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Abstract

Over the last decade, the requirement for low temperature processing in the 

semiconductor industry has become apparent due to the continued reduction in device 

geometry and the emergence of temperature sensitive materials. Of the low 

temperature techniques available, photo-enhanced processing of materials is very 

promising since the growing films are not subject to damaging ionic bombardment 

which is present in plasma assisted systems. Here is presented the development of a 

flexible large area, low temperature photo enhanced chemical vapour deposition 

reactor (photo-CVD) for apphcations to low temperature thin films processing.

The development of novel excimer lamps has opened up the field of direct photo- 

CVD. Such lamps are a cheap and intense source of visible, UV and vacuum 

ultraviolet radiation (YUV: below 200nm), The major breakthrough with the 

development of these lamps is that they offer a large number of wavelengths that can 

be used for selective photo-CVD. The fabrication and characterisation of those light 

sources were conducted, and various devices generating up to a few watts are 

presented. Applications of the available radiation are also presented such as for the 

direct VUV enhanced generation of ozone and various metal-organic depositions 

(MOD).

For the first time, the 172nm radiation of a xenon excimer lamp has been used to 

deposit silicon dioxide (Si0 2 ), silicon nitride (SigN^), and silicon oxynitride films 

from the photo-CVD of gas mixtures of silane with nitrous oxide and anunonia, and 

at temperatures as low as 300°C. Fast deposition (up to 500Â/min) of Si0 2  was also 

achieved by irradiating silane and oxygen gas mixtures. Investigations into the 

deposition photochemistry are reported, together with the characterisation of the 

deposited material properties. Good Si0 2  and SigN^ film quality was obtained, as 

well as a very good control of the stoichiometry in the case of silicon oxynitride film 

deposition, therefore providing interesting perspectives for electronic and optical 

applications.
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Introduction

The level of world-wide research linked with the densification of integrated circuits 

down to ultra large scale integration (ULSI) has burgeoned in recent years indicating 

without any doubt the enormous potential of this proposed research field. Because of 

the inherent problems associated with high temperature processing for thin film 

deposition, low temperature processing is extremely important for a multitude of 

future generation devices in related technologies. Among the numerous techniques 

which have been brought out to reduce this “thermal budget”, photo-CVD has many 

advantages because of its properties (spatial resolution, chemical specificity, and 

absence of ion damage to the film).

These photo assisted processes have attracted strong interest in recent years by 

enabling the possibility of producing many types of high quality dielectric and 

semiconducting film compounds at low temperature. This is appealing for many 

technologies such as micro-electronics, opto-electronics, magnetic films and other 

multilayer film systems. During this work at UCL, a new kind of excimer lamp has 

been developed, capable of producing at high power very energetic photons (up to 

9.8eV). This project involves the design and the use of these lamps to initiate photo

deposition of various materials. The principle of light emission from excited àimer 

systems has already been exploited for excimer laser technology. In our case, the 

lamp dispenses with the need for standing wave oscillations within an optical cavity, 

since for photo-deposition there is no need of purely monochromatic light. This 

enables the use of low wavelength photons at much cheaper prices than excimer 

lasers. Furthermore, the relatively low energies involved allows pure rare gases to be 

excited, hence shorter wavelengths. Finally, being pseudo-continuous, the total 

photon power can easily reach that of a powerful excimer laser.
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The interest in photo assisted techniques stems from the ability of optical radiation to 

induce specific chemical reactions in the gas phase or at a surface. The selective, 

optical production of atoms, molecular radical species in the vicinity of a surface, and 

the ability to do so independently of the substrate temperature, largely decouples 

temperature effects from the production of the species of interest. In other words, the 

introduction of photons into a thin film deposition reactor allows one to drive the 

chemical environment far from equilibrium by selectively producing species that are 

not normally present in significant concentrations in conventional CVD, MBE or 

MOCVD reactors. This flexibility inherent with the photo-deposition of films permits 

operation at lower temperatures. The variety of materials that can be deposited by 

photo-CVD processes is truly remarkable: to date, some 24 elements, in addition to at 

least 2 0  insulator and semiconductor compound films have been deposited in this way 

[Eden], using various optical radiation from lasers or lamps. However, the use of 

excimer lamps for photo-CVD is exceptionally new. Excimer lamps, with their 

capability of emitting tunable wavelengths in the vacuum ultraviolet range (VUV: 

below 2 0 0 nm) could potentially enable better quality films and devices to be made at 

lower temperatures than with conventional photo-CVD reactors. Since most 

precursor gas molecules exhibit an appreciable absorption spectrum in the vacuum 

UV range, a wide range of compounds can be deposited. For silicon dioxide (Si0 2 ) 

and silicon nitride (SigN^y mixtures of silane, nitrous oxide, ammonia, and oxygen 

(SiH^, N2 O, NH3 , O2 ) were studied.

This project concentrates on novel applications of excimer lamps to the photo

enhanced deposition of thin films. At first the deposition of ShO^ using SiH^ and 

N2 O as precursors has been performed. This work constituted the first application of 

an excimer lamp to the deposition of silicon dielectric films. A xenon excimer lamp, 

which radiates at 172nm, was used to photochemically activate the nitrous oxide 

precursor. The properties of the layers obtained on our prototype system gives 

evidence of promising new domains of application for these light sources. The 

technique is expanded to the deposition of silicon nitride (SigN^;,) layers using 

ammonia and silane as precursors, as well as that of silicon oxynitride and oxide- 

nitride-oxide stacked layers. Fast deposition (up to 500Â/min) of was also 

achieved by irradiating silane and oxygen gas mixtures. Investigations into the
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deposition photochemistry are reported, together with the characterisation of the 

deposited material properties. Good Si0 2  and SigN^ film quality was obtained, as 

well as a very good control of the stoichiometry in the case of silicon oxynitride film 

deposition, therefore providing interesting perspectives for electronic and optical 

applications.

This thesis is divided into 5 parts. In chapter 1, the photo-chemical vapour 

deposition is presented, as a technique allowing films to be deposited at low 

temperatures for semiconductor applications. The description of the photo-CVD 

reactor developed at UCL is given, together with a short review on the 

characterisation techniques used. The importance of well understanding the theory of 

excimers as the main precursor in this technique leads to chapter 2. In particular, 

the wide range of radiations that can be emitted with such lamps is presented. 

Various devices are described, enabling the generation of excimer continua from 

308nm (xenon chloride), down to 126nm (pur argon). The possibilities offered by 

the excimer lamps available at UCL are reviewed, in terms of geometry and power 

output, and a few techniques allowing the measurement of VUV radiations are 

presented. Chapter 3 concentrates on two direct applications of the ultraviolet 

radiation. In fact, since a new type of vacuum ultraviolet source became available 

during this project, new areas of application were investigated, namely the direct 

VUV enhanced generation of ozone, as well as various other applications of the UV 

enhanced organometallic technique (MOD). In fact, at the time of writing this thesis, 

a new project is about to begin at UCL to further extend those MOD experiments.

The photo-CVD of silicon dioxide films from gaseous precursors is presented in 

chapter 4. The technique involves the use of a xenon excimer lamp, radiating at 

172nm, and two cases are studied, whether the gaseous mixture uses nitrous oxide or 

oxygen in combination with silane. All details concerning the experimental 

procedures and the film properties are given. In chapter 5, using the same light 

precursor, the 172nm enhanced deposition of silicon nitride thin films is presented, as 

well as that of silicon oxide-nitride-oxide (ONO) multilayers, and eventually that of 

silicon oxynitride thin films (SiO^Ny). The thesis ends with a conclusion used to 

note the significant implications arising from this study and also future directions for 

study.
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Further to this work, the recent use of devices generating shorter wavelengths, 

namely the 126nm continuum of argon, has been studied in order to enhance the 

direct photo-dissociation of silane to deposit hydrogenated amorphous silicon 

(a-Si:H) layers. Since those results showed some interests, they are presented in 

appendix 1.

Reference: J.G. Eden, in Photochemical vapour deposition, Vol. 122 o f “Chemical 

analysis”, John Wiley & Sons, Inc., New york (1992).
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Chapter 1

Photo-CVD, Apparatus and Methods

The aim of the first chapter of this thesis is to describe the reactor which has been 

developed to deposit under vacuum thin films of various materials at low 

temperatures with the photo-chemical vapour deposition method (photo-CVD). 

Initially is presented the context into which enters the chemical vapour deposition 

technique and in particular when ultraviolet light is used as a precursor. The 

specifications to fulfil in order to achieve the realisation of a reactor are given, and 

particularly to satisfy the experiment requirements and offer a wide degree of 

flexibility to its user. A full description of the reactor follows. Finally, the chapter 

terminates by a review of the usual diagnosis techniques used during the completion 

of this project.
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1- Introduction to photo-chemical vapour deposition 
processing (photo-CVD)

1.1- The need for low temperature techniques

Thin dielectric films are of importance in their use as passivating and insulating layers 

on integrated devices and protecting the active parts of devices from dust and 

moisture. Over the last decade many different techniques of growth and deposition 

have been developed to produce these thin films. However, current trends to reduced 

device geometries and the growing importance of temperature sensitive materials such 

as III-V semiconductors means that high temperatures cannot be applied to 

semiconductor processing if all these materials are to be used in a single integrated 

circuit. One of the problems is that the group V elements from these materials can 

hardly be processed at temperatures higher than 300°C [Chang]. Clearly, in order to 

accommodate this step into current device fabrication procedures, the deposition of 

dielectric materials has to be processed at low temperature. Various techniques have 

been developed, according to the fact that suppressing the temperature means 

bringing energy in a different form.

1.2- A brief outline on other techniques

1.2.1 Physical Vapour Deposition (PVD)

This technique relies on the condensation of vapour phase molecules onto a nearest 

substrate. Evaporation and sputtering are two well known forms of PVD. 

Conventional resistive evaporation is not useful because at the elevated temperature 

used the deposited films can be contaminated by the metal from the filament. In case 

of sputtering, however, ions are directly generated from a plasma, e.g., in Argon. 

The target and the substrate are located on each of the electrodes, and three types of 

plasma can be generated: DC sputtering, RE sputtering and magnetron sputtering. 

The DC sputtering is generally not used for dielectric materials because of its 

tendency to implant charged particles. For RE sputtering, this effect is compensated 

on each alternate cycle and hence is more suitable. In magnetron sputtering, plasma
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electrons are created by a magnetic field and accelerated to the target. This method 

gives higher deposition rates. Generally, PVD does not produce good quality 

dielectric films due to poor stoichiometry and adhesion. They also have poor 

electrical characteristics.

1.2.2- Chemical Vapour Deposition (CVD)

In CVD, the formation of thin films depends on the surface reaction that occurs 

between the surface atoms of the substrate and the chemical species that arrive on it 

from the gas phase. High temperature CVD (for Si0 2 : 700 to 1100°C) gives very 

good quality films. These dielectrics are stoichiometric and do not contain hydrogen 

[Pliskin].

The tendency to reduce the temperature has developed a technique where electrical 

energy is provided to dissociate gas phase molecules. This form is called Plasma- 

Enhanced-Chemical Vapour Deposition (PECVD). The sample is located on one 

grounded electrode, and a high voltage RF signal (typically 13. S'^ MHz)

is applied to the other electrode facing the substrate. This causes electrical discharges 

between the plates producing a plasma which breaks up the source gas molecules into 

radicals, ions, and other energetic species. The substrate temperature used can 

consequently be reduced (from 400°C to room temperature), but charged or high 

kinetic energy species can be the cause of bombardment of the sample which is 

detrimental to interface sensitive devices [Vinckier] [Buchanan].

1.3- Photo-enhanced Chemical Vapour Deposition

1.3.1- Generalities

An alternative to PECVD has led to the development of the photo-CVD technique 

where the energy is provided from photons from infra-red, visible or ultraviolet 

radiation. Although the deposition of films by gas phase photochemical reactions 

was reported in the scientific literature more than 50 years ago [Romeyn] [Emeléus], 

only since the late 1970s has the application of laser and lamp radiation to the growth 

of high quality films been pursued vigorously [Boyd] [Eden]. There are many ways
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of photochemically dissociating a gas for thin film material deposition. Many light 

sources have been used from powerful lasers to lamps. The energy provided from 

the photons can be used in various ways for the deposition of thin films, the most 

frequent way being the photolytic dissociation of reactant gases. This direct 

photolysis is defined from the interaction of one photon with one gas phase molecule. 

The excited molecule liberates its energy by breaking into different molecules or 

radicals which may be used in the film growth process. Generally only ultraviolet 

(UV) photons can provide enough energy for direct photolysis.

The dissociation of the molecule can also be caused by the collision with an excited 

species which required less energy than that necessary for direct photolysis. This is 

called photo-sensitisation and has been extensively used with mercury lamps [Peters] 

[Saitoh] [Tarui-1983]. Powerful lasers can also enhance multiphoton photolysis or 

pyrolytic dissociation [Boyer-1982, -1984] [Fogarassy]. Figure 1.1 shows a variety 

of configurations used for photo-CVD reactors.

1.3.2- Photo-deposition of dielectric materials.

Photo-CVD techniques are low temperature techniques (from 350°C to room 

temperature) which do not present the drawback effect of surface bombardment with 

high energetic species. These techniques have been applied in various ways to the 

deposition of dielectric materials on substrates. In the case of silicon dioxide (Si0 2 ), 

the most frequently used dielectric material for gate oxides and passivating layers, 

two reaction schemes are possible:

• Oxidation, allowing growth of Si0 2  by the oxidation of the surface layer of silicon,

• Deposition, achieved when both silicon and oxygen radicals are brought together 

and allowed to react on the substrate surface.

Generally, the oxidation route gives better quality Si-Si0 2  interfaces due to its inner 

volume characteristic, but it is obviously restricted to silicon substrates. The 

deposition technique is preferred for the deposition thick passivating layers on 

various materials.
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The principle of the deposition technique is to have a gas phase reaction between Si 

and oxygen radicals. The commonly used precursors for these reactions are silicon 

hydrides such as silane (SiH^), disilane (Si2 H^) or trisilane (SigHg), and for the 

oxygen radicals molecular oxygen (O2 ), nitrous oxide (N2 O) or nitrogen dioxide 

(NO2 ) can be used. The photon source used has to dissociate these precursors. A 

look at absorption cross section data [Itoh] [Okabe] [Calvert] [Baulch], showed that 

radiations below 200nm are suitable. This domain of ultra-violet is called Vacuum 

Ultra-Violet (VUV) according to its absorption in oxygen, and hence in air.

The sources of photons to be used for direct photo-CVD techniques on various 

substrates for dielectric materials have then to provide high energy photons close to, 

or in the Vacuum Ultra-Violet range (Table 1.1).

VUV

' / / / / / / / / / / / / ,

UV

B
+

Visible

200 nm 300 nm 400 nm

Table 1.1 : Wavelength location o f the UV ranges

1.4- Sources of Vacuum Ultraviolet light

1.4.1- Lamps

Owing to the high absorbance of air, early spectroscopic studies in the ultraviolet 

region of the spectrum were limited to wavelengths longer than about 2000Â. In 

1893, Viktor Schumann built the first vacuum spectrograph and made the first 

investigation of vacuum ultraviolet radiation. In 1906, Theodore Lyman, using a 

vacuum spectrograph equipped with a concave diffraction grating, was the first to 

measure wavelengths in this region. He found that the Schumann's spectrum had a

Chapter 1 page 13



short wavelength limit of about 125nm, the limit due to the transmission 

characteristics of the fluorite material used. The region 200 to 125Â is since known 

as the Schumann region [Samson]. This is our wavelength range of interest.

