections, titanium nitride films were deposited as 

amorphous, non-adhesive layers at substrate temperatures below 500 °C. The 

appearance o f  the films ranged from orange/brown with poor adhesion and 

uniformity at 500 °C to very dark brown/black films at 650 °C. Unlike the vanadium  

nitrides and oxynitrides the films were not visually metallic or reflective but were 

very dark and fairly uniform in thickness

Four probe resistance measurements changed as the substrate temperature was 

increased. The variation in 4-probe resistance measurement as a result o f  changing 

coater temperature is shown below in table 6 .2 1 a.
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Table  6 .21a Resistance m easurem ents  vs. coater tem perature  for titanium  nitride

film s (0.42 d m 3 m in '1 T iC l4 and 0.5 d m 3 m in '1 NH-?).

Tem pera tu re Four-Probe

(° C ) Reading ( Q/ O)

500 762

550 208

600 13

650 4

The four-probe reading obtained from  the film deposited  at 650 °C from  the reaction 

o f  T iC l4 and N H 3 is ex trem ely  low, how ever this film was thick and had no visual 

transm ission  (figure 6 .2 1 b).

Fig. 6 .21b  T ransm ission  / reflectance spectra  o f  TiN films deposited  at variable 

coa te r tem peratures  (0.42 dnT m in ' 1 T iC l4 and 0.5 d m 3 m in ' 1 N H 3).
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As can be seen from the spectra in fig 6.21b, at higher substrate temperatures, the 

films are too thick for any transmission in the visible or infrared regions. The 

reflectance properties o f the films deposited at 600 and 650 °C are excellent and 

show why titanium nitride films have been extensively investigated as solar-control 

coatings.

6.22 Vanadium  nitride film s

The properties and composition o f vanadium nitride films have been investigated as 

a function o f coater temperature in chapter 3.2, however in this section, the 

conditions used to deposit TiN films were used. The films were deposited at 500, 

550, 600 and 650 °C.

The visual appearance o f the films did not change with rising deposition temperature. 

The films remained grey / black in colour with a metallic appearance.* The 

composition o f the films, as determined by XPS are shown in table 6.22a.

Table 6.22a Change in composition o f vanadium nitride films with varying 

deposition temperature (0.42 dm3 min' 1 VCI4 and 0.5 dm3 min ' 1 NH 3).

Element At. % at 

500 °C

At. % at 

550 °C

At. % at 

650 °C

Vanadium 46.54 41.85 37.8

Nitrogen 31.17 30.3 26.92

Oxygen 19.50 24.41 27.74

Carbon 2 .8 4.44 5.54

Chlorine 0 0 0
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The four-probe resistance measurements for the VN films, increase with deposition  

temperature, as shown in table 6 .2 2 b.

Table 6.22b Resistance measurements vs. coater temperature for vanadium nitride 

films (0.42 dm3 min ' 1 VCI4 and 0.5 dm3 min' 1 NH 3).

Temperature Four-Probe

(°C ) Reading (£2/a)

500 116

550 149

600 282

650 2 2 2

These measurements show that four-probe resistance readings for vanadium nitride 

films are higher than those recorded for corresponding titanium nitride films 

deposited at equivalent temperatures. This is expected, as bulk titanium nitride has a 

lower resistance than bulk vanadium nitride83. However, the reason for the 

difference in resistance in the thin films is due to changes in thickness (as determined 

by SEM measurements). The VN films deposited at 500 °C were o f the order o f  300  

nm thick. The titanium nitride films deposited at 500 °C were o f the order o f  600 nm

The transmission and reflectance data obtained from VN films is shown in fig. 6.22c.
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Fig. 6 .22c Transm ission and reflectance spectra for V N  films at varying substrate

tem peratures  (0.42 d m 3 m in ' 1 VC14 and 0.5 d m 3 m in ' 1 N H 3)
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The spectra  in fig. 6.22c show that for deposition tem pera tu res  from 350 °C to 550 °C 

the transm ission and reflectance properties o f  vanad ium  nitride films are better  than 

the corresponding  titanium nitride films. At higher tem peratures,  assum ing  the films 

a ren ’t too thick the optical properties are better in titanium  nitride films. A  full study 

o f  t itanium  nitride films on glass substrates o f  a s imilar type to that used in this thesis 

has been conduc ted40.

6.23 Chromium oxide films

C hrom ium  oxide films have been investigated with increasing coa te r  tem perature  in 

section 5.2. but in this section they were investigated at 500. 550, 600 and 650 °C 

under sim ilar conditions to those used to deposit mixed ch ro m iu m  / titanium  

oxynitride films. Four m inute coatings were needed to produce a film o f  adequate
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thickness for analysis ( - 2 0 0  nm), even though a one m inute coating was used for the 

m ixed metal coating.