Several gas discharge sources can emit in the vacuum ultraviolet range (cf. table 

1.2). The low pressure mercury lamp (germicidal lamp) is by far the most widely 

used UV lamp [Phillips]. In the short wavelength range, its spectrum consists of 2 

lines centred at 254nm and 185nm. The total UV efficiency can reach 50%; a very 

high value for such an energetic radiation. However, the 185nm line efficiency 

hardly reaches 10 % of the 254nm line, and implies the use of expensive window 

materials. When shorter wavelengths are required, low pressure discharge lamps and 

internal lamps have been used [Tarui-1984] [Robertson] [Marks] [Patel]. The 

conversion efficiency of these sources is however very low as can be seen in 

table 1.2. This point is discussed in detail in chapter 2.

Discharge medium Wavelength (nm) Efficiency (%)

Mercury (Low Pressure) 185, 254 50

Hydrogen, Deuterium 100- 300 0.33, 0.05

Nitrogen 120-130 0.08

Glow discharge in
Argon 105-135 « 0 . 0 1

Krypton 125- 170 -  0 . 0 1

Xenon 150-180 « 0 . 0 1

Table 1.2 : VUV sources

The lamp window may also be a source of UV attenuation. There are very few 

materials transparent to far UV radiations that are stable under intense UV exposure. 

The price of these materials has also to be taken into account, according to the fact 

that commercially available VUV discharge lamps are far more expensive when 

enclosed in VUV transparent materials (table 1.3). The lifetime of the window 

material when subjected to radiation damage may also limit the lifetime of the entire 

device (e.g., colour centres) [Escher].
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Materials Cut off 
Wavelength (nm)

Cost
(£/cm^)

Comments

LiF 105 1 0 hydroscopic
MgF^ 115 30 hardly soluble in HF

Sapphire 142 15

Crystalline quartz 160 1

fused quartz (Suprasil®) 160 1 non crystalline (!)

Table 1.3 : Vacuum ultraviolet materials

1.4.2- Lasers

Lasers have also been used as VUV sources of photons. Excimer lasers are powerful 

coherent sources of short wavelength UV photons [Rhodes]. Generally pulsed, they 

can provide energies of lOOmJ per pulse at frequencies up to lOOHz. The most 

commonly used excimer lasers commercially available are using rare gas-halogen 

mixtures with limited photon energy radiation (KrF, 248nm or ArF, 193nm). 

Shorter wavelengths may be obtained with pure rare gas excimer lasers, but these are, 

so far, only used as laboratory devices, because of the very high energy necessary for 

pumping these gases to inversion and the very high gas purity required. We can 

quote however the recent pure Argon laser emitting 80mJ at 126nm developed by 

Kurosawa et al. [Kurosawa].

The price of excimer lasers is by no mean comparable with those of lamps (e.g., 

typical number for capital cost: «£30k). The costs to safely operate (e.g., gases, 

power, mirrors & protective coatings) and handle these powerful low wavelength 

radiations are high.
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1.4.3- Excimer Lamps

Recently, a new kind of UV lamp has been reported [Kogelschatz]. Experimentally 

developed in a Swiss Company, Asea Brown Boveri (ABB), this new generation of 

ultraviolet lamps work on the principle of excimer discharge generation. To date, 

they are not commercially available and have never been used experimentally for the 

photo-CVD of dielectric materials. As for the previously described UV lamps, the 

principle relies on an electrical discharge of a plasma gas. However, and this is the 

distinctive feature of these lamps, the efficiency of light generation can theoretically 

reach 40%. Experimental efficiencies as high as 10% have been reported [Gellert]. 

They cover a wide range of wavelengths from visible to VUV. These sources are 

therefore very attractive for photo-enhanced CVD (table 1.4).

The aim of this project, which was sponsored primarily by ABB, is to develop new 

prototypes of those light emitting devices, and then to exploit their potential for the 

photo-chemical vapour deposition of thin films. The whole of Chapter 2 will be 

dedicated to the presentation of these new lamp features.

Discharge medium Wavelength (nm) Efficiency (%)

Excimer discharge in
Argon 126

Krypton 146 - 1 0 %
Xenon 172

Table 1.4 : VUV Excimer sources
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2.- Design of a photo-Chemical Vapour Deposition 
reactor

At the time of the first drawings for the construction of this vacuum system, there 

was no precise idea on the shapes, sizes and powers to be available from the light 

sources. The main objectives were to build a very flexible system to host very 

different photon sources. Here is presented in detail the deposition reactor, in terms 

of geometry and incorporated features, namely the substrate holder/heater, the 

precursor gas feeding control and the pumping apparatus. Also, since the next 

chapter will be concentrating on the UV source, only a minimum description of the 

parts incorporating the light source is given here.

2.1- Stipulations

A photo-CVD plant is generally composed of a combination of a light source, gas 

distribution equipment, a processing chamber, various in-situ diagnosis apparatus, 

and a pumping unit. According to the geometry of the processing chamber and to the 

size of the samples required, various configurations are possible for the light 

handling. Two main families of reactors can be denoted depending on whether the 

process uses focused light or not. Generally lamps are used in perpendicular 

illumination mode which allows the deposition of thin films on large areas with a very 

good homogeneity [Su] [Petitjean]. Lasers have been used for silicon dioxide growth 

either under parallel [Boyer-1982] [Szorényi] or perpendicular modes [Nayar], the 

former allowing the exposition of a gas phase to the photon flux without bombarding 

the sample surface, the latter being more appropriate with writing, etching or ablating 

techniques. The laser light beams can moreover be focused to offer on smaller size 

coverage much higher energies.

For direct photolysis, lamps providing very short wavelengths (^<300nm) are used, 

and only the photolytic power hv of the photons is used. In our case, where the light 

source emits high energy photons (l< 2 0 0 nm) and over a uniform surface, there is no 

need for focusing the light beam. The configuration which was chosen allows 

parallel illumination of the sample surface, on sizes up to one inch in diameter.
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To allow further flexibility in the material to be deposited, the design of the reactor 

offers different processing gas lines, including silane (SiH^), nitrous oxide (N2 O), 

ammonia (NH3 ) and oxygen (O2 ). The pumping system provides a high vacuum for 

sample preparation, as well as a high pumping speed during processing when high 

precursor fluxes are used.

2.2- General diagram of the photo-CVD reactor

Figure 1.2 shows a view of the entire system. The vacuum chamber is located on the 

left, whether the electrical apparatus including readout and control equipments are 

incorporated on a vertical rack on the right handside of the system. The gas handling 

is located outside the room for safety requirements, and one of the four gas feeding 

mass flow controllers appears in the background of the system on the right hand side. 

The vacuum system is built from stainless steel vacuum components (figure 1.3). It 

consists of the superposition of two chambers separated by a window transparent to 

the light radiation. The top chamber hosts the light source, whether the bottom 

chamber is the deposition reactor. According to the fact that light radiations well 

below the air cut-off are to be used, the top chamber has to be kept under vacuum. 

The processing chamber offers an ultraclean environment for sample preparation prior 

to deposition with background pressures of 10"^ mbar. Access to the sample stage 

implies the removal of the lamp chamber and the breaking of the vacuum.

To the lamp chamber is connected a vacuum ultraviolet grating monochromator which 

records the spectrum of the lamp. This spectrometer is isolated from the lamp 

chamber by a magnesium fluoride window transparent to the light radiation. It is also 

equipped with its separated pumping unit for spectra measurements below 2 0 0 nm.
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Figure 1.2 : Views of the photo-CVD system at UCL 

(Entire system (top), Deposition reactor (bottom))
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Figure 1.3 : Diagram of the photo-Chemical Vapour Deposition system

2.2.1- The deposition reactor

The deposition reactor hosts a vertical stage holder for the sample. The window-to- 

substrate distance can be varied from 10 mm to about 10 cm. In practice, maximum 

distances of 50mm were used in the present film growth process. On top of this 

vertical stage is attached the sample. The MINGO® substrate heater used provides 

very uniform heating (A<10°C at 500°C) over the entire surface ( 0  30mm) of the 

sample holder. The temperature is probed using a K-type thermocouple and gauged 

on an external controller. Working temperatures achieved with this heating set-up are 

in the range of 20°C to 550°C. Precursor gases are fed above the substrate through a 

toric-shaped shower. The distance shower-substrate was typically 5 to 7mm. The
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flows of the precursor gases entering the chamber are controlled by a set of 4 thermal 

mass flow controllers (MFC). The nitrogen ranges of the flow controllers are of 20, 

200, 200 and 200 seem (Standard Cubic Centimetre per Minute (25°C, 760 torr)) for 

silane, nitrous oxide, ammonia and oxygen respectively. The MFCs are controlled 

using a MKS remote unit allowing 4 channel power supply/readout with gas 

correction potentiometers and set point signal for each channel. From those, the gas 

precursors are directly fed to the in-situ shower through a 1/4 inch pipe, the latter has 

the potential of being heated up to about 100°C to study the effect of warming the 

precursors.

A gas purge shower is placed facing the window separating the two chambers. This 

enables the use of a transparent gas such as argon during deposition to flush any 

precursor away from the window. The shower consists of a very thin perforated 

stainless steel straw (02mm). This apparatus is required for the deposition of 

materials that show a high cross section to the radiation used during their deposition. 

It is of particular use in the cases of silicon nitride and amorphous silicon. In some 

cases, however, (in particular for silicon dioxide which hardly absorbs radiations 

above 165nm), a good control of the pressure and the flow of the gas precursors can 

be sufficient to limit the deposition on the window. Window purging is therefore not 

recommended in these cases as it can cause flow perturbations which alter the 

experimental conditions. This problem will be discussed in detail in chapter 4 and 5 

when depositions are presented.

2.2.2- The lamp chamber

Depending on the required lamp configuration, this chamber has to offer a wide range 

of possibilities for holding a lamp device. As the chamber configuration is in turn 

dependent on the type of lamp used, it is appropriate to describe it after the discussion 

of the lamps which is presented in chapter 2. Here is only mentioned that this 

vacuum chamber offers electrical feedthrough features, viewports and pressure 

gauges.

Chapter 1 page 21



2.2.3- VUV transparent window.

The window separating the two chambers has to offer a very low photon cut-off, as 

well as mechanical resistance to the possible pressure difference between the 

chambers. As presented in table 1.3, some quartz materials fit applications using 

wavelengths as low as 160nm. However, as lower radiations may have to be used, 

the window will have to be crystalline magnesium fluoride (Mgp2 ) or lithium fluoride 

(LiF). Furthermore, the use of a fluorinated saturated compound allows eventual 

cleaning with fluoridric acid, good remover of materials such as silicon dioxide that 

are to be deposited. Mgp2  was chosen, although more expensive than LiF, since it 

has the advantages of being for being not hygroscopic and therefore more stable to 

successive cleanings.

At the early stages of this project we bought a magnesium fluoride viewport supplied 

by a vacuum company. Despite the high cost of these windows mainly due to UHV 

sealing requirements, they unfortunately do not offer mechanical resistance to an 

inverted pressure gradient. In fact, a pressure difference of 1 atmosphere in the 

“wrong” direction was sufficient to unseal it. I  therefore recommend buying the 

window from a crystal growing company and to assemble it to any home made flange 

ensuring vacuum with a compressed seal (figure 1.4).

Compression
fitting

Thick Washer Magnesium fluoride
window

Figure 1.4: scheme of the window holder arrangement
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The minimum thickness of the window is calculated with

KP D
Thick ^ = . 1 ^ —  (11)

where S is the apparent elastic limit of the material, D the unsupported diameter, P the 

differential pressure, and K a coefficient that incorporates a minimum safety factor.

2.2.4- Vacuum apparatus

The pumping set-up offers high vacuum background pressures (10“̂  mbar) from a 

water cooled turbomol ecular pump (170 1/s), backed up with a miniature double 

stage rotary pump (30 1/min). In parallel to this stage is a high pumping speed 

fomblinised rotary pump (540 1/min). This pump is used during deposition to 

maintain the chamber pressure constant when the precursor gases are fed into the 

reactor. Also, due to the very small pumping speed of the miniature backing pump, 

the 5401/min rotary pump is also used to provide primary vacuum before 

turbomollecular pumping. Figure 1.5 gives a schematic diagram of the pumping set

up. The entire unit complies with any of the following scenario:

• it allows permanent high vacuum pumping of both the reactor and the lamp 

chamber between deposition experiments

• it allows during processing the pumping at high speed of the gas precursors fed 

into the deposition reactor while the lamp chamber is maintained at a constant 

pressure

• it allows the purge of the lamp discharge gas in the top chamber without 

stopping high vacuum pumping in the reactor

• it ensures insulation of the turbomollecular pump during deposition to avoid its 

contamination with the precursor chemicals.

The pressures are measured with 3 gauges. In order to achieve high accuracy in the 

measurement of the medium pressure lamp discharge and the use of corrosive 

precursor chemicals in the reactor, the system is equipped with two capacitance 

manometers ranging 1000 to 10“  ̂ mbar and 10 to 10“̂  mbar respectively. A third 

pressure device consisting of a Penning gauge combined with a pirani is finally used 

to monitor the high vacuum background pressure in the reactor.
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Figure 1.5 : Pumping setup

2.2.5- VUV and UV monochromator

The radiations emitted from the lamp devices are probed using a MacPherson 

monochromator. The grating is aluminium coated with 2400 grooves /mm, enabling 

a wavelength range from 1050Â to 5000Â under a resolution of a few Â. The 

readout of the monochromator was calibrated using several lines from an argon ion 

laser, as well as that of a low pressure mercury lamp. The instrument volume was 

evacuated to pressures below 10"^ mbar for vacuum UV measurement. The 

spectrum scanning is mechanical and requires the rotation of the grating mirror. The 

output measuring unit consists of a photomultiplier tube with a sodium salicylate 

fluorescent coating (§ 3.1 of chapter 2 for further information on sodium salicylate). 

When biased at voltages around 700V DC, the photomultiplier gives measurable 

voltages (a few 100s of mV) which are recorded on a X/Y chart recorder. All spectra 

shown in this thesis are obtained using this apparatus, unless otherwise stated.
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2.3- Safety requirements

The use of toxic and dangerous chemicals such as ammonia and silane has required 

the use of various safety apparatus to prevent any experimental mishandling. In 

particular, the silane is pyrophoric and therefore has to be handled with particular 

care. In the pure gas phase, it is thermally stable up to 200°C, but small leaks of the 

gas into air will spontaneously ignite to give clouds of white amorphous silica 

particles. Large leaks can lead to an unstable cloud of gas which will suddenly 

explode with no preflame [Tucker]. Pure silane was used, in order to avoid any 

eventual diluting gas experimental artefact. Also, when pure silane is used, the risks 

are reduced by the much lower pressures of silane involved and the considerable 

reduction in the amounts of gas required for each individual experiment. In fact, the 

very low silane flows employed often made possible the work on a closed silane 

cylinder after having filled only the feeding line.

In terms of safety, the gas handling has to be contemplated separately whether the 

presence of silane is considered at high pressures before the reactor, or at 

atmospheric pressures getting in contact with air after the pumps.

2.3.1- From cylinder to reactor

In most of the pipes and fittings of the supply lines, the pressures used are higher 

than atmospheric. It is essential to prevent any faulty action of a valve that could leak 

hazardous gas into the laboratory or to another apparatus. As such, an automatic shut 

off valve is located on the silane cylinder, to act as a flow limiting device to cut the 

gas supply if the flow happens to exceed a critical value of 7 LPM (Standard Litre per 

Minute (2TC, 17 PSIN 2 )). A set of three other normally closed air actuated valves, 

locked with key-actuated switches, is used from the cylinder to the mass flow 

controllers and finally to the reactor (figure 1 .6 ).
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Figure 1.6 : Gas Handling system (Only the case o f silane is drawn)

2.3.2- Exhaust gas handling

Because the reactant gases are pumped away from the system, toxic and hazardous 

residual gases will be present in the pumps at possibly high temperatures and released 

into the atmosphere after the pump. In fact, unreacted silane in the exhaust system, 

particularly if H2  is present, can lead to exhaust fires [Hammond]. To prevent such a 

problem, the exhaust system of the pump is connected to an extractor, and during use 

the pump is heavily purged (about 1 0 0 0  times the incoming silane flow) with an inert 

gas. This inert gas purge is introduced into the ballast of the two stage rotary pump 

in order to dilute the actual content of the gas in the pump without affecting its 

pumping speed.

2.4- Maintenance

A regular maintenance regime consists of regular checkups of pump oil and water 

cooling circuitry. The actual use, this reactor showed a good reliability and very low 

level of failures. The reproducibility of the deposition experiments was very good, as 

long as regular cleaning of the reactor and of the window was carried out. Before 

each deposition experiment, the Mgp2  window was systematically cleaned from any 

deposited product, using a cotton bud wetted in a highly diluted HF solution.
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3.- Characterisation of the deposited thin films

In this section are presented the experimental characterisation techniques used during 

this project to analyse the photo-deposited thin film layers. The thicknesses (a few 

hundred Angstroms) and refracti-ze indices were measured using ellipsometry. The 

background principles of the technique are presented, and the level of accuracy 

obtained in these measurements is discussed. To further study the physical 

characteristics of the deposited films, Infra-Red spectroscopy was used. This 

technique offers a way to analyse the concentration of the species present in the film 

from their binding vibration modes. In particular, Fourier Transformed Infra Red 

Spectroscopy (FTIR) will be discussed.

3.1- Ellipsometry

Ellipsometry is a non-destructive optical analysis method, based on the measurement 

of a change in the polarisation state of an incident light when refracted on a surface.

The measure of this change in polarisation gives:

• either optical parameters of a reflecting surface if the latter is not covered by any 

film,

• or the thickness and optical properties of a layer covering a reflecting 

surface,

• or in the case of spectroscopic ellipsometry (wavelength variation of the incident 

beam), the optical characteristics of the transient region between substrate and 

thin film.

In the case of ellipsometry measurements, the parameters concerned are:

• The refractive index, n, refraction parameter of the incident radiation,

• The absorption coefficient, k, optical attenuation of a beam while traversing a 

medium.
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n and k are directly dependent on the wavelength of the light beam used, e.g., a 

Helium-Neon laser source radiating at 632.8nm. Thin dielectric films generally show 

a very low reflectivity, and most of them are transparent (k=0 ) in a broad region of 

the spectrum.

3.1.1- Fundamental equation of ellipsometry

For this discussion, the incident and reflected beams are invoked by their electrical 

components E//, Ej_ and E”//, E”ĵ  projected in the incident (//) and the perpendicular 

(_L) plane respectively (see figure 1.7). Ellipsometry enables the measurement of the 

difference in polarisation of the light beam after reflection. These measures give the 

phase shift (A) and the ratio (tan \\r) between the peak values of the // and _L 

components of the reflected beam.

It comes:
| E"// I 
| E / / |

( 1.2)

IË7~ I

The reflection on the surface causes a different phase shift in the // and _L waves 

which are designated by A// and Aj_ respectively, and:

A = A// - Aj_ (1.3)

E"//

The ratio p = can then be expressed with:

p = tan Y e ̂  (14)

with 0 °< 'F < 9 0 °  and 0 < A < 360°.

Equation (1.4) is the basic equation of ellipsometrv
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Figure 1.7 : Schematic diagram of ellipsometry

3.1.2- Characterisation of a thin film with ellipsometry

An ellipsometric measurement involves irradiating the surface of a sample at a known 

angle of incidence O with a collimated beam of monochromatic light having a known, 

controllable state of polarisation, and determining the differences between the states 

of polarisation of the incident and reflected beams caused by the sample. A and Y 

are directly obtained from the measure of the angular azimuths of the polariser and the 

analyser respectively when the light extinction condition is obtained. A and Y are 

cyclic functions of the film thickness, and the cyclic function reaches the starting 

point when the optical path is a multiple of the light wavelength.

In the last century, Fresnel derived equations for the reflection of light from a film- 

free surface, establishing that A and Y are each functions of the angle of incidence O, 

the wavelength of the light, the refractive index nQ of the ambient medium, as well as 

the real part U2  and the imaginary part k2  of the substrate refractive index. Drude 

extended the Fresnel reflection equations to a single-film model where A and Y 

depend on the real part n ̂  and the imaginary part k j of the film refractive index and 

on the film thickness e. Namely:
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A = f2  (O, X, iiQ, Ü2 , k2 , n j, k^, e) (1.5)

T  = g2  ( 0 , X, tiQ, Ü2 , k2 , n j, k^, e) ( 1 .6 )

The angle of incidence 0  = 70°, and the medium refractive index nQ are constant, and 

in the case of thin films on silicon, n2 » k2  are also constants at ^=632.8nm. From 

the measure of A and 'F, and as the optical constants of the substrate are known, it is 

possible to determine the values of the thickness and the refractive index of the film, 

within the limits of a periodic constant. Practically, either graphical methods or 

computerised calculations can be used. In the case of silicon oxide or nitride thin 

films on silicon, the cycle thickness is 2815Â and 1792Â respectively. For most of 

the experiments, the deposited layers have thicknesses well below these values. 

However, if the deposited films were sufficiently thick to reach these values, the 

colour of the sample gives a good idea of the thickness (see Appendix 2), enabling 

the determination of the cycle.

3.1.3- Precision and accuracy

Ellipsometry can measure film thicknesses of at least an order of magnitude smaller 

than can be measured by other methods. For thin films from 20 to 200Â, the 

reproducibility of measurements remained within the boundaries of a maximum of 

10Â error, most probably resulting from power. driFh of the He-Ne laser used. 

This error was compensated by always measuring the thickness of the same reference 

sample prior to the measurement. The ellipsometer used was a Rudolf AutoEl II 

model, which showed very good reliability.
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3.2- Infra-red spectrometry

3.2.1- Interest

Infra-red spectroscopy is a well known technique for structural analysis of materials. 

In the case of silicon and silicon dielectrics, the optical absorption measurements in 

the infra-red region can yield important information about the film such as thickness, 

chemical composition, density and impurity concentrations. The measurements were 

performed on films deposited on single crystal silicon wafer substrates, which are 

transparent over the spectral range of interest (25|Lim to 2.5|im , corresponding to 400 

to 4000cm" ̂ ). Absorption in the near infra-red region is due to vibrational mode 

resonance of the inter-atomic bonds in the material. Different vibrational modes and 

bonds between different elements, give rise to a range of characteristic absorption 

frequencies associated with each bond type. Appendix 3 gives a review of the usual 

infra-red vibrational mode for several silicon bonded light elements, which are of 

interest in this work.

3.2.2- Instruments

3.2.2.1- Dual beam spectrophotometers

At the early stages of this project, a Perkin Elmer 380 dual beam spectrophotometer, 

which scans over the range 200 cm"^ to 4000 cm“  ̂was used. The infra-red radiation 

source in this instrument is a red hot silicon carbide rod, which illuminates both the 

coated sample and the bare silicon substrate reference. The transmitted radiation 

through each sample is alternately reflected, via a diffraction grating, onto a 

pyroelectric sensor by a rotating mirror. The ratio of the two signals at a given 

wavenumber then defines the transmission through the coated sample relative to the 

reference. The diffraction grating slowly sweeps the detected infra-red radiation over 

the desired wavenumber range and a chart recorder plots out the transmission 

spectrum during the scan. However, those instruments are far from being as 

convenient as modern instruments using Fourier Transform Infra-Red spectroscopy 

(FTIR).
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3.2.2.2- Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy offers potential advantages compared with conventional 

dispersion infra-red spectroscopy, namely:

• Higher signal to noise ratios for spectra obtained under conditions of equal 

measurement time, (only a few seconds per scan),

• Higher accuracy in frequency for spectra taken over a wide range of 

frequencies,

• Fewer difficulties with insufficient sample size.

An FTIR spectrometer basically consists of two parts: an optical system which uses 

an interferometer, and a dedicated computer. The computer controls optical 

components, collects and stores data, performs computation on data, and displays 

spectra. The use of a dedicated computer with any spectrometer has advantages. 

However, the real advantages of an FTIR spectrometer result in the use of an 

interferometer rather than a grating or prism. Figure 1.8 shows a simplified diagram 

of the optical system.

Laser Reference 
Interferometer

Detector

Detector

Sample

Source

Infra-red
Interferometer

Figure 1.8 : Simplified diagram of the optical system of a Fourier Transform Infra-

Red spectrometer [Green]
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The light from an infra-red source is collimated and sent to the beam splitter of a 

Michelson interferometer. The beam is divided, part going to the moving mirror and 

part to the fixed mirror. The return beams recombine at the beam splitter undergoing 

interference. The reconstructed beam is then directed through the sample and focused 

onto the detector. A laser beam, undergoing the same change of optical path as the 

infrared beam, serves to reference the position of the mirror during the scan, and 

initiates the collection of data points from the signal of the infrared detector at uniform 

intervals of mirror travel. The data points are digitized by an analog-to-digital 

converter and stored in a computer memory. The result is an interferogram, i.e., a 

record of the signal of the infra-red detector as a function of the difference in path 

(retardation) for the two beams in the interferometer. The interferometer scans are 

generally taken quite rapidly (a few seconds each) to avoid extensive signal averaging 

before digitalisation. Data from additional scans can be coadded to the data stored in 

computer memory to improve the signal to noise ratio of the interferogram. A Fourier 

transformation is performed on the interferogram using a fast Fourier transform 

algorithm, to convert the signal as a function of retardation to a signal as a function of 

frequency. Two different FTIR spectrometers have been used during this project. 

Part of the results in Chapter 4 and 5 are either computed from a Nicolet 200 

spectrometer, or from a Perkin-Elmer 7000 model.
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4.- Conclusion

The context into which enters the photo-CVD technique has been presented. The 

inherent necessity associated with the use of low temperatures during thin film 

processing make these processes good candidates towards future industrial 

applications. The interest in photo-CVD techniques stems from the ability of optical 

radiation to induce specific chemical reactions in the gas phase or at a surface. The 

development of a new kind of lamps, namely the excimer lamps, capable of 

producing high fluxes of photons in the VUV region, opens up new applications 

towards the direct photo-initiated deposition of thin films.

The photo-CVD reactor, which has been developed at UCL during this project has 

been presented. It offers, with a very high flexibility, the possibility to expose 

substrates and/or gas phases (SiH^, N2 O, NH3  or O2 ), in a high vacuum 

environment (10"^mbar), to the radiations emitted from such excimer lamps. Using 

this reactor, the deposition of thin films is proposed, namely that of silicon dioxide 

and silicon nitride materials. The main techniques used to characterise the deposited 

thin films during this project have also been reviewed, namely the ellipsometry and 

the fourier transform infra-red spectrometry.
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Chapter 2

Excimer Lamps

The lamp devices used during this project are not commercially available and part of 

the reported work consists of the fabrication of prototype sources. In order to put 

this work into context, the current understanding of the theory of the excimer effect 

and its application to light emitting devices are reviewed. In particular, this chapter 

addresses the excimer lamps, also found in the recent literature under the names of 

dielectric barrier discharge (DBD) sources, silent discharge lamps, or excimer light 

sources.
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1 - Silent discharges for excimer generation

1.1- Electrical discharges for UV generation

1.1.1- History

The luminous emission observed when an electrical current passes through a gas has 

fascinated observers since their discovery at the very beginning of the study of 

electricity. Initial investigations of this phenomenon was limited by the low 

deliverable current initiated by electrostatic machines, and the area of study centred on 

atmospheric pressure low current breakdown experiments. Also, due to the very 

dangerous electrical equipment used, the study of the high pressure electrical 

discharge of lightning proved fatal to far more physicists than it enlightened.

In 1879, long before the concepts of mobility, diffusion, attachment or recombination 

had been born. Sir William Crookes had already studied the rays emitted from 

discharges in low pressure glass tubes whilst submitted to DC voltages from voltaic 

piles. After his long series of experiments, and the design of his many Crookes 

tubes, he championed the theory that these emitted rays were due to charged particles. 

With the improvement of vacuum and glass blowing techniques and electricity 

handling, the behaviour of the glow discharge as a function of pressure, electrode 

geometry, and type of gas, filled the literature for many years till the discovery of X- 

rays (1895) and the electron (1896).

It is only by 1911, with the work of J.J. Thomson and J.S. Townsend, that we can 

really consider the beginning of the historical development of the field of study of the 

electrical discharge in gases, with the clear recognition of the nature of the elementary 

charged particles, especially the electron, as well as the concept of positive and 

negative ions. J.S. Townsend became the acknowledged leader in discharge research 

of his time. He and his students dominated the field for a generation, amassing an 

impressive volume of data, coefficients, and parameters to characterise the “passage 

of electricity through gases”. The knowledge of the electrical discharge in gases 

considerably advanced during this time to the point where experimentation could not 

be improved with the equipment of the time.
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With the great classification of atomic theory together with the remarkable 

improvements in laboratory techniques through the use of Pyrex glass, better pumps, 

induction furnaces, electron tubes, and oscillographs, the mid-twentieth century 

accelerated many types of discharge tubes and plasma research. Engineers introduced 

these phenomena into everyday life in the form of domestic fluorescent light and neon 

signs. In the last decade, interest in this field has rapidly increased because of 

increased activity in atmospheric research and plasma physics.

1.1.2- Electrical discharges

Electrical discharges are transitions of charges through a gas, generating light by 

radiative decomposition of excited states [Hirsh]. Today intense UV radiations from 

medium and high pressure glow discharge xenon and mercury/rare gases lamps are 

generated by the application of a high electric field between two electrodes. In such a 

way, low wavelengths can be obtained from low pressure rare gas resonance line 

sources, e.g., the argon line at 106nm [Patel-1990], the Krypton line at 124nm and 

the Xenon line at 147nm.

However these glow discharges are only accessible at low pressures, which implies 

that few light-generating excited species exist, and furthermore low pressure often 

shows self absorption of the emitted light (see details in § 1.2.2). Only low 

efficiency photon fluxes will therefore be obtained with such devices. For higher 

fluxes, the gas pressure has to be increased and the type of the discharge changes 

from glow discharge to arc discharge. For arc discharges, the light generation is 

caused by a charge transition between the electrodes. Increasing the electric field 

between two plates to a critical field or breakdown voltage results in the appearance of 

an arc. The breakdown voltage is directly correlated with the dielectric strength of the 

gas mixture and is therefore lower for rare gases and it increases with the pressure.

The breakdown is reached when the induced field in the gap exceeds the 

corresponding Paschen field. This is obtained by dividing the Paschen voltage of the 

gas by the product nd, concentration per electrode gap spacing (figure 2 . 1 ).
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Figure 2.1 : Paschen breakdown voltages for rare gases [Meek]

The discharge is a filament within which electrons and ions can migrate from one 

electrode to the other, in a single channel of excited states. However, when an arc 

appears in the gap separating the electrodes, the local dielectric strength drops. The 

arc is thus self-sustained and a very high current passes through the discharge. 