The films were light brown in co lour with a metallic lustre. T he only visible change  

with increasing coater  tem perature  was the proportion o f  the substra te  coated. At 

h igher deposition tem peratures  the coating covered a sm aller surface area o f  the 

substrate.

As has already been seen in chap te r  5, ch rom ium  oxide films are non-conducting ,  

am orphous  and have poor optical properties. Fig. 6 .23a show s the transm ission  / 

reflection spec tra  for chrom ium  oxide films deposited  with vary ing  coa te r  

tem perature.

Fig. 6 .23a Transm ission  / reflectance data  for ch rom ium  oxide films at varying 

coa te r  tem perature (0.25 dnr ' m i n 1 CrCFCF and 0.5 d m 3 m in ' 1 NFIi).
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6.24 Vanadium / titanium nitride films

The conditions used for deposition o f individual titanium nitride and vanadium  

nitride films were combined for the deposition o f  m ixed vanadium /  titanium nitride 

films. The conditions that were used for these depositions are shown in table 6.20a.

M ixed metal vanadium /  titanium films inherited many o f  the characteristics o f  the 

individual metal nitrides films. At 500 °C the film  was bronze in colour and not 

particularly adherrant to the surface o f  the glass and was akin to the titanium nitride 

films deposited at 500 °C. At higher deposition temperatures, the films took on the 

metallic appearance o f vanadium nitride films, although they retained the bronze 

colour o f titanium nitride films.

The composition o f the mixed metal films at 550 and 650 °C, as determined by XPS, 

are displayed in table 6.24a.

Table 6.24a Change in the composition o f titanium nitride films with variable 

deposition temperature (0.33 dm3 min' 1 VCI4, 0.1 dm3 min' 1 TiCU and 0.5 dm3 min ' 1 

NH 3).

Element At. % at 

550 °C

At. % at 

650 °C

Titanium 36.8 34.1

Vanadium 4.5 1.01

Nitrogen 49.2 46.5

Oxygen 7.8 13.1

Carbon 0 5.4

Chlorine 1.7 0
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These figures show  that as the tem perature  o f  the coater is increased the level o f  

carbon and oxygen  contam ination  also increases. Interestingly, despite the high flow 

through the vanadium  tetrachloride bubbler (six times m ore VC14 reaches the 

reaction cham ber than TiCU), it is the titanium which is preferentia lly  coa ted  onto 

the substrate.

G lancing  angle X-ray diffraction has been carried out on these films to show  that the 

sam e cubic s tructure ob tained for TiN and VN films is still present for the m ixed 

vanad ium  / t itanium  nitride film. The spectra obtained from  the m ixed  metal films 

are show n in figure 6.24b.

Figure 6.24b X R D  spectra from mixed metal films prepared  at variable coa te r  

tem peratures (0.33 d m ' m in ' 1 V C 14. 0 .1  dm 3 m in ' 1 T iC l4 and 0.5 d m ' m in ' 1 N HO .
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These films have been indexed and the lattice parameters have been calculated. The 

preferred orientation and the crystallite size have also been evaluated. The four 

compounds vanadium nitride, titanium nitride, T iO i.04 and VO 0.9 all have the Fm3m  

(225) space groups with the following lattice parameters (ICPDS registry numbers in 

brackets).

(35-765) VN a  = 4 .139 A

(10-313) VO0.9 a = 4.12 A
(43-1296) TiO i.04 a -  4 .194 A
(38-1420) TiN a = 4.241 A

Table 6.24c Lattice parameter and crystallite size information from XR D indexing of 

peaks in fig. 6.24b.

Deposition

temperature

Lattice parameter 

a (A)

Crystallite size 

A

500 - -

550 4.194 143

600 4.197 147

650 4.211 298

The lattice parameters observed from films obtained from the reaction o f  VCI4 / 

TiCL with NH3 are intermediate between those for TiOi.o4 and TiN. There appears to 

be strong preferential growth in the (1 1 1) direction except in the film  grown at 650  

°C, which has preferential growth in the (2 0 0) direction. It can be concluded from 

the lattice parameters that the films have much more titanium content than vanadium  

and this has been confirmed by the XPS analysis shown in figure 6.24a.
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It was hoped that the mixed metal nitrides would  exhibit im proved  optical p roperties  

over those o f  the nitrides o f  vanadium  or titanium  alone. The transm ission  and 

reflectance spectra  were obtained for these films and are d isplayed in figure 6.24d.