Heavy bombardment of the electrodes with excited species during an arc discharge 

results in their gradual erosion. High pressure discharges have therefore to be 

modified in order to obtain continuous generation of the excited species. These two 

major problems associated with conventional arc discharges of self-sustaining and 

electrode eroding tend to limit large scale applications of this mode of photon 

generation.
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1.2- The silent discharge or dielectric barrier discharge

1.2.1- The electrode problem

To prevent the etching of the electrodes during discharge, it is essential to limit the 

amount of charge and energy that can be fed into the arc. One simple way is to cover 

the electrodes with a dielectric material (Fig 2.2).

Diel
E E

Plasma Diel

High voltage 
>0 half cycle

Electrode 

I I Dielectric

Figure 2.2 : Dielectric barrier discharge structure

Increasing the voltage on one electrode results in an increase in the charge build up on 

the inner surfaces of the dielectric and hence a rise in both values. When the 

breakdown voltage in the gap between the electrodes is reached by the arc

appears causing the dielectric surfaces to discharge. Thus both E ĵjgj and 

values drop, thereby extinguishing the arc. In high pressure plasmas, covering the 

electrodes with a dielectric material solves both problems of electrode etching and self 

sustaining of the arc. When alternate voltages are used, such phenomena occur on 

each half cycle, resulting in a larger number of arcs per second and hence a higher 

optical efficiency. Consequently, very high frequency input signals (typically a few
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hundreds of kHz) result in high efficiencies. Also, because of the partition of the 

charge on the total surface of the dielectric during the fast voltage rise, there is no 

possible equilibrium of the charge over the dielectric surface, hence many breakdown 

voltages can be reached simultaneously on various randomly distributed points, 

resulting in numerous microdischarges appearing on the same high frequency 

alternance (cf figure 2.3). Due to the fast rising voltages involved, long time delays 

are observed before breakdown, thus corresponding to an effective vol 

higher (~ 50%) than the actual Paschen field for stationary breakdown [Kogelschatz- 

1990]. These modifications allow much greater UV power to be generated than is 

obtained from a high pressure arc discharge and therefore explain the higher 

efficiency of the dielectric barrier discharge.

L
S  Metal Electrode 
nn Dielectric

Microdischarge in discharge gap (100pm)

Figure 2.3 : Surface repartition of the dielectric harrier discharge
at high frequency

Figure 2.4 shows the oscillogram of the electrical signal generated by a high 

frequency photodiode when exposed to the UV radiation. The top signal is the input 

high voltage fed to the lamp (x500 probe), oscillating at 300kHz. It appears that the 

frequency of the photodiode output is twice as high as that of the input signal, since 

the lamp discharges occur on each monoalternance of the AC voltage. The diode 

output signal is recorded as its summation over 40 scans, coadded and smoothed, and 

thus has excellent uniformity. Its dissymmetry is caused by the geometrical 

dissymmetry of both the lamp and the sensor, as the light is observed through one 

cylindrical electrode.
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Figure 2.4 : Oscillogram of feeding voltage (upper trace), 

and photodiode output (X=172nm).

1.2.2- The pressure effect

It has previously been mentioned that arc discharges, in contrast to glow discharges, 

are obtained in a high pressure plasma. In fact, glow discharges occur in a few torr 

and arc discharges above 50 to 100 torr. By increasing the pressure (and obviously 

the number of species) we can therefore modify the nature of the discharge. This 

increase of pressure changes the wavelength generated from resonance lines to higher 

continua. In the cases of pure or pure mixtures of gases, we can clearly observe this 

modification of the spectrum. This effect is illustrated in figure 2.5 for the case of 

xenon. This is due to the fact that at higher pressures, the probability of having direct 

recombination of an ionised molecule can be lower for certain gases than the 

competi ng reaction with the ground state. This is the case when excimer formation 

occurs, as will be explained in the next section.
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Figure 2.5: Pressure dépendance in a xenon dielectric barrier discharge 
(the spectra have been re-drawn from scanned records).

(Spectra obtained with the light source presented in § 3.3.1, figure 2.20).

1.2.3- The excimer formation

This phenomenon was first explained by Forster and Kasper in terms of the 

formation of a complex containing two pyrene molecules [Forster]. The complex has 

been given the name “excimer” since it is a dimer, which is stable in an electronically 

excited state [Gilbert]. The existence of excimer generation stands in the absence of 

an electronically stable ground state.

Chapter 2 page 45



Excimer formation can be represented by 

M*+M —> MM* (2 .1)

where M is a ground state, M an excited state, 

and MM* the corresponding dimer.

To explain this process, reference is made to the following simplified energy diagram 

(figure 2 .6 ).

Xe+Xe
Xe+Xe'
Xe+Xe

second
continuum atomic

transition
172 nm

Xe + Xe

 ►
intemuclearreq
separation

Figure 2.6 : Simplified band diagram for excimer generation

At low pressure, and hence at high intermolecular separation, if an M state is excited 

to an M* level, this state can generate light by radiative recombination. Due to the flat 

shape of the bands, all photons emitted have the same energy, thus the corresponding 

emission spectrum is norrov</ (line). Also, the light generated can easily excite 

another M ground state to an M* level, hence there will be self absorption of the 

emitted radiation. This contributes to limit the efficiency of low pressure discharges.
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Another scenario that can be examined by reference to figure 2.6 is the case when two 

ground state molecules (level M) are brought closer together. These molecules feel 

no mutual attraction. In fact, at higher pressures (i.e., for small intermolecular 

separation), a mutual repulsion is experienced by these ground states. In contrast, if 

one of the M-states is provided with electronic excitation, the upper curve displays 

considerable attraction as the M and M* species are brought together. The result is 

the formation of a bound complex MM*. The binding energy of a typical excimer is 

substantially less than that of a typical diatomic molecule. Also, the absence of a 

bound ground state means that dissociation of the complex m a y  lead to light 

emission.

(MM*) —> M+M+ hv (2.2)

The vibrationless level of the bound excimer has an energy substantially below that of 

the separated components M*+M (the difference is the binding energy). Thus, 

emission of light from MM* involves a transition of a lower repulsive potential 

energy surface, with a smaller energy difference compared to that for emission from 

the M* monomer. Therefore, the emission will always involve the release of a 

photon of lower frequency (higher wavelength) compared to the monomer emission, 

thus explaining the shifted emission of xenon observed in figure 2.5. Also, the 

emitted radiation shows a substantial range of energies, explaining the broad 

continuum observed.

When further excitation is provided to the ground state monomer, the excited state is 

able to return to the ground state through numerous steps including monomer and 

dimer levels as detailed in figure 2.7. Such a form of molecular band structure 

characterises the existence of an excimer.
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Figure 2.7: Dimer chemical pathway [Rhodes]

1.2.4- Excimer formation in dielectric barrier discharges

The principle of excimer lamp operation relies on the radiative dissociation of excimer 

states created by a dielectric barrier discharge. Therefore, if we build a device 

enabling excited state creation in high pressure plasma, the transition of charges 

between the two dielectric covered electrodes results in a number of randomly 

distributed filaments of excimer states. Each channel corresponds to a single transit, 

or streamer, breakdown. The microdischarge filaments are of submicrosecond 

duration and submillimeter radial extension [Eliason-1987]. We can discern three 

separate steps during the life cycle of such a filament: (i) the formation of the 

discharge from the electrical breakdown (within nanoseconds), (ii) the ensuing 

current pulse or transport of charges across the gap (1-lOOns) and (Hi) 

simultaneously the excitation of the atoms and molecules present and thus initiation of 

the reaction kinetics (from nanoseconds to seconds). Properties of a typical 

microdischarge are outlined in table 2 . 1 .
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Total Charge IQ-io A s

Current density 10̂  A cm'^

Electron density 1 0 "̂̂ cm'^

Electron energy >5eV

Table 2.1 : Properties of the microdischarge

B. Eliasson and U. Kogelschatz have developed a theoretical model presenting the 

discharge physics and the plasma chemistry involved with time, input voltages, and 

gap spacing for various gases [Eliason-1991]. The overall theoretical efficiency of 

dielectric barrier discharge lamps can reach 40%. Experimental values of 10% have 

been obtained, losses are generally caused by the absorption from the window 

material, by geometrical losses, and by temperature increase. In fact, the high current 

density, passing through the gas when the discharge occurs, has a detrimental effect 

of heating the plasma. This increase of temperature reduces the amount of energy that 

electrons can provide to excite the ground state molecules and therefore results in a 

loss of efficiency. When high powers are required, it is essential to cool the lamp 

devices, generally by flowing water through the electrodes.

1.3- Application to rare gas molecules

1.3.1- Pure rare gas excimers

In 1955, Tanaka intensively studied the continuous emission spectra of rare gases 

[Tanaka]. In figure 2.8 is presented the inter-molecular energy curves for Xenon 

[Haaks]. We can observe the potential wells for the first and the second continua. 

The intense second continuum corresponds to a transition from the lowest vibrational 

level of the two lowest lying bound electronic excimer levels to the repulsive ground 

state.
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Figure 2.8 : Potential energy diagram of xenon and corresponding emission [Gellert]

Because of the experimental difficulties in measuring spectra below 120nm and the 

necessity for high pressure discharges to use transparent window materials, the 

emissions below 1 2 0 nm will not be investigated in this thesis, and in particular the 

cases of helium and neon excimer radiations. The case of xenon is described, 

although a similar mechanism applies to the other rare gases. Kinetic models for rare 

gases pumping mechanisms have been presented by D.J. Eckstrom et al. 
[Eckstrom]. Figure 2.9 shows such simplified mechanism for xenon. Although we 

do not wish to discuss it in details within the framework of this thesis, a similar 

treatment has been proposed by Bergonzo et al. for the case of argon. The resulting 

publication can be found submitted in Appendix 5 [Bergonzo].
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Figure 2.9 : Pumping mechanism in xenon (adaptedfrom Rhodes)

Energetic electrons present in microdischarges excite and ionise the Xenon 

e ' + Xe -4  Xe+ +26' (2.3)

e + Xe —̂ Xe +e (2.4)

At high pressures (>50mbar), the formation of molecular ions becomes very efficient. 

This then leads to the formation of excited neutrals:

Xe+ + 2Xe ^  Xe2 + +X e (2.5)

Xe2 "̂  + e —> Xe + Xe (2.6)

Three body reactions can then lead to the formation of bound molecular levels:

Xe** + 2Xe Xe2 * + Xe (2.7)

When the Xe2  dissociates into 2 Xe atoms, it radiates a photon at 172nm

Xe2  —̂ 2 Xe + hv (172 nm) (2 .8)

Rare gas excimer continua radiate at 126nm, 146nm and 172nm for argon, krypton 

and xenon respectively (Fig. 2.10).
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Figure 2.10 : Spectra measurements for Ar, Kr and Xe gases

1.3.2- Halogen dimers and rare gases/halogen exciplexes

Numerous excimers can be generated from dielectric barrier discharges. Halogen and 

rare gas mixture excimers are commonly used in excimer lasers, and these require 

less pumping energy than pure rare gases. However, as they emit in lower energy 

ranges, they are less of interest for direct photo-CVD. The principle of rare gas- 

halogen excimers is similar to that of the rare gases presented before. It involves the 

creation of (RgH)* states, which generate light by radiative dissociation. As such, 

the large number of excimers which can be generated in dielectric barrier discharges 

extends their emission bands from the VUV to the visible part of the spectrum (fig. 

2 . 11).
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Figure 2.11 : Excimer emission bands [Rhodes]
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2.- Excimer lamps (X, > 160nm)

2.1- Construction of excimer lamps

The kinetics of dielectric barrier discharges have been presented. To construct a 

device for UV light generation based on this principle, one requires two electrodes 

covered with a dielectric and a gas cell at a pressure of a few hundred torr. The purity 

of the gas is the most important parameter in order to avoid the generation of lower 
energy radiation from contaminants. Therefore, the gas has to be enclosed in a very 
clean chamber made of material which does not degas even when heated up to high 

temperatures. In this respect, quartz or similar compounds are ideal. An added 
advantage is that various shapes can be developed using these materials. Figure 2.12 

presents 2 possible geometries: cylindrical and planar.

Discharge 
Gap

VUV

Generator 
' 1

CocklingInner Electrode

Perforated
Outer

Electrode

Figure 2.12 : (a) an example of cylindrical gas cell for excimer lamp
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Figure 2.12 : (b) An example of planar gas cell for excimer lamps

The glass cells are pumped down to 10"  ̂ torr, filled with the required gas or gas 

mixture, and then sealed. This technique eliminates concern about long term gas 

purity over long periods of use (over 500 hours for pure rare gases). With these 

devices, the radiation is generated inside the discharge volume and is transmitted 

through one of the dielectric material also acting as a window. The wavelengths 
produced are therefore limited by the cut-off frequency of the dielectric material. Also 
glass working requirements implying the use of non crystalline materials, this 

arrangement cannot be used for wavelengths shorter than 160nm, the transmission 
cut-off of the Suprasil fused quartz (table 1.3).

Various lamp prototypes using the cylindrical set-up presented in figure 2.12 (a) have 

been developed during this project. This configuration was in fact the most 
convenient for us and especially for our glass blowing workshop. The dimensions 
are 30cm in length, 30mm in outer diameter for the outer tube, and 16 to 20 mm 

diameter for the inner tube. Some of the results presented in chapter 3, section 2, 
regarding MOD experiments, are obtained from such a cylindrical krypton chloride 

(222nm) lamp used to irradiate various organometallic coatings. Two xenon chloride 

(308nm) lamps were also developed during this project for a parallel project interested 

in the direct photodissociation of fluorine which shows a strong absorption cross 

section around 300nm. However, most of these rare gas/halogen devices were 
developed in order to obtain a database on these systems, since our knowledge in the 
optimised ratios and pressures is currently limited. Also, it has been suggested that 
the halogen element used as the excimer precursor may progressively react with the 

outer tube material, ensuring the formation of opaque to the radiation crystal defects.
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and therefore strongly limiting the life time of those devices. A few pictures of such a 

XeCl lamp are shown on figure 2.13 as well as the related spectrum.

For semiconducting or dielectric material deposition from direct photo-CVD, 

wavelengths below 200nm are required (§1.3.2). One can then use a cylindrical lamp 

set-up to generate 172nm photons from dielectric barrier discharges in xenon with a 

cell made of Suprasil. Films of silicon dielectric materials have been deposited during 

this project with such a device. Results are presented in chapter 4 and 5. These 

results are the first application of these lamps to dielectric material processing. Good 

quality films were obtained, such a photo-enhanced process can then compete with 

similar processes using the low pressure mercury lamp [Petitjean].

XeCl
308nm

350260 300

Figure 2.13 : Excimer continuum of a xenon chloride mixture

Chapter 2 page 56



Picture of a 03Omm-3Ocm Xe excimer lamp

Pictures of a 03Omm-15cm XeCl excimer lamp
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2.2- Power measurements

2.2.1- Electrical methods

The difficulties in handling very short wavelengths make the use of commercially 

available detectors very difficult. It is so far either impossible or extremely expensive 

to buy calibrated devices capable of measuring the VUV radiation. Common 

detectors as UV diodes or photo-multipliers will not respond to the emitted radiation 

without special expensive attentions for the window material used and the coupling of 

the sensor to the light source (under vacuum). One easier way is to use the 

fluorescent properties of some materials to convert the VUV energy to higher ranges 

of the spectrum where measurements can be performed with common light detectors.

The use of sodium salicylate is well documented for VUV measurements [Déjardin]. 

The relative quantum efficiency is showed to be constant from lOOnm to 330nm 

[Watanabe]. The fluorescence occurs around 430nm, which allows the use of 

common photodiodes (fig. 2.14).