F ig .6 .24d  Transm ission  and reflectance spectra  o f  m ixed metal films deposited  with 

varying coa te r  tem perature (0.33 d m 1 m in ' 1 VC14, 0.1 d m 3 m in ' 1 TiCL* and 0.5 d m 3 

m in ' 1 NH-0 -
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These films display som e o f  the best heat mirror qualities ever reported. It appears 

that the addition o f  the second precursor has helped the overall optical qualities. 

These films are still very dark, and so their visual transm ission  is not very high. The 

use o f  both vanadium  and titanium  precursors seems to have obta ined  better  heat 

m irro r qualities in the film than the individual metal nitride films. V Cl4 has possib ly  

aided removal o f  the con tam inants  in the process gas. by reacting with them  before 

they are able to attack the grow ing  film. V anad ium  is very much less prom inent in 

the final film than titanium.



6.25 Chromium / titanium oxynitride films.

The conditions used for deposition o f individual titanium nitride and chromium oxide 

films were combined to deposited mixed chromium /  titanium oxynitride films. The 

conditions that were used for this deposition are displayed in table 6 .2 0 a.

Chromium /  titanium oxynitride films appeared green in colour. Films deposited at 

all temperatures (between 450 and 650 °C) had good adhesion and a metallic lustre. 

The composition o f  two o f the films was calculated by XPS analysis and is displayed 

in table 6.25a.

Table 6.25a Composition o f chromium / titanium oxynitrides at 600 and 650 °C (0.25 

dm3 min ' 1 CrC^Ck 0.1 dm3 min ' 1 TiCLt and 0.5 dm3 min ' 1 N H 3).

Element At. % at 

600 °C

At. % at 

650 °C

Titanium 3.06 2.95

Chromium 40.85 18.18

Nitrogen 22.33 19.99

Oxygen 28.99 52.9

Carbon 1.67 0

Chlorine 3.10 0 .8 8

It seems from this information that chromium is preferentially coated over the 

substrate rather than titanium. Although twice as much CrC^Cb reaches the reaction 

chamber than TiCl4 (table 6.20a), chromium is much more prominent in the final 

film. This can be compared with vanadium / titanium coatings which lead 

preferentially to a coating o f titanium. A further point o f interest, is the high nitrogen
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content o f  the film ( - 2 0  %).  This cannot be attributed to areas o f  TiN grow th  as the 

titanium  atomic percentage is - 3  %. N itrogen  incorporation o f  this level was not 

present in films prepared from just  CrCbCF with NHi. Even though it appears  that 

T iC l4 has had very little impact on the titanium content o f  the films, it does  seem  to 

encourage  nitrogen incorporation.

C h ro m iu m  / titanium oxynitrides are non-conducting  and am orphous. No references 

to ch rom ium  / titanium  oxynitrides could be found in the literature.

The transm ission and reflectance spec tra  for chrom ium  / t i tanium  oxynitr ides  are 

show n in figure 6.25b.

Fig. 6 .25b Transm ission  /  reflectance spec tra  for ch rom ium  / ti tan ium  oxynitr ides  

(0.25 d m ' m in ' 1 C rO : Cl2. 0.1 d m 3 min 1 T iC l4 and 0.5 d m 3 m in ' 1 N H ?).
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The spectra in figure 6.25b are interesting as at higher deposition temperatures the 

reflectance is high in the visible region and the transmission is high in the IR region, 

exactly the opposite from the properties required for a heat-control mirror. These 

properties may well be useful for other products such as U V  filters.

6.3 Effect of ammonia gas flow concentration

In this study, the ammonia flow was altered between 0.2 dm3 min' 1 and 1.0 dm3 min ' 1 

to discover the effect this had on the composition o f the mixed metal films. 

Vanadium /  titanium nitride films and chromium / titanium oxynitride films will be 

dealt with separately.

6.31 Vanadium / titanium nitride films

For this study all conditions were kept constant except for the ammonia flow* rate. 

Flows o f 0.2, 0.4, 0.6, 0.8 and 1.0 dm3 min' 1 ammonia were used. The conditions left 

unchanged throughout this study are shown in table 6.31a.

Table 6.31a Conditions for ammonia study o f vanadium / titanium nitride films.

Variable V xTivN films

Coater Temp. 550 °C

Bubbler 1 Temp 118 °C

Bubbler 2 Temp 95 °C

Time o f  Run 30 secs

Bubbler 1 flow 0.33 dm3 min' 1 (0.0058 mols VCI4)

Bubbler 2 flow 0.1 dm3 min' 1 (0.0009 mols TiCU)

Process flow 10 dm3 min' 1

N 2/N H 3 flow 1.2  dm3 min' 1
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An ammonia flow o f 0.2 dm3 min ' 1 (0.0041 moles) represents an excess o f  the metal 

chloride precursors, while 0.6 dm3 min ' 1 (0.012 moles NH 3) and 1.0 dm3 min ' 1 

(0.0205 moles N H 3) represent an excess o f ammonia.

An XPS study was carried out on the film prepared with a 0.6 dm3 min ' 1 flow  o f  

NH 3. The data collected from this analysis is displayed in table 6.31b.

Table 6.31b XPS composition analysis information for ammonia study (0.33 dm3 

min ' 1 VCU, 0.1  dm3 min ' 1 TiCU at 550 °C)

Element At.% at

0.6 dm3 min' 1 NH3

Vanadium 4.5

Titanium 36.8

Nitrogen 49.2

Oxygen 7.7

Carbon 0

Chlorine 1.7

The XRD information for the vanadium /  titanium nitrides from the ammonia study 

is shown in figure 6.31c.
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Figure 6.31c X R D  spectra  for am m onia  study (0.33 dnr' m in ' 1 VC14, 0.1 dim m in ' 1 

TiCU at 550 °C).
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These spec tra  have been indexed to provide inform ation on the lattice param eter.  

The crystal size has been evalua ted  using the Scherrer  equation. This inform ation 

obtained is displayed in table 6 . 3 Id.

Table  6 . 3 Id Lattice param eter from X R D  indexing o f peaks in 6 .31c and crystallite 

size information.

Ammonia Flow Lattice Crystallite size

(dnr min 1) parameter a (A) A

0.2 4 133 77

0.6 4.104 143

1.0 4.204 179



The spec tra  in figure 6 .31c show that the films are m ore crysta lline w hen deposited  

at higher am m onia  Hows. The preferred grow th for both individual vanad ium  nitride 

and titanium  nitride films prepared in this thesis is ( 2  0  0 ) but the preferred g row th  

for the vanadium  / t itanium  nitride films are (1  1 1).

T he values show n in table 6 .3 Id  show how the lattice param eters  o f  the m ixed metal 

V /T iN  films fall between those expected for T iO |.04 and TiN.

An increase in the am m onia  flow rate leads to an increase in the average crystallite 

size and grain size. An SE M  photograph  o f  the film deposited  with 0 .6 d m 3 m in ' 1 

N H i is show n in figure 6.3 le.

Figure 6.3 le SEM  photograph  o f  vanadium  / t i tan ium  nitride deposited  with 

am m o n ia  flow rate o f  0.6 dnT m in ' 1 (0.33 d m 3 m in ’1 VCU, 0.1 d m 3 m in ' 1 TiCU at 550

°C).

868n»0 8 8 0 8 5  25KV

The transm ission and reflectance spectra  for this s tudy are shown in figure 6.3 1 f.
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The extent to which the reflectance improves with h igher am m onia  flows can clearly 

be seen from the spectra  in figure 6 . 3 If. These spec tra  show  how  lower oxygen  

con tam ination  in these films leads to better heat-control m irro r qualities. The
*2 I

difference between the films deposited  with 0 . 6  and l.O dm m in ‘ flow s o f  am m onia ,  

are not that obvious, but on closer inspection the reflectance curve dips sharply as it 

reaches the visible region o f  the spectrum  for the film deposited  with a 0 . 6  d n r  min 1 

flow o f  am m onia. The reflectance curve for the film deposited  with 1.0 d m '  min 1 o f  

am m onia , is less sharp, showing a gradual lowering o f  the reflectance properties at 

the edge o f  the infra-red region. The ideal heat-control mirror would have a very 

s teep drop from high reflectance to low reflectance so as much infrared radiation is
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reflected as possible. So the film  deposited with 0 .6  dm3 min ' 1 ammonia shows good  

heat-control mirror properties.

6.32 Chromium / titanium oxynitride films.

By now it has been realised that chromium /  titanium oxynitride films do not display 

the properties required for heat-control mirrors, nor do they show conductivity or 

crystallinity. Therefore the purpose o f this study was to discover the effect o f  

ammonia flow rate on the composition o f  the deposited film.

The deposition conditions were kept constant for this study except the ammonia 

flows, which were 0.2, 0.6 or 1.0 dm3 min'1. The conditions for the deposition are 

displayed in table 6.32a.

Table 6.32a Deposition conditions for chromium / titanium oxynitride films during 

ammonia flow rate study.