Following a design a presented by Robertson, such a VUV sensor based on the 

fluorescence properties of sodium salicylate has been developed [Robertson]. 

Sodium salicylate is readily soluble in methanol, and may then be sprayed or spin 

coated on any 430nm transparent material (or even on the detector surface). The 

solution may conveniently be sprayed with a scent atomiser directly towards the 

surface maintained at a temperature around 80°C on a hot plate. The ultra-violet to 

visible light conversion efficiency of the phosphor layer is close to unity for a 

F i  I m  of 2  to 4 mg/cm^ [Allison][Samson]; which may be produced by multilayer 

applications until the surface has the appearance of quality white paper. Using an 

optical band pass filter centred around 430nm, it is possible to eliminate the influence 

of stray light. Figure 2.15 shows a schematic of the device. This set-up can be 

calibrated either using any other calibrated light source (e.g., a low pressure Hg 

lamp), or by considering the absolute conversion efficiency of the fluorescent film.
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Figure 2.14 : Spectral response (top) [Watanabe] 
and fluorescence (bottom) [Thurnau] of sodium salicylate
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Figure 2.15: Relative emission intensity sensor
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Such a sensor has been developed at UCL, but problems associated with its 

calibration limited its use to relative measurements. One of the problems is that the 

sodium salicylate film conversion efficiency decays with time, from around 1 to 0.65 

within a few days. Films should therefore be renewed and re-calibrated for each set 

of measurement. This sensor was only used to obtain rough ideas of the light 

energies generated.

2.2.2- Chemical actinometric measurements

When a gas is irradiated by high energy photons, it may react leading to the formation 

of other products for which the analysis is simple and precise. Several systems have 

been studied and literature data provides accurate quantum yields over wide ranges of 

wavelengths of the absorbed light (e.g., [Calvert]). Such a method utilising oxygen 

has been used. When oxygen is submitted to UV radiation (^<240nm), ozone (O3 ) 

is formed. From the amount of ozone generated, the efficiency of the source can be 

estimated. This system was used to calculate the overall efficiency and power output 

of a 172nm xenon lamp as shown in figure 2.12(a).

2.2.2.1- Ozone generation

Ozone is essentially a colourless gas with a characteristic pungent odour. It is one of 

the strongest oxidants available. It has a particularly strong smell detectable at about 

O.lppm in air, and is toxic at concentrations above Ippm. In fact, historically, the 

first use for the dielectric barrier discharge generation was for the direct excitation of 

oxygen molecules in the microdischarge leading to the formation of ozone 

[Kogelschatz-1988]. Today, many water purification plants in the world use such a 

technique. The ozone is bubbled through water for purification (removal of taste, 

colour, odour, decomplexing organically bound heavy metals such as manganese, 

iron and destruction of inorganic substances). With a short lifetime in air, ozone 

shows better environmental qualities than other oxidants where transport, storage, 

and decay products are concerned. The section 1 in chapter 3 will present 

experiments on the generation of ozone in a mechanism based on its photo

generation, using a similar principle to  the one described for the present 

experiments.

Chapter 2 page 60



22.2.2- Theory of VUV enhanced generation of ozone

Under the influence of photons, oxygen is dissociated via the reaction (2.9) [Baulch] 

(fig. 2.16):

O2  + hv —̂ 0  + 0  (2.9)

E%
E

8 ■* 
.9 - 2

I - 3

- 4

- 5
1200 1600 2000 2400

Wavelength, A

Figure 2.16 : oxygen absorption cross section

The ozone molecule is formed by the three body reaction of oxygen atoms with O2 , 

through an initially excited O3 * state [Eliason-1989]

O + On + On —̂ On + Ô (3.2)

Being exposed to the UV radiation, the ozone molecule will also be dissociated:

O3  + hv —̂ O + O2  (3.3)

Eliasson et al. developed a model of ozone generation under VUV irradiation, based 

on the assumption that the particle species are distributed homogeneously with the 

volume of the reaction chamber [Eliason-1990]. They concluded that the resulting 

concentration corresponds exactly to the formation of two O3  molecules per incident 

VUV photon. The suggested quantum yield in this model is therefore equal to 2.
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A quantitative method has been used to characterise the amount of ozone generated. 

The ozone gas is bubbled through a potassium iodide buffered solution (pH=7) 

(Figure 2.17) [Maier] :

O3 + 2KI + H2O ^  I2 + O2 + 2KOH (3.4)

The released iodine is titrated with sodium thiosulfate after acidifying with diluted 

sulfuric acid, resulting in the disappearance of the colour of the solution:

I2 + 2S2O32- ^  21- + (3.5)

From the amount of sodium thiosulfate used, calculations lead to the amount of ozone 
produced, from which efficiencies in term of photons and input power are deduced.

2.2.2.3- Experimental setup

The oxygen-ozone mixture generated is bubbled through a series of three different 
condensers. The first is empty, to avoid any possible suction of the KI solution back 

into the system. The second and third bubblers contain the KI solution. The third 
one allows constant check-up that the solution in the second bubbler is not saturated.

Oxygen Oxygen + Ozone

Lamp under test

\

Z

\

z

Oxygen

X
KI and 
Iodine

\

O

z:
KI

_x

Figure 2.17 : Experimental set-up for ozone detection
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The molecular absorption of oxygen at 172nm is about 10 cm"^atm“  ̂ (fig. 2.16). 

Therefore, at 760torr of oxygen pressure, the absorption length of the emitted 

radiation is about only 1mm. A xenon excimer lamp is used, with 30mm external 

diameter, surrounded by a metal tube of 50mm inner diameter and a length of 16cm, 

allowing a radial depth of 1 0 mm, which guarantees complete absorption of the 

172nm radiation (Figure 3.5). The solution used was a potassium iodide (2%) with a 

N/10 sodium thiosulphate starch solution.

2.2.2.4- Results

From the titre obtained, the amount of ozone which has been bubbled through the 

solution can be calculated. After 4 minute experiments, the measurements gave 

values ranging around 65mg of ozone generated. The quantum yield of generation of 

ozone at 172nm being equal to 2, the mass of ozone obtained corresponds to 4.2 

1 0 ^ 0  quanta used in the reaction.

Also, assuming each photon emitted to be at the centred wavelength of 172nm (i.e., 

7.22eV, or 1.16 10"^^J), it gives a total radiated energy from the lamp of 485 Joules, 

thus a power of 2W, or about 40mW/cm^. This power was obtained with an input 

power of 50W, corresponding to an overall conversion efficiency of 4%. Since the 

measurement was made using an unoptimised ozone generator, it is assumed that 

some of the ozone generated molecules have been dissociated before being counted. 

The power obtained can therefore be considered as a lower limit, these measurements 

are then very promising; such a power of 40mW/cm^ at 172nm being already 

comparable with those of powerful low pressure mercury lamps. Generally, the lamp 

input power hardly exceeded 30W (corresponding to 20mW output power) for 

deposition experiments.
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3 - VUV excimer lamps

3.1- Introduction

For shorter wavelength generation, the cell has to be 

constructed from crystalline materials as detailed in §1.2.5. Due to the expensive 

nature of these materials and the difficulties involved with crystalline material glass 

work, one cheap and convenient solution is to use UHV chambers with crystalline 

view ports made of LiF or MgF2 - The light generated inside the cell volume is 

emitted through the view port to any attached deposition chamber. A few groups 

have also preferred this configuration for wavelengths above the cut-off of suprasil 

quartz and in particular for the xenon continuum generation (172nm) 

[Kessler] [Manfredotti].

3.2- Initial VUV excimer lamp design

The key requirement for such a system is to allow radiations down to the argon 

continuum (126nm). Initial designs therefore comprised a light source inside a 

vacuum chamber from which the light was emitted through a crystalline viewport. 

The lamp possessed an interlocking cylindrical multi-electrode geometry (figure 2.18) 

[Patel-1991]. This planar light source allowed VUV generation in a multiple 

discharge gap. The chamber configuration is presented in figure 2.19.

Vext

Discharge gap

Nickel Wire

Ceramic Holder

Quartz tube 

Stainless Steel electrode

Electrical connector

Figure 2.18 : Interlocking cylindrical multi-electrode geometry set-up
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Gas
Inlet

Power To 
Supply Pump Capacitance

Manometer

High voltage lead
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Viewport

Excimer Lamp
Mgl̂
Window

Photons

Figure 2.19 : Lump house for the first prototype of excimer lamp at UCL

Radiation as energetic as 126nm (9.8eV) was able to be generated using the Argon 

excimer continuum with this lamp. However, the available intensity was limited: the 

power to be supplied (under several kV) had to be brought into the chamber via 

insulating feedthroughs. High voltages had then to be brought inside the volume 

containing the discharge. At high power, it is obviously difficult to avoid arc 

discharges between the high voltage feedthrough lead and any grounded part. This is 

caused by the fact that dielectric strengths of rare gases (around lOkV/cm [Meek]) are 

much lower than that of quartz (about 200kV/cm [CRC Handbook]). Even if 

generating the desired wavelength, these arcs were self-sustained and resulted in the 

etching of the feedthrough electrodes. Most deposition attempts with this lamp were 

in vain because of the power limitation. This set-up had to be modified to external 

energy feeding.
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3.3- Improvements

3.3.1- Lamp configuration

To avoid the problem connected with energy feeding from the gas volume, the high 

voltage is introduced through an atmospheric pressure column feedthrough to the 

lamp. The lamp is also designed with a multi-cylindrical electrode geometry, and 

consists of half sealed quartz tubes containing a ground conductive material (iron 

filings) (figure 2.20). Each tube being assembled through a flange of the lamp 

chamber, a high voltage lead can be connected from the outside of the gas volume. 

See also pictures on the next page.

Flange Iron filings filling Flange

Vacuum seal 
(torr seal)Pyrex high voltage 

electrode holder “

Vacuum seal 
(torr seal)

Discharge Gap

High voltage electrode Ground electrode

Figure 220 : Lamp set-up enabling the generation of radiations of wavelengths 

shorter below the suprasil wavelength cut-off (160nm)

Spectra of the rare gas continua were obtained for the cases of argon, krypton and 

xenon (figure 2.10). High pressure second continua of neon (8 6 nm) and helium 

(73nm) could also be obtained with this lamp, but this implies the absence of a 

window between lamp and reaction chambers, hence it limits their use to high 

pressure reactions. The need for high purity of the excimer gas also implies the 

absence of any other gas plasma. Such a light source can therefore be used for curing 

or etching, patterning and surface reactions, but are incompatible with photolytic 

enhancement of gas phase reactions.
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3.3.2- Optimisation for Ai2 * continuum generation (126nm)

The device presented in figure 2.20 is mounted in a chamber where is introduced 

argon. The electrical microdischarges generated in the gap separating the three 

annular electrodes create Ar2 * excimer species, and their radiative dissociation emits 

126nm photons. This radiation correspond to a 9.8eV energy transition between the 

and states of the excimers to their stable ground states. It is clear that the 

higher the transition, the more it is likely that some impurities present energy levels 

located between the transient states. As such, the excimer generation of 126nm from 

a discharge in argon is a lot more exposed to purity problems than that of lower 

transition excimers (e.g., xenon at 7.2eV). Also, it has been shown that in the case 

of xenon most of the purity problems could be overcome by completely sealing the 

discharge gas in a quartz tube. Here, since the gas is directly in contact with the 

chamber volume, impurities trapped on the walls of the chamber may be released and 

alter severely the intensity of the spectrum. For instance, at the early stages of the 

development of this lamp, an unexplained peak at 300-305nm was measured in the 

spectrum of the lamp output. This peak was persistent with respect to lower 

background pressures, as well as higher cylinder purity. Eventually, it occurred that 

it was caused by the presence of a few tens of centimetres of PTFE piping in the 

argon feeding line, i.e. between the cylinder and the lamp chamber. As argon is 

know to be extremely non reactive at room temperature, and also since no degasing of 

the piping materials is likely to happen at high pressures (few atm), this shows well 

how dramatically anultra low concentration of impurities can alter the spectrum output 

of such lamps. Also, unlike for the xenon cylindrical lamp, the development of this 

device did not consider the possible implementation of water cooling facilities. As a 

result, not only the photo-emission decreases due to the temperature increase (phonon 

losses), but also the heat generated by the lamp promotes impurities to degas from the 

chamber walls and to affect the spectrum output.

To overcome those purity problems, one empirical solution is to allow a permanent 

flow of the discharge gas to be flown through the discharge volume. With the use 

of an optimised 1.51/min flow of argon, no such decrease of the output emission is 

observed It is to be noted that this flow is relatively high, and therefore the cost of
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the gas has to be taken into consideration when further development is to be made. 

For instance, according to the excessive prices of xenon and krypton, it may be more 

appropriate to consider the use of a UHV bakeable chamber thus enabling higher gas 

purity and preventing the need for a flow.

3.3.3- Output power

Although the use of actinometry techniques was preferred for the measure of the 

xenon lamp intensities, less convenience is offered in the case of argon excimer 

emissions. In fact, a look at the absorption cross section data for oxygen shows that 

a  varies from 0.3 to 1000 and down to 1.6 atm'^cm"^ at 121, 125, and 127nm 

respectively [Calvert] [Inn] [Marr] (as known, oxygen shows very little absorption in 

the region of the spectrum close to the Lyman line (121.6 nm)). These huge 

dispersions on a  render quantum efficiency calculations almost impossible for the 

case of ozone formation. As a result, the present intensity measurements were limited 

to spectra and photo-detector evaluation, with reference to calibrations obtained with 

the xenon lamp devices. Using the device presented in § 2.2.1, in-vacuo, it comes 

that the lamp can emit intensities of 30 mW/cm^ at a narrow range of wavelengths 

centred around 126nm.

3.4- Incorporation to a CVD reactor

The argon excimer lamp can be assembled to a deposition system as shown on figure 

2.21. The radiation is directly generated inside the chamber volume, and emitted in 

all directions and particularly through the magnesium fluoride window towards the 

deposition reactor. Preliminary work, which concentrated on the photo-enhanced 

deposition of hydrogenated amorphous silicon using this system was investigated, 

and the results are given in appendix 1 .

Chapter 2 pagg 69



Lamp RF/HV supply

Gauge ™

To pumps

4 U  4 hv 4 4 4 4

HeaterVertical *  

stage sample
holder

Window purge

Pressure gauges

t
To pumps

Figure 2.21 : Experimental setup of the argon lamp photo-CVD system

4.- Conclusion

In this chapter, the technologies involved with the fabrication and the use of excimer 

lamps have been presented. The initial steps of the exciitd dimer generation theory 

have been reviewed, together with a few essential VUV characterisation techniques. 

Using this type of light source, almost all domains of the ultraviolet range can be 

covered by selecting the appropriate gas mixture. The continua generated in the UV- 

A, B, and C ranges have already been used for various industrial applications, such 

as in UV curing (polymerisation) of special paints, varnishes and adhesives, with 

applications on wood, metal, paper, plastic parts, foils, compact disks, and glass 

fibers [ABB]. In the case of photo-CVD, the use of shorter wavelengths is necessary 

in order to cope with the absorption cross sections of the precursor gases. 

Consequently, mainly the radiations emitted from lamp devices using pure rare gases 

are of interest, and in particular the 172nm continuum of pure xenon excimer species.
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Chapter 3

Initial Applications of Excimer Lamps

Since a new type of powerful vacuum ultraviolet source became available in this 

project, and further to the photo-CVD experiments, various new areas of applications 

have been investigated. Two new features are presented in this chapter, consisting of 

the development of an ozone generator using the 172nm radiation of a xenon excimer 

lamp, and in various applications of the ultraviolet enhanced organometallic 

deposition technique (MOD) of a few materials.
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1.- Photochemical generation of ozone with vacuum
ultraviolet radiation (VUV)

1.1- Fundamentals of ozone generation

1.1.1.- Introduction

A brief introduction lb the various properties of ozone has been given in the previous 

chapter (§ 2.2.1). Mainly, ozone (O3 ) is a commonly used gas with various 

applications in treating drinking water and industrial waste-waters. It is one of the 

strongest oxidants available. It has a characteristic pungent odour, which is not 

offensive [Rice]. In the earth stratosphere, ozone is formed photochemically under 

the effect of the sun VUV irradiation, but it also occurs at ground level in low 

concentrations due to photochemical decomposition of certain transient air pollutants. 

Under the conditions at which ozone is usually generated, concentrations above 9 to 

10% cannot be obtained conveniently. At ambient temperatures, pure ozone is a blue 

coloured gas, although the colour is generally not noticeable at the concentrations at 

which it is generated. Ozone decays in air, with a half life of about 10 hours in the 

atmosphere at ambient temperature. Small increases in temperature reduce 

considerably the life time, down to about 2 seconds at 200°C [Masschelein]. In 

water, the half-life of ozone stands between 10 to 30 minutes.

Ozone mainly finds its applications as a cleaning reagent, since it is intensively used 

in the world on water and wastewater cleaning plants [Rice] [Kogelschatz]. 

However, ozone is also used for various electronic applications and material 

fabrication technologies, e.g., in superconductor MBE techniques [Siegrist], as well 

as for ultrathin gate oxide fabrications [Kazor], and elaborate wafer cleaning and 

oxide removal [Suemitsu] [Pidduck].

Because of the inherent lab ility  of ozone, it cannot be purchased and stored until 

ready for use as can other oxidants/disinfectants currently employed. Instead, it is 

generated on-site, near its point of use, as it is required. This tends to motivate actual 

research on the development of new techniques for the generation of ozone, an 

environmentally clean disinfectant.
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1.1.2- Toxicity of ozone to humans

The major concern for exposure to ozone is breathing it when ozone has leaked 

accidentally into the workplace atmosphere. This may happen when total destruction 

or evacuation of the ozone is not achieved on the site of an ozone generation 

experiment, or also when vacuum ultraviolet light leaks from a lamp system and 

causes photochemically enhanced generation of ozone in the laboratory. If ozone is 

detected in the laboratory atmosphere, the appropriate response procedure is to shut 

off the electrical power which then ceases its generation. Normally, human olfactory 

capabilities can detect ozone in the ambient air at levels around 0.1 ppm. Exposure to 

atmospheric ozone levels below Ippm for as long as 5 minutes is non-symptomatic 

[Langerwerf] [Bollyky]. For higher concentrations, figure 3.1 gives the relationships 

between exposure and human response.
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Fa ta l  Region

1 , 000- -

[ermanent 
X. Toxic
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100 - - ^mporary x ,
N^Toxic Region

Non-Toxic Region
1 0 "

Non-Symptomati
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10,000
Exposure Time in  Minutes

Figure 3.1 : Concentration vs time relationships between exposure to ozone and

human response [Langerwerf]
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1.1.3- Conventional generation of ozone

Among the methods by which ozone is generated, the corona discharge, or silent 

discharge, is the most widely used procedure. The main feature of this electrical 

discharge technique is the presence of a dielectric layer between the discharge gap and 
at least one of the electrodes (figure 3.2).

Air or oxygen

m #

“

_ Microdischarge in 1

High Voltage Electrode 
Dielectric 

—► Ozone

Figure 3.2 : Ozone generation in a corona discharge

The presence of the dielectric leads to the formation of a large number of micro

discharges of nanosecond duration. These micro-discharges are uniformly 

distributed with respect to space and time. The existence of the microdischarge is 
conditioned by the electrical breakdown in the gap. Figure 3.3 shows the breakdown 

voltages (Paschen curves) in air.

In oxygen, the main reactions are: 

e + 0 2  e + O + 0  
O + O2 +M ^  O3 -f- M

(3.1)

(3.2)

in which M is a third collision partner, namely O2 , O3 or N2 in air.
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The maximum efficiency of ozone generation would be obtained if every O atom 

reacted according to reaction (3.2) to form an ozone molecule. In practice, additional 

chemical side reactions can occur:

0  + 0  + M —> O2  + M (3.3)

O + Og —> 2 O2  (3.4)

10

>  1 0

wo
<

o  10

I.cc.m O z o n iz e r s

10

Figure 3.3 : Paschen curve for air

For oxygen discharge, calculations have proved that, at best, about one third of the 

discharge energy is channelled into ozone formation. The major part of the dissipated 

electrical energy is converted into heat and will have to be removed by a cooling 

circuit. In air, other reactions involving nitrogen atoms or excited nitrogen molecules 

may lead to the formation of oxygen atoms that eventually react to form ozone. 

Therefore, the generating efficiency can be higher (by a factor of 2) as one could 

expect from the oxygen content of air. Optimised values for ozone generators are in 

the range 2-3% for air-fed ozonisers to 7% for oxygen-fed.
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1.2- Ozone generation with UV radiation

1.2.1- Oxygen photodissociation

The absorption spectrum of oxygen in the various regions of the UV spectrum was 

given in figure 2.16. In order not to create charged particles, the energetic 

requirements for the UV radiation used for the photo-dissociation of O2  molecules are 

that the radiation must be energetic enough to dissociate O2  (X<242nm) but not 

energetic enough to produce ionization (X>103nm). Practical considerations, such as 

the necessity to absorb the UV radiation in a laboratory experiment over a path length 

of a few centimetres lowers the upper wavelength limit below 190nm. In principle, 

the 185nm radiation of the low pressure mercury lamp can be used for the generation 

of ozone; but the low efficiency of these lamps at 185 nm and the intense 254nm line, 

which destroys the ozone, limit such applications.

1.2.2- Use of the xenon excimer source

Under the influence of the 172nm photons, oxygen undergoes dissociation, and the § 

2.2.2 of chapter 2 gave details on the photochemistry. At an atmospheric pressure of 

pure oxygen, the absorption length of the radiation is about 1mm. The suggested 

quantum yield of such a generation of ozone is equal to 2 , thus resulting in the 

formation of two ozone molecules per incident UV photon.

1.2.2.1- Measurements and efficiency

The methodology used was discussed in § 2.2.2 of chapter 2 on actinometric 

measurements. From the amount of ozone generated, efficiencies in terms of input 

gas flow and electrical power are deduced. The latter is the most significant 

efficiency in terms of process efficiency, the former being more strongly correlated 

with the reactor configuration. The electrical efficiency is generally expressed in 

terms of Wh/g or J/g necessary for the production of ozone. Expressions in g/kWh 

may also be used, since they are more convenient for a direct estimation from the 

amount of ozone generated.
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1.2.2.2,- First prototype- Proof of principle

The molecular absorption of oxygen at this wavelength is about 10 cm" ̂  atm" ̂ . This 

means that in an atmospheric pressure of oxygen, the absorption length is about only 

1mm. For the first experiment, a stainless steel chamber was used, containing the 

lamp element, through which was passed pure oxygen. The actual volume of the 

chamber was about of 1.5 litre, and the distance lamp-walls was close to 5 cm (figure 

3.4). Also, according to the previous estimations of the active volume, this ozone 

generator is far from being optimised.

172nm radiationpum ps

W ater
Cooling

Figure 3.4 : First prototype.

A K1 solution of 2% was used to titrate a N/10 sodium thiosulphate starch solution. 

From the titre is calculated the amount of ozone generated. For experiments lasting a 

few minutes, with 500 seem O2  flow, and at lamp input power ranging around 50W, 

titration measurements led to ozone generated yields around 400 mg/hour. From this 

value, VUV power generated is IW, giving a lamp efficiency of 2%. In terms of 

ozone/oxygen efficiency, values are reaching 0.7%, leading to a process efficiency 

around 9 g/kWh.
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1.2.3." Improvements

The analysis of the further experiments performed with this prototype VUV ozoniser 

pointed out that the low efficiencies obtained were mainly caused by geometrical 

problems. In fact, by using smaller flows of oxygen, a much lower lamp efficiency 

was obtained, and with higher flows a higher calculated lamp efficiency (which so far 

is a constant value). Such a result leads to the conclusion that when low flows of 

gases are used, the ozone generated is not flushed out of the ozoniser and the input 

oxygen can leave the chamber without reacting. To limit this problem, one solution is 

to increase the flow, but of course this leads to lower efficiencies in terms of 

ozone/oxygen generation yield. It can therefore be estimated that the O3 /O 2  

efficiency varies on an inverted parabolic basis with the gas flow in this ozoniser. 

The maximum efficiency being reached when a laminar flow of oxygen passes all 

along the tube before being flushed out.

From that point it is assumed that the efficiency of the device is directly linked with 

the flow around the lamp cell. The volume into which the oxygen is flushed has to be 

reduced so that the generated ozone can be automatically removed by the incoming 

oxygen, even at low flows. This requires a smaller volume between the lamp cell and 

the chamber walls. On the other hand, the total length of the oxygen path along the 

tube can be extended as much as the device enables it, so that the input oxygen flow 

can be increased to high values without limiting the maximum conversion efficiency.
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1.3- The VUV enhanced ozone reactor

1.3.1- Description

The design is based on the use of a cylindrical shaped ozoniser, in which the radial 

diameter has to allow a laminar oxygen flow into the device. For such, an active 

radial depth of 1 0  mm is proposed (only 1 0 “̂  % of the incoming radiation is not 

absorbed). The actual lamp source has an external diameter of 30mm, and the device 

consists of a metal tube of 50mm inner diameter and a length of 16cm, which 

guarantees complete absorption of the 172nm radiation (Fig. 3.5).

Oxygen

Discharge Gap

Cooling 
)

Inner Electrode

Outer 
Electrode

HV/RF
Power Oxygen -h 

Ozone

Figure 3.5 : VUV enhanced ozone reactor

1.3.2- Results

The first experiments concentrated on the influence of the lamp power and of the gas 

flow on the different efficiency coefficients. Figure 3.6 shows the evolution of the 

ozone generated at a constant input power of 50 Watts for low flows of oxygen (less 

than one litre/min). Values of 1 g of ozone generated per hour can easily be obtained, 

but at very low corresponding electrical efficiencies (which are in this case 

proportional to the amount of ozone generated because of the fixed input power ).
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A low electrical efficiency can be expected, since in this case, in comparison with 

corona discharge ozonisers, the electrical power has firstly to be converted into light 

(and excimer lamp efficiencies generally range around 5 to 6 %), and secondly into 

photochemical reactions. Nevertheless, figure 3.6 shows a strong increase of the 

overall efficiency with the flow, showing it to be critical for this reactor. This flow 

dépendance will be discussed in the next section.
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Figure 3.6 : Ozone generation as a junction o f oxygen flow  

at a constant light input power

In figure 3.7 is presented the ratio of ozone generated to the oxygen flow fed through 

the system. The highest efficiencies are obtained at the lowest flow rates. These high 

efficiencies, however, are not particularly beneficial in this configuration because of 

the very low absolute levels of ozone obtained. The curve shows a generally 

decreasing efficiency with increased flow rates, eventually levelling off at around 1 %. 

The decrease in efficiency is in fact compensated by the increase of the absolute 

amount of ozone generated (cf. fig. 3.6). This motivates further investigations 

towards high flows of oxygen.
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Figure 3.7 : Relationship of the Ozone/Oxygen ratio to oxygen flow for a

constant input lamp power

The average input power levels of the light used were around a few 10s of Watts. 

The effect of the light input power on a constant oxygen flow of 1 litre/min is shown 

in figure 3.8 (a). The amount of ozone generated is clearly directly correlated with 

the UV power used. Figure 3.8 (b) shows the electrical efficiency in terms of the 

quantity of ozone generated for values of input lamp power around 20 to 30W. It 

comes that a higher ozone production may be obtained with an increased VUV 

power, but at a lower efficiency.
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1.3.3- Discussion of the effect of the flow on the ozoniser efficiency

As seen in figure 3.6, the production of ozone increases with the gas flow, although 

as Figure 3.7 shows, the overall efficiency decreases. These low ozone/oxygen 

efficiencies at low flows cannot be caused by a reactant gas limitation. Thus, the 

ozone generated may decay or dissociate along the reactor. In fact, it is well known 

that the ozone may be dissociated at high temperatures, and also under the 172 nm 

radiation. The literature shows that a fixed volume of ozone decays by about 95% 

within about 2 seconds when heated up to 200°C [Coste]. Since only the inner 

electrode is cooled, the outer electrode of the lamp may reach high temperatures. 

Thus some of the ozone may be thermally dissociated before leaving the reactor. 

Similarly, ozone absorbing the 172nm radiation emitted from the lamp may also be 

photo-dissociated under the effect of the photons.

The importance of such phenomena was checked by varying the length of the reactor. 

Figure 3.9 shows the amount of ozone produced and the corresponding electrical 

efficiency when the length of the reactor varies from 4 to 12cm. This curve does not 

show any obvious reduction of the efficiency when the ozoniser length is extended, 

but a small plateau appears above 90mm. This therefore shows that a scaled up 

version of this prototype may be obtained more appropriately by adding a number of 

short ozonisers in parallel, rather than increasing the length of one reactor.
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Figure 3.9 : Effect of the length of the reactor (Constant Flow)

The graph shown in figure 3,9 was obtained at a fixed constant flow and input 

power. These settings, however, may not be optimum for each of the different 

lengths investigated. Figure 3.8(a) showed that the ozone generation varied linearly 

with the input power. On the other hand, the effect of the flow is more critical, as can 

be seen in figure 3.10. Here, the different lengths of lamp show a different 

efficiency-flow relationship. This may be due to the fact that if some of the ozone is 

thermally destroyed, variations in the flow may change the cooling of the outer 

electrode hence the temperature induced decay of the ozone. In other words, the 

plateau which appeared at around 90 mm for a flow of ll/min will be different for 

different flow rates. When such an ozoniser is to be developed to produce a certain 

amount of ozone, the cost of oxygen against the optimised flow must be considered, 

after which the length must be optimised to avoid ozone destruction along the reactor.
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1.3.4- Air fed VUV enhanced ozoniser

Since the highest efficiencies are obtained with large (and costly) oxygen flow rates, 

it is pertinent to consider air-feeding of such reactors. This approach does not nexâ - 

to preliminary dry the air, an expensive constraint with corona discharge 

ozonisers.

Figure 3.11 compares the efficiencies of the oxygen and air fed ultraviolet enhanced 

ozonisers. It shows, in particular, that values obtained with 51/min of air easily reach 

those obtained with ll/min oxygen. This 5 to 1 ratio may correspond to the normal 

oxygen content in air (2 0 %), although secondary photolytic reactions may also occur 

to lower the decay of ozone in the reactor. Further studies involving air should 

carefully check if other products such as nitrogen oxygenated compounds are 

generated in proportions which can be dangerous to nearby animal-life. Figure 3.12 

inter-relates the efficiencies achievable for various amounts of ozone generated (by 

different input powers at a constant flow rate), using air or oxygen.
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1.4- Conclusion

The primary target for this work was to reach ozone production values higher than 

Ig/hour, which has been achieved. However, the measured electrical efficiencies 

remain lower than those of corona discharge ozonisers. This is due to the fact that the 

electrical energy supplied has first to be converted into light, and therefore the process 

is limited by the efficiency of the VUV lamp. Efficiencies of a comparable order 

could only have been achieved in this process if the lamp efficiencies had reached 

14%. In theory, excimer discharge efficiencies could reach 40%. However, 

experimental values have so far never exceeded 1 0 %, even though these are very high 

values for such short wavelength light sources.