Variable CrxTiyOzN films

Coater Temp. 600 °C

Bubbler 1 Temp 75 °C

Bubbler 2 Temp 95 °C

Time o f  Run 60 secs

Bubbler 1 flow 0.25 dm3 min ' 1 (0.0037 mols CrC^Cb)

Bubbler 2 flow 0.1 dm3 min ' 1 (0.0009 mols TiCU)

Process flow 6  dm3 min ' 1

N2/NH3 flow 1.2  dm3 min ' 1
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An ammonia flow rate o f  0.2 dm3 min' 1 (0.0041 moles) represents a slight excess o f  

the metal chloride precursors while 0.6 dm3 min*1 (0.012 moles N H 3) and 1.0 dm3 

min ' 1 (0.0205 moles N H 3) represent an excess o f ammonia.

XPS analysis has been used to acquire composition data for one o f the films. This is 

shown in table 6.32b.

Table 6.32b XPS compositional analysis for a chromium /  titanium oxynitride film  

deposited with 0.6 dm3 min ' 1 ammonia (0.25 dm3 min ' 1 CrC^Ck, 0.1 dm3 min ' 1 TiCU 

at 600 °C).

Element At.% at

0.6 dm3 min' 1 NH 3

Chromium 40.8

Titanium 3.1

Nitrogen 22.3

Oxygen 29.0

Carbon 1.7

Chlorine 3.1

X R D and four-probe measurements on chromium /  titanium oxynitride film s indicate 

the material is amorphous and non-conducting. In figure 6.32c the transmission and 

reflectance spectra are shown for chromium / titanium oxynitride film s prepared 

using different ammonia flow  rates.
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Figure 6.32c Transm ission  / reflectance spectra  for ch rom ium  / t i tan ium  oxynitride

films at different am m onia  flow rates (0.25 dm - min' C rCFCF, 0.1 dm ' m in ' T iC l4

at 600 °C).
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There is a definite difference in the reflectance in the visible region for the films 

prepared  under increasing am m onia  flows.

6.4 Effect of process gas flow

6.41 Vanadium  / titanium  nitride films

In this s tudy, films were deposited  with a process gas flow rate o f  5 d n r  min 1 or 10 

d m '  m i n 1. The conditions used during this s tudy are displayed in table 6.41a.



Table 6.41a Conditions for process gas study of vanadium / titanium nitride films.

Variable V xTiyN films

Coater Temp. 600 °C

Bubbler 1 Temp 118 °C

Bubbler 2 Temp 95 °C

Time o f  Run 30 secs

Bubbler 1 flow 0.33 dm3 min ' 1 (0.0058 mols VCU)

Bubbler 2 flow 0.1 dm3 min ' 1 (0.0009 mols TiCl4)

NH 3 flow 0.6 dm3 min ' 1 (0.0123m ols)

N2/NH3 flow 1.2  dm3 min ' 1

For this series o f  runs the ammonia was in excess (double what is required for a 

stoichiometric reaction). During the runs the film deposited under a process gas flow  

o f  5 dm3 min ' 1 experienced more blockages, and produced a thicker film. Both films 

were dark green / black in colour with metallic lustre. The film deposited with a 

process gas flow o f 5 dm3 min ' 1 had some pin-holes, due to particulates from 

prereaction being blown onto the substrate during deposition.

As with other films, a film formed at a lower process gas flow rates will be 

significantly thicker than a film formed when the process gas has a higher flow  rate. 

This leads to a change in the XRD pattern, sheet-resistance and the optical properties 

o f the film. The resistance measurements o f these films show that the film  deposited  

at low process gas flow rates have a lower four probe reading (29 Q/O) compared 

with the film prepared with a higher process gas flow  rate (31£2/t3). The XR D and 

transmission / reflectance spectra for these films are shown in figures 6.41b and 

6.41c respectively.
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Figure 6.41b X R D  spectrum  for vanadium  / titanium nitride film deposited  with a 

process  gas flow rate o f  10 d m 3 min 1 (0.33 d m '1 m in ' 1 VC14, 0.1 d m 3 m in ' 1 T iC l4 and 

0 .6  d m ’ m i n 1 N H ,  at 600  °C)
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Indexing o f  the spec trum  in fig. 6 . 4 lb  shows preferred orientation in the (1 1 1) 

direction. The lattice param eter is a = 4 .197  A. again show ing  a s tructure 

in term ediate  between those o f  T iO | o4 and TiN. The crystallite size was m easured  at 

147 A.

Figure 6 .41c T ransm ission  / reflectance spectra for vanadium  /  titanium  nitride films 

deposited  with varying process gas flow rates (0.33 d m 1 m in ' 1 VC14, 0 .1 d m 3 m in ' 1 

T iC l4 and 0 .6 d m 3 m in ' 1 N H 3 at 600 °C).
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Both o f these films are dark with poor visual transmission. The reflectance 

properties are excellent in both cases, but particularly in the film  deposited at a 

process gas flow rate o f 10 dm3 min'1, where the curve dips sharply just into the 

visible region. A thinner film would be required for use as a commercial heat- 

control mirror.

6.5 Effect of growth times 

6.51 Vanadium / titanium nitride films

The purpose o f this study was to see how growth time affected the deposited film. 

For vanadium /  titanium nitride films growth times o f  15, 30 and 60 seconds were 

used. Other conditions were kept constant and are displayed in table 6.51a.

Table 6.51a Conditions used for growth time study on vanadium / titanium nitride 

films.

Variable V xTiyN films

Coater Temp. 600 °C

Bubbler 1 Temp 118 °C

Bubbler 2 Temp 95 °C

Process gas flow 10 dm3 min ' 1

Bubbler 1 flow 0.33 dm3 min ' 1 (0.0058 mols VCI4)

Bubbler 2 flow 0.1 dm3 min ' 1 (0 .0009 mols TiCU)

NHi flow 0.6 dm3 min' 1 (0.0123m ols)

N2/NH 3 flow 1.2 dm3 min ' 1
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The compositions of the films obtained from XPS analysis are shown in table 6.51b.

Table 6.51b XPS composition analysis for growth time study (0.33 dm3 min ' 1 VCU, 

0.1 dm3 min ' 1 TiCl4 and 0.6 dm3 min ' 1 NH 3 at 600 °C).

Element At.% after 

15 secs

At.% after 

30 and 60 secs

Vanadium 0 .0 0 4.5(±0.4)

Titanium 41.62 37.2(±1)

Nitrogen 52.89 48.8(±1.3)

Oxygen 5.5 7.7(±0.2)

Carbon 0 0

Chlorine 0 1.7(±0.4)

These results show that shorter growth times lead to no vanadium incorporation in 

the film. As growth time is increased som e vanadium is incorporated into the film.

There was a lot o f particulate build up during the 60 second run, almost completely 

stopping the process gas flow. The extra debris made the final film, pin-holed and 

non-uniform. The film  was black and speckled due to the prereaction material 

landing on the substrate surface during deposition. The film  deposited from the 

reaction o f VCI4 /  TiCL* and NH3 over 15 seconds, on the other hand, was very 

uniform and green/gold in colour. The pipework for the 15 second run showed  

minimal prereaction build up.

The four probe resistance readings o f the three films o f  different thicknesses obtained 

from the reaction o f TiCL* / VCI4 and NH3 are shown in table 6.51c.
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Table 6.51c Four probe readings for vanad ium  / ti tanium  nitride films ob ta ined  at 

different grow th times (0.33 d m ' m in ' 1 VCU, 0.1 d m 3 m in ' 1 T iC l4 and 0.6 d m 3 m in ' 1 

N H 3 at 600 °C).

Deposition Four probe

time (s) reading (Q/CJ)

15 46

30 31

60 34

As can be seen from table 6 .51c, the resistance increases betw een  the 30 and 60 

second depositions. This is due to the loss o f  conductive  properties, where the film is 

affected by prereaction (leaving am orphous debris incorporated in the film).

X R D  spectra  for these films are d isplayed in figure 6 . 5 Id.

Figure 6.5 Id X R D  patterns for vanadium  / titanium  nitride films with varying grow th  

times (0.33 dm 3 m in ' 1 VC14, 0.1 d m ' m in ' 1 T iC l4 and 0.6 d m 3 m in ' 1 N H 3 at 600 °C).
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Growth Time 60 seconds

90

The spectra  in figure 6 . 5 Id show that by increasing the g row th  time, the resultant 

increase in film thickness, leads to an increase in the intensity o f  the diffraction peaks 

(recorded  over the sam e time period) by XRD. The th icknesses o f  the films can  be 

es tim ated  as between 200 nm (15 second run) and 800 nm (60 second deposition).  

The films deposited  over 15 and 30 seconds show  preferential g row th  in the (1 1 1) 

direction. Table 6.5 le provides information on the lattice param eters  and crystallite  

sizes o f  the films.

Table  6.5 le Lattice param eter from X R D  indexing o f  peaks in fig. 6.5 Id and 

crystallite  size information.

Growth Lattice parameter Crystallite size

Time a (A i A

15 -

30 4 . 107 147

60 4.21 93

These lattice param eters  are intermediate between those o f  T iO |.04 and TiN. The 

sm aller average crystallite size for the film deposited  over 60 seconds m aybe due to 

the influence o f  the prereaction and am orphous materials interfering with crystallite  

growth.