Nevertheless, this work showed that many other possibilities are offered with this 

type of reactor. In particular, the generation of ozone from air, without treatment, 

gives promising results which may interest industrial applications. Also, the absence 

of any particular requirement on the kind of gas to be processed in this reactor, opens 

new applications towards direct treatment of various products under short wavelength 

ultraviolet illumination. Such lamps can be used for direct photo-oxidation in 

aqueous solutions, as water can be dissociated by such radiation. New applications 

can therefore be studied as a continuation of this work towards the UV disinfection 

and destruction of pollutants in the liquid phase, thus opening new applications from 

biology to environmental cleaning: it has been reported that similar laser photo

dynamic therapies are already studied in the US for blood treatment and virus 

disinfection (such as HIV), as well as for CHCs destruction [Klein]. The study of 

the effect of UV photons (e.g., aging) on new compounds and the life time of very 

stable pollutants can also be explored.
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2.- Applications of excimer lamps to organometallic 
depositions (MOD)

As powerful producers of selective radiation at specific wavelengths, the excimer 

lamps contrast with the other commonly used UV lamps, such as xenon or mercury 

lamps, which often produce unwanted radiations. Under the UV radiation, molecular 

bonds can be broken selectively by photo dissociation or photolysis. In chapter 1, a 

discussion on photo-CVD has been presented, and it implies the existence of 

dissociative reactions in a gas phase. Similarly, here is proposed the study of the 

enhancement of this type of reactions, but in thin solid films. In fact, the 

decomposition of the spin-on organometallic films can be performed in air or inert 

gases, with no need for specialised reactors and gas transport or distribution systems. 

The literature gives various examples of the pyrolytic decomposition of spin-on films 

in furnaces [Schroeder], or under the effect of powerful lasers [Ehrlich] [Preuss] 

[Boyd]. However, the application of those deposition methods to thermally fragile 

substrates implies the development of low temperature processing, e.g., the 

photolytic activation.

2.1- Experimental set-up

Most of the thin solid film expositions were performed on spin-on coated samples in 

a very basic lamp chamber. Figure 3.13 shows the experimental arrangement used to 

hold the lamp and to provide a primary vacuum to the process. There was no heating 

element to hold the substrate, since all depositions were performed at room 

temperature. The lamp was cooled with a cooling circuitry unit flowing deionised 

water through the inner high voltage electrode. For experiments performed in vacuo, 

no significant heating was measured on the sample, although small temperature 

increases (60 to 70°C) due to the proximity of the outer electrode of the lamp were 

measured on certain samples processed for long runs at atmospheric pressures.
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organometallic thin solid film processing

The sample characterisation was performed using a Shimadzu UV-160A, UV-visible 
transmission spectrometer working in the range 200-800 nm, combined with simple 

four probes electrical measurements. The thicknesses were monitored using an 

alpha-step, performed on edges obtained with the use of a masking tape. The 
processed samples were spun on crystalline quartz substrates with sizes up to one 
inch in diameter. Although the study of the photochemistry may have been very 

fruitful, the interest here is to investigate the potential applications of the UV 
radiations available, and therefore no volumetric nor mass analysis was performed on 

those samples. Also, this presentation concentrates on a wide range of materials to be 

deposited, without extending thoroughly on the UV enhanced chemical reactions 

occurring on the sample surface.
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2.2- UV induced metal depositions

2.2.1- Palladium

In this process, vacuum UV radiation from a xenon excimer source was used to 

initiate palladium nucléation by selective photodissociation of palladium acetate 

[Esrom-1989, -1990]. The palladium acetate film was obtained by dissolving 

palladium acetate in chloroform, then by coating the substrate (e.g., quartz) using 

spin-coating or dip-coating methods, from which the solvent evaporates. By varying 

the dissolution ratio or the speed used for spinning, various uniform thicknesses were 

obtained. A typical ratio is of 1 g of Pd(2)-acetate in 30ml of chloroform, spin on 

coated at 2000 rot/min. Figure 3.14 shows the UV transmission spectrum evolution 

vs exposure time under SOW of input power. At t=0, the spectrum shows strong 

absorption in the wavelength range around 200nm. Using a xenon lamp emitting at 

172nm to irradiate the sample, the light is absorbed, leading to photo induced 

chemical modification of the dry palladium acetate film. Strong modifications of the 

UV transmission spectrum were observed, leading after exposure to a flat spectrum 

characteristic of a metallic film. The coatings show very good uniformity and 

smoothness.

Palladium film thicknesses from a few nanometers to a few tens of nanometers can be 

easily obtainable by this process. These layers can be used as initiators for thicker 

metal coating: the palladium acts as an activator for subsequent chemical metal- 

deposition baths in which the micrometer-thick copper, nickel or gold layer can be 

grown on top of the palladium. Such coating thicknesses provide a level of electrical 

conductivity which is sufficient for applications such as the production of printed 

circuits or for shielding electromagnetic fields. With this method, only a few simple 

and economical process stages are needed to obtain a metal pattern on any required 

substrate.
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Figure 3.14: UV transmission spectrum evolution ofPd-acetate coating under Xe2

radiation

The palladium film can also be used by itself as a thin metallic layer, such a thinness 

offering for example a high UV transmission property. Figure 3.15 presents the UV 

absorption spectrum of a very thin palladium film. The dilution in that case is that of 

Ig Pd(2)-acetate in 150ml of chloroform, and a rotating speed of 2000 rot/min. As 

can be seen, the optical transmission reaches 80% from 400nm down to 200nm. The 

estimated thickness (or thinness !) of such a sample is a few Angstroms. Four 

probes resistivity measurements were performed using silver-paint contacts. The 

square resistivity of this film, was 600 ^^square- One interesting application of such 

a film is to use it instead of the perforated external electrode of excimer lamps. The 

total voltage drop over a length of 1 0  cm for the currents used barely reaches values 

of a few volts, which are negligible when compared with the few kilovolts which are 

fed into the lamps. However, these film were scratch sensitive and therefore 

required passivation from dielectric materials with similar optical characteristics.
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Figure 3.15 : UV transmission spectrum of a very thin film o f Palladium

2.2.2- Copper

The copper deposition attempts used cupric acetylacetonate (C^QH^^CuO^) as the 

precursor, dissolved in chloroform at various ratios (typical: lg/20ml). Irradiations 

were attempted under the xenon lamp at various powers for times up to 2 hours. No 

significant modification of the spectrum, as well as no electrical conductivity of the 

sample was observed. The 172nm assisted processing of spin-on cupric 

acetylacetonate for the deposition of copper was abandoned.
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2.3.- UV induced dielectric material depositions

Organometallic deposition techniques have already enabled various dielectric material 

depositions from pyrolytic processes [Schroeder] [Gobrecht]. This UV assisted 

process is very similar to that of palladium MOD. However, for oxide materials, the 

oxygen from the atmosphere is incorporated, hence vacuum conditions are not 

required. This implies the use of longer radiations than 200nm, and thus a xenon 

chloride excimer lamp (2 2 2 nm) was used.

2.3.1- Aluminium oxide (AI2 O3 )

Films of aluminium oxide were deposited at room temperature, using the irradiation 

of a KrCl excimer lamp on a solution prepared from:

10% Aluminium di(i-propoxide) acetoacetic ester chelate 

A1(0 C3 H7 )2 (C6 H9 0 3 )

90% Hexane (Aq) 

spin-on coated at 1 0 0 0  rot/min.

Figure 3.16 shows the evolution of the UV spectrum of this compound during 

irradiation as a function of time. The curves tend to a flat band and show a small loss 

in transmission towards very low wavelengths (theoretical cut-off: 250nm for 

AI2 O3 ). The films were insulating layers, with resistivities higher than lOMV/cm. 

The films obtained were scratch resistant (Mose Hardness higher than 5.5: Stainless 

steel) and adherent, with thicknesses of a few 1 0 0 s of nanometers obtained per 

process. This explains the low absorption measured at 200nm. The films were 

amorphous and are not expected to be perfectly stoichiometric. Their properties are 

of interest as protecting or insulating layers for various uses, especially when high 

temperature processing is impossible. The growth of these aluminium oxide films 

over the very thin palladium films grown in § 2.2.1 was achieved. Optical and 

electrical properties were not modified greatly, so that it was possible to get scratch 

resistant and adherent electrically conducting (Rsquare^^^^^square)’ UV low 

absorption films (over 70 % transmittance at 200nm).
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Figure 3,16: UV transmission spectrum evolution of dielectric coating ofA l20^

2.3.2- Lanthanum oxide (La2 0 g)

Films of lanthanum oxide were deposited at room temperature, using the irradiation 

of a KrCl excimer lamp on a solution prepared from:

0.1 mg Lanthanum 2,4-pentanedionate (crystalline at room temperature) 

La(C^H-y0 2 )g 

2 0  ml ethanol 

spin-on coated at 1 0 0 0  rot/min.

Since saturation is reached at very low concentrations, a high dissolution is used. 

Figure 3.17 shows the evolution of the UV transmission spectrum of this compound 

during exposition as a function of time. The curves tend to a flat band and shows a 

small loss in transmission towards very low wavelengths (theoretical cut-off: 2 2 0 nm 

for La2 0 g). The electrical properties were those of a dielectric (square resistance 

>10MV/cm). Due to the high dissolution, only very thin layers per spin-on can be 

obtained (=500Â), but the process can be repeated in order to increase thickness.

Chapter 3 page 97



transmittance

+100%

20.0
(%/div.)

îr®2?3 Omin
 5 min
 10 min
 30 min

+0 %
200.0 800.0100.0 (nm/div.)

Figure 3.17: UV transmission spectrum evolution o f dielectric coating o/La20^

2.3.3- Titanium nitride (TiN)

The excellent high temperature stability, hardness, corrosion resistance, and electrical 

properties provide TiN with many applications from cutting tools and anaesthetic 

coatings to VLSI microelectronics [Wittmer]. TiN films can be obtained by a large 

number of different techniques such as physical vapour deposition [Sundgren], ion 

implantation [Armogliato], CVD [Takahashi], or laser assisted techniques [Craciun] 

[Elders]. The difficulty for depositing titanium at low temperature from spin-on 

coatings stands in the very high oxidising capability of Titanium.

The first attempt consisted of the irradiation of films spin coated from 

titanium (disopropoxide)bis (2,4-pentanedionate),

Ti[(CH3 )2 CH0 ]2 [CH3 C(=0 )CHC(=0 )CH3 l2  

dissolved in hexane,

These were then exposed to the radiation in vacuo.
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No evidence of deposition was observed, and the aspect of the films was closer to 

that of titanium oxide or dioxide than to TiN. Other experiments with the same 

organometallic precursor used gaseous nitrogen pressures of a few tens of mbar, as 

well as gaseous ammonia pressures of a few mbars. No difference was observed, 

and titanium oxides obtained.

Other titanium precursors were studied, such as

- titanocene dichloride : (C^H^)2 TiCl2 ,

also called bis (cyclopentadienyl) titanium dichloride

- dissolved in toluene (C5 H5 CH3 )

exposed to the 172nm radiation from a xenon excimer lamp.

The results were no more encouraging than in the previous set of experiments, 

whatever the nitrogen or ammonia gas phase compositions or pressures used.

Finally, attempts to deposit TiN from the photo-enhanced gas phase reaction between 

titanium tetrachloride TiCl^ and ammonia were performed. Titanium tetrachloride has 

been used successfully in laser assisted techniques to deposit titanium and titanium 

silicide compounds [Kubat] [Tsao] [Gupta].

However, TiCl^ reacting very strongly with air to form HCl, thus spin-on coating is 

impossible. The risks associated with the use of these chemicals, as well as the 

contamination of the deposition chamber which would have occurred ended our 

involvement in this system. However, we note with interest that the gas phase of 

titanium tetrachloride can be obtained in low pressures by heating up the liquid 

precursor (53mbar at 50°C) [CRC Handbook], and ammonia radicals such as NH 

and NH2  can be obtained by irradiating NH3  to the 172nm from a xenon excimer 

lamp. This approach may be a fruitful route to eventual film growth and certainly 

deserve5 investigation.
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2.4.- Conclusion

A new area of application of excimer lamps is the low temperature thin film 

growth from spin-on coatings of organometallic compounds. The room temperature 

growth of palladium, aluminium oxide and lanthanum oxide were successfully 

performed. These materials can readily be deposited on any type of substrates, and 

particularly on heat sensitive materials, such as wood, plastics, paper, cardboard, 

synthetic fibre, etc [ABB]. Although the characterisation methods used did not give 

detailed information on the stoichiometry of the films obtained, the film characteristics 

were in agreement with literature data, and we can consider these MOD experiments 

successful. In fact, at the time of writing this thesis, a new project is about to begin 

at UCL to further extend those MOD experiments.
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Chapter 4

The Photochemical Deposition 
and Characterisation 

of Silicon Dioxide Layers

The deposition of silicon dioxide Si0 2  layers from the photo-CVD technique using a 

xenon excimer lamp radiating at 172nm is investigated. This work was the first 

published application of excimer lamps to the photo-enhanced deposition of such 

dielectric thin films. Recently, similar subsequent publications have given evidence 

of the general interest this work initiated [Gonzalez] [Manfredotti].

After giving details on the apparatus and the experimental arrangements, two different 

approaches are reported, whether the gaseous mixture uses nitrous oxide (N2 O) or 

oxygen (O2 ) as the oxidant gas in combination with silane (SiH^ )̂.
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1 - The photo-CVD of silicon dioxide from silane 
and nitrous oxide gas mixtures

1.1- Experimental Conditions

1.1.1- Experimental set-up

The reactor used in these investigations has been previously presented in detail in 

chapter 1. Briefly, it comprises a vertical stage holder above which are fed the 

precursor gases. The flows are controlled by a set of mass flow controllers. The 

substrate may be heated up to 500°C, and its temperature is monitored via a k-type 

thermocouple probe. A high vacuum environment (10"^ mbar) is provided by a 

turbomolecular pump, with a subsidiary high volume rotary pump in parallel to 

evacuate the residual gases during experiments.

The main precursor of the photo-enhanced reaction, the Xe2 * excimer lamp has a 

cylindrical shape geometry identical to the one presented in figure 2.12 (a). It 

comprises an annular arrangement of two concentric quartz tubes, of 20 and 30mm in 

diameter respectively. This leaves an annular gap of 4mm where microdischarges 

may occur uniformly. The total length of the lamp is of 260 mm, although only an 

active region of 50mm in length is used for the generation of the light. The tube is 

attached to the lamp chamber using vacuum tight compression flanges, similar to the 

fittings used on the device presented on figure 3.13. The outer ground electrode is 

fabricated from a metallic wire netting, grounded via the host chamber. The radiating 

section of the lamp is facing the magnesium fluoride Mgp2  window separating the 

lamp chamber from the reactor. Since the lamp emission is omnidirectional, an 

important quantity of photons (-70%) is lost in the chamber, and does not intervene 

in the reaction. Nevertheless, since high photons intensities are accessible, the 

implementation of VUV reflector was not considered necessary.