30 40 50 60 70 80
2 Theta (degrees)



Table 6 . 5 If  show s the effect that the increase in thickness has on the transm ission 

and reflectance spectra.

Table  6.5 I f  T ransm ission  / reflectance spectra  for vanadium  / t i tanium  nitride films 

with varying growth times (0.33 dnr m in '1 VCU, 0.1 dm 3 m in '1 T iC l4 and 0 .6  dm ' 

m in '1 NTh at 600 °C).
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The thicker films show  marked decreases in transm ission. W hat is not expected  is 

the loss o f  the reflectance properties in the 60 second deposition. The reason for this 

loss o f  heat mirror properties is probably due to the prereaction debris, which landed 

on the substrate  during the deposition.

192



6.6 Summary of mixed metal films

The results observed in this section show that mixed metal films can be formed 

effectively by APCVD. Changing the deposition conditions o f the films can affect 

the film composition.

Although mixed metal films have been prepared successfully, it appears that it is not 

easy to. regulate the proportions o f the metals in the film, simply by changing the 

flows through the bubblers. Despite 6  times as much VCI4 reaching the reaction 

chamber than TiCl4, the mixed metal films were found to be predominantly titanium 

as opposed to a mixed vanadium / titanium film. With mixed chromium / titanium 

oxynitride films, it is chromium that is preferentially deposited in the film.

Vanadium / titanium nitride films have properties which make them ideal for use as 

heat-control mirrors, if the thickness and colour o f the films can be controlled. The 

properties o f the vanadium /  titanium nitride films seem to improve on those o f the 

individual titanium nitride and vanadium nitride films. This could be due to 

obtaining the advantageous properties o f  each material, namely the IR reflectance o f  

TiN films and the improved coloration and visual transmission o f V N  films. The 

improved properties could also be due to lower oxygen incorporation in the mixed V  

/ Ti coating. VC14 is, therefore, possibly ferrying contaminants away from the 

reaction site, while TiCl4 is reacting at the substrate surface.

Chromium /  titanium oxynitride films have been formed, typically with high carbon 

and chlorine contamination. A large range o f  oxygen, nitrogen, carbon and 

chromium incorporation was observed depending on the conditions used. The 

chromium / titanium oxynitride films formed were non-crystalline, non-conductive 

and show no application as heat-control mirrors. These films, however, are 

interesting, due to high levels o f nitrogen incorporation into essentially chromium
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oxide films which was not observed in the absence o f TiCl4. Despite this, titanium  

does not appear at significant concentrations in the resulting film.

M ixed metal films have been prepared previously in the literature although rarely by 

APCVD. The main method for the formation o f mixed metal films appears to be 

through magnetron sputtering. J.R. Roos et al ((Ti,Al)N and (Ti,Nb)N))59, Chu et a l 

(TiN/NbN superlattices) 61, Burdis (VzTij _z O)66, Hirashita et a l (TiN/VN  

superlattices)60 and Shinn et al (TiN/(V0.6Nbo.4)N) 64 have all prepared m ixed metal 

films by PVD methods such as magnetron sputtering. Knotek et a /63 has also 

produced Ti-V-N coatings from magnetron sputtering. Their work shows ability to 

vary the amount o f each metal in the mixed metal coating, although this was only  

possible because mixed metal alloys were prepared and ion sputtered in a nitrogen 

atmosphere. The films produced had lattice parameters between a =  4 .18 A and a = 

4.24 A  which is the same as the range o f lattice parameters for Ti/V  N  films 

deposited in this work. Hampden-Smith et a l21 have prepared mixed metal alloy  

films (A gxPdi_x, CuxPd|.x, and AgxCuj.x) by aerosol assisted CV D from  

organometallic precursors, although it is not made clear in the literature whether this
CO

method could be used for deposition o f nitrides. Funakubo et al' have prepared 

FeN x-TiN films by APCVD, from Fe(CsH5)2, TiCl4, NH 3 and H2. They com m ent on 

the difficulty o f preparing ternary metal nitrides. Their method for the preparation 

was very similar to the method employed in this thesis with the mixing o f  the metal 

precursors FeCCsH^ and TiCl4 occuring before the reaction chamber to ensure 

homogeneous elemental distributions throughout the product. Ammonia was added 

to the reactor at the last possible moment to cut down on pre-reaction. The 

deposition was carried out over 30 minutes with much lower partial pressures than 

used for the mixed metal film preparation described in this thesis. The com position, 

(whether preferential deposition o f one o f the metals occurs), is not comm ented on, 

although the degree o f carbon contamination has been recorded as between 0 and 3 

at. %,s .
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N o references to mixed chromium / titanium oxide, nitride or oxynitride film s could 

be found in the literature.

In summary, mixed metal films o f  chromium /  titanium oxynitride and vanadium /  

titanium nitride have been deposited on glass by APCVD. The routes for preparation 

and results compare well with mixed metal films prepared previously. Vanadium /  

titanium nitride has properties which make it a viable heat-control mirror.
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Chapter 7

Conclusions and future work.



7.1 Conclusions

Films o f  vanadium nitride, vanadium oxynitride, chromium oxide, titanium /  vanadium  

nitride and titanium / chromium oxynitride have all been successfully prepared by 

atmospheric pressure chemical vapour deposition on glass substrates. It has been shown 

that by varying the deposition conditions (e.g. coater temperature, amount o f  precursor, 

growth time, annealing conditions), the quality and composition o f the films can be 

altered.

The work in this thesis has shown that carbon, oxygen and chlorine contamination can 

all be controlled in an atmospheric pressure preparation environment, although the loss 

o f  one contaminant may lead to another becoming more prominent. An example o f  this 

is in vanadium nitride films, where at lower deposition temperatures chlorine 

contamination is present, but at higher deposition temperatures carbon contamination 

becomes a problem. Another example is oxygen contamination, which becom es a 

problem at low ammonia flows. Higher ammonia flow s lead to prereaction, which 

becom es a problem as it leads to blockages in the pipework and patchy films. For 

vanadium nitride films both chlorine and carbon contamination are minimised with a 

coater temperature between 450 and 550 °C. Annealing and cooling o f the films under 

ammonia can lower the oxygen content o f the films by exchanging oxygen for nitrogen.

Oxygen contamination is thought to have originated from impurities in the nitrogen 

process gas, but it has been found that by annealing, much o f  the oxygen can be 

removed. Carbon contamination in the films originates from the nitrogen process gas or 

reaction o f the films in air. Less carbon is incorporated in the film  if it is deposited at 

lower substrate temperatures. Chlorine contamination in the films originates from the 

incomplete breakdown o f the precursors, but is only present for films deposited at 350  

°C.
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Prereaction o f the precursors prior to entering the mixing chamber is a major problem  

for deposition experiments that use high ammonia flows. This problem could be limited 

by small changes in the rig design. By allowing the flow o f precursors into the reaction 

chamber in a way that causes less disruption to the flow, less solid build up is observed. 

A diagram o f  a prereaction mixing chamber which has been designed, built and been 

shown to work effectively is shown in figure 7.1a.

Figure 7.1a Design for a new style mixing chamber that leads to less prereaction.

NH3

Metal Halide   Y~ -  -----------------------  To Coater K Mixed Precursor
Precursor  v ■ ■ 1 J  Gases

Vanadium oxynitride and vanadium nitride thin films on glass both show properties 

which make them ideal for heat-control mirrors. Chromium oxide prepared from 

chromyl chloride and ammonia does not show optical properties o f any solar-control 

interest. Attempts at making titanium /  vanadium nitride films resulted in very little 

vanadium incorporation, but did show solar-control optical properties which were better 

than those observed in either vanadium nitride or titanium nitride films prepared in this 

work. The mixed metal films also contain low levels o f  oxygen contamination. 

Attempts at forming chromium /  titanium oxynitride films showed little titanium  

incorporation, however relatively large amounts o f nitrogen were incorporated. 

Chromium /  titanium oxynitride films do not show properties typical o f heat-control 

mirrors.
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7.2 Suggestions for future work

This thesis has given details o f particular routes to vanadium nitride, vanadium  

oxynitride, chromium oxide, titanium /  vanadium nitride and titanium /  chromium  

oxynitride. An effort has been made to provide a complete account o f  these depositions. 

An improved understanding o f the reactions could be undertaken from a number o f  

approaches:

1 The suggested changes to the rig design in chapters 2 and 7 could be made and 

further depositions carried out.

2 Further annealing experiments could be carried out on deposited film s that show  

excellent heat-control mirror properties to see if an improvement in their properties 

and compositions could be achieved.

3 Further mixed metal films could be prepared by varying the amounts o f  metal 

precursors, including an evaluation o f the amount o f each metal present in the 

resulting film.

4 In situ observation o f the nucleation and growth o f  mixed metal films.

5 Comparison o f  the films prepared by APCVD in this thesis with film s prepared by 

other CVD methods using the same precursors and glass substrates.
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