An independent deionised (DI) water cooling circuitry enabling water to be passed 

through the lamp, and allowing the cooling of even high voltage devices in a safe
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environment, was included in the system design. A quantity of about 15 litres of DI 

water is permanently kept in a container located below the system, from which it is 

raised to the lamp with a 12V DC pump. The connections between the water pipes 

and the lamp are of a Schott compression type, ensuring water-tight quick-release 

connections. There is no need for a water chiller, since it was observed that for 

experiments as long as two hours, the temperature of the DI water in the container 

increased only to 40°C. To prime the water pump, aspiration is performed on the 

circuit. The level of ionisation («lOMV/cm) of the water in the tank is also regularly 

checked, since low levels of isolation would induce power losses in the lamp device. 

In practical terms, the water needs to be changed every few months, corresponding to 

an average of 50 hours of use. The feeding voltage of the lamp is supplied using a 

metallic coil passing trough the inner quartz tube, and the cooling water acts as the 

inner electrode due to capacitance coupling effects. Voltages between 5 to 7kV are 

fed to the inner electrode from an ENI® RF (100-300kHz, 150W) power supply.

Prior to each experiment, the lamp chamber is evacuated to 10“̂ mbar, since the 

generated radiations would be absorbed in oxygen. By probing the radiation output, 

it was observed, however, that it is preferable to keep the lamp in a few hundred 

mbars (typically 400mbar) of nitrogen during prolonged experiments. This buffer 

gas is expected to act in two manners:

• to help thermal exchanges between the chamber walls and the outer electrode, 

and consequently to reduce over-heating,

• to increase the dielectric strength in the lamp chamber volume, and particularly 

in the lamp neighbourhood, between the outer quartz tube and the metallic wire 

mesh used as a ground electrode. In fact, the mechanical tensions of the wire 

mesh prevent from the existence of a uniform contact between the metal and 

the quartz. When the pressure is low (<lmbar), small arcs may appear between 

the tube and the mesh, resulting in the progressive corrosion of the wire netting. 

The presence of a buffer gas in the chamber volume suppresses this problem.

Figure 4.1 shows the final experimental set-up used for silicon dioxide photo-CVD. 

The typical lamp powers used for prolonged experiments were ranging around 10 to 

20mW/cm^, which corresponds to 20 to 40 W input power.
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Figure 4.1: Experimental set-up for xenon excimer lamp enhanced photo-CVD 

experiments (only half of the wire mesh is shown).

1.1.2- Photochemistry

The VUV induced reaction scheme between SiH4  and N2 O has previously been 

studied, using a low pressure mercury lamp [Petitjean-1991], or an internal nitrogen 

lamp [Baker]. In our case, the silane is known not to be dissociated at the 

wavelengths and intensities used [Itoh]. The photochemical dissociation of nitrous 

oxide is written as:

N2 O 4- hv N2  + O (4.1)

The reactive oxygen radicals produced here will react in the gas phase with silane 

species, leading to Si0 2  deposition. The absorption coefficient a  of N2 O at 172nm 

is typically of 3atm'^cm'^ (figure 4.2) [Calvert] [Baulch] [Okabe]. This value of a  

appears to be very low since only 0.3% of the incoming radiation would be absorbed 

by 1 cm of N2 O gas phase, when kept at a pressure of Imbar. Figure 4.3 gives an
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abacus for the determination of the cross sectional absorption for various deposition 

pressures and window substrate distances. To appreciate cross-sectional absorption 

ranging around half of the incoming radiation, the pressure and window to substrate 

distance d^g are increased to 50mbar and 5cm respectively. Petitjean et a l, who 

studied the Si0 2  deposition from the same gas phase photolysis (SiH^/N2 0 ) under 

the 185nm line emitted from a low pressure mercury lamp, reported the use of 

window to substrate distances of 1 2 mm, at maximum deposition pressures of 

12mbar. Although shows slightly greater cross sectional values at 185nm

(4atm'^cm“^), such values of the deposition parameters would surprisingly lead to 

very little cross sectional absorption [Petitjean-1992],

E 8.0

6.0

S 4.0

e- 2.0

1560 1d90

4

3

2

1

1625 1675 1800 2000
Wavelength, A

Figure 4.2 : Absorption cross section of nitrous oxide [Calvert]
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Figure 4.3 : Abacus for 172nm photons absorption in pure N2 O. 

Various window-substrate distances are considered, from 1 to 5 centimetres.

To study the photochemistry induced in the reactor, here is proposed a simple growth 

mechanism based on that proposed by Robertson [Robertson], involving the 

photochemistry, the branching reactions in the gas phase, and the dissociation of 

products on the sample surface. Under 7.2eV irradiation, the silane is transparent, 

and only the nitrous oxide species undergo dissociation:

N2 O + hv -> N2  + O (4.1)

Oxygen radicals react with the silane:

O + SiH4 ^  SiHgf OH (4.2)

O + SiH4  SiH2  +H2 O (4.3)

Although (4.2) is predominant when low pressures are used, (4.3) becomes 

significant above lOOmbar [Petitjean-1991].
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Branching reactions occur between the reactive species:

SiH4  + OH -» SiHg + H2 O (4.4)

SiH2  + O -> SiH20 (4.5)

SiHg + O SiH20 + H (4.6)

SiH20 + O2  ^  SiH202 + O (4.7)

SiH202 + O2  —̂ Si02 + H2 O+ O (4.8)

SiH2 Ü known as silanone, is very likely to undergo rapid secondary reactions on the 

substrate surface [Kudo]. If a SiH^Oy radical is absorbed onto the growing film 

surface, hydrogen may be incorporated into the film or may combine with oxygen 

and be driven off as water at high deposition temperatures. Deposited Si0 2  films, 

therefore, usually contain several atomic percent of H (up to 10% [Adams- 

1979][Hess]).

Petitjean has computed equations (4.1) to (4.8) and concluded that OH and SiHg are 

the major species which contribute to Si0 2  deposition. However, the oxygen 

radicals formed under (4.2) and (4.3) can also react with N2 O to form O2  

(redissociated), N2  (non-reactive) and finally 2N0, especially at high pressures. It is 

acknowledged that powder formation occurs as a result of the reaction of NO radicals 

on SiHg, thus promoting nuclei formation at high pressures.

1.1.3- Preliminary experiments

Deposition experiments were performed on p-type silicon samples, (100) oriented, 

preliminary cleaned in a propanol solution in%ltrasonic bath. The processing 

chamber was evacuated to 10"^ mbar prior to deposition. Mixtures of 0.5 to 10% 

SiH4  in N 2 O were introduced into the chamber at a constant total flow of 40sccm. 

The samples were characterised using FTIR spectroscopy, while thickness 

measurements were carried out using a Rudolf AutoEl ellipsometer at 632.8nm. 

Exposure times from 10 minutes to a maximum of 30 minutes were investigated. The 

films obtained were scratch resistant and adherent (Moll's hardness between 6  and 7).
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The first experiment was carried out to control the absence of pyrolytic growth. 

Setting the substrate temperature at values up to 400°C, it was found that no 

measurable layer could be detected. The pyrolytic dissociation of the precursors does 

not occur at those temperatures.

The second experiment consisted of the study at constant parameters of the evolution 

of the thickness of the grown layer with the duration of the experiment. No decrease 

of the growth rate with time was observed for times up to 2  hours (~0 .1 pm deposited 

thickness). This attests the absence of any significant absorption by the products 

deposited on the magnesium fluoride window. A similar observation has been 

reported by Petitjean, depositing Si0 2  from the same precursors using 185nm 

photons [Petitjean-1991]. This dispenses with the use of an elaborate window 

purging set-up. It is a great technological advantage, since the window fogging 

problem has often been reported as the ultimate restriction to the popular acceptance 

of photo-CVD.

1.2- Results and discussion

1.2.1- Optimisation of the deposition parameters

" Window-substrate distance and total pressure

Since very little absorption is observed in the gas phase, there is a need to increase the 

window substrate distance to a high value, typically 5cm. In that case, and with 

pressures ranging around 50mbar, the absorption by N2 O of the incident radiation is 

about 50% (figure 4.3).

The deposition rates are extremely low for pressures below lOOmbar. In contrast, at 

pressures exceeding 150 mbar, powders were formed as a consequence of secondary 

gas phase reactions being stimulated, leading to radical recombination and 

polysiloxane formation [Kamaratos]. Those films were opalescent and very scratch 

sensitive. Since this is detrimental to the film quality, intermediate pressures are 

chosen, typically from 100 to IBOmbar.
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• Light intensity

Figure 4.4 shows the variation of the deposition rate at 300°C with input light power 

(40W input power corresponds to ~ 20mW/cm^). It clearly shows that thermal 

deposition of Si0 2  is insignificant within the operating conditions. Since a constant 

precursor flow is used in this experiment, an attenuation of the growth rate increase is 

observed while increasing the lamp power, consequence of the limitation of the 

diffusion of photoproducts and reactants to the substrate surface.

40 5010 20 30
Input Lamp Power (W)

Figure 4.4 : Evolution o f the deposition rate for silicon dioxide samples 

with light exposure (Substrate temperature is 300°C)

• SiH/j/NoQ precursor ratio R

Figure 4.5 shows the variation of the deposition rate with R, the SiH^/N2 0  ratio. 

For R<1%, the growth rate is limited by the silane concentration. For R>2% 

nucléation reactions are promoted in the gas phase, limiting film deposition. The 

decrease of the growth rate can mainly be attributed to a decrease in the SiHg species 

concentration which are able to react with O species, since some are reacting with NO 

species. High values of R may lead to the deposition on the window of materials 

which have higher absorption to the incoming radiation (e.g., SiO^Ny or SiO^Hy), 

thus further reducing the growth rate. Figure 4.6 shows the refractive index (n)
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evolution as a function of R. Optimised values of 1-2% for R lead to films presenting 

the 1.462 theoretical value for n in Si0 2 . For higher R values, higher values of n are 

observed, reflecting an increase in either H or N incorporation.

• •  e
9-

0 2 8 10 124 6
R% = [silane]/[Nitrous oxide]

Figure 4.5 : Evolution o f the deposition rate V5'. precursor mixture ratio

(P= lOOmbar, T=300°C)

2.0
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% 1.4 ■
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Figure 4.6 : Evolution o f the refractive index with the precursor mixture ratio

(P=100mbar, T=300°C)
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* Substrate temperature

Figure 4.7 shows an Arrhenius plot of the growth rate. An activation energy of

0.25eV is extrapolated from those data. Purely pyrolytic reactions give activation 

energies in the range 0.42eV to 0.95eV [Cobianu] [Vasilyeva] [Taft]. The very low 

value obtained gives evidence of the reduced importance of the substrate temperature 

and therefore of a less dominant role of thermally induced surface reactions. The 

modified chemical pathways induced by the photons clearly enable lower substrate 

temperatures to be used. No significant variation of the refractive index was 

observed for temperatures varying from 200 to 400°C.
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Figure 4.7 : Arrhenius plot for the growth o f Si02from SiH^ and N2 O mixtures.
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1.2.1- FTIR spectroscopy

The structural properties of the films were characterised by their vibrational spectra 

using FTIR spectrometry. Figure 4.8 shows a FTIR spectrum of an oxide film 

photo-deposited at a substrate temperature of 300° C. The spectrum consists of three 

characteristic peaks at 1065cm"^ (Si-O-Si stretching), 800cm" ̂  (O-Si-0 bending), 

and 480cm"^ (Si-O-Si rocking) [Boyd-1982] [Lucovsky]. The full width half 

maximum (FWHM) for the dominant IR mode around 1065cm" ̂  has a value of 

70cm" characteristic of a stoichiometric Si0 2 » and remains essentially the same for 

all the oxides studied. The small peak centred around 885cm" ̂  can be attributed 

either to Si-H, Si-OH, Si2 0 g or to non bridging oxygen [Boyd, 1982-b]. It is most 

likely the reflection of a few percent of hydrogen in the film, due to the incomplete 

desorption of H species at low temperatures. However, the presence of Si-H and Si- 

OH bonds in concentrations higher than 5% would have led to the presence of other 

peaks centred around 2270cm" ̂  and 3620cm" which were not observed.

The absorption spectra of figures 4.9-a and 4.9-b show that the quality of the film is 

not significantly affected by either lamp power or precursor mixture ratio used. 

These parameter however affect the deposition rate more appreciably (e.g., 6 Â/min 

for R=10%).
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Figure 4.8 : FTIR spectrum of a 400A Si02fHm deposited at 300°C
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Figure 4.9: Sets o f FTIR spectra o f the 1065cm~^ peak for various a-lamp power

input, b-precursor mixture ratio R.

1.2.3- Film properties

Film properties were investigated on p-type silicon samples, exhibiting a resistivity p 

= 10 ^.cm . For each sample, the value Ey of the electrical breakdown field was 

estimated as an average of the measured values on N devices (N>10). Typical Ey 

values were measured around 5 MV/cm, although lower values have been obtained 

for samples deposited at elevated pressures, or at temperatures below 200“C. Values 

as high as 8  MV/cm were obtained on some devices, although several dots exhibited a
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very low Ey value, consequently strongly reducing the averaged values. This was 

assumed to be due to particle contamination of the substrates in the laboratory, which 

is not a clean room facility. This contamination is further affecting the measurements 

on the very thin films studied. Figure 4.10 gives the evolution of the breakdown 

field when the precursor mixture ratio R is increased from 1 to 10%.
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Figure 4.10 : Evolution o f E ,̂ with precursor ratio R

As can be seen, although high R ratios were the cause of high N incorporation, which 

was reflected by high refractive indices, the breakdown field does not appear to be 

altered, since no particular decrease of the electrical properties would be expected 

from SiO^Ny layers (y « x).

Capacitance-Voltage (CV) measurements also revealed that the typical surface state 

charges were ranging around lO^^-lO^^ cm"^, value which appears to be high 

comparatively with other conventionally deposited Si0 2  films (lO^^cm"^). This may
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be caused by the absence of native oxide cleaning prior to deposition, thus resulting 

in a high number of interface traps between the silicon substrate and the native oxide, 

as well as between the native oxide and the deposited layer.

Etch rates measurements were finally performed on the silicon dioxide layers, using a 

buffered hydrofluoric acid solution, diluted in water at a concentration of Imol.l"^. 

Typical values of 25Â/s were obtained, to be compared with 16Â/s, characteristic etch 

rate for thermally grown silicon dioxide [Sze]. This is a much lower value than 

typically reported for CVD grown oxides (e.g., 5 0 A / s  in HE, 0.25mol.l"^ by 

Adams et a l using PECVD [Adams-1983], and «80Â/s in HE, Smol.l"^ for films 

deposited at 300°C by Boyer et a l with laser CVD [Boyer]).

1.3- Conclusion

The low etch rates of the films reveal that they can be used as grown as thin films for 

barrier layers, and to protect and passivate any type of surface. Further sample 

cleaning prior to deposition, using chemical or in-situ etching, would also benefit 

towards applications as gate oxides. The method has successfully been extended to 

other substrate materials such as quartz and gallium arsenide.

Table 4.1 summarises the growth parameters and properties for the Si0 2  films 

obtained in this 172nm photo-CVD process. This work consisted the first use of an 

excimer lamp to the direct photo-deposition of silicon dioxide from silane and nitrous 

oxide mixtures. The deposition rates achieved on this unoptimised system are 

comparable with those obtained with low pressure mercury lamps. The thicknesses 

of the layers deposited were constant within a few percent over the 4 cm^ surfaces 

studied. This technique of depositing Si0 2  film, in a xenon excimer assisted 

process, can then compete with the other existing techniques of the day. The results 

indicate promising further applications of such lamps towards semiconductor and 

optoelectronic material processing. As mentioned in the introduction to this chapter, 

other groups have now concentrated on a similar technique based on a xenon excimer 

lamp to deposit thin Si02 films [Gonzalez] [Manfredotti]. To date, however, only 

Gonzales et a l seem to have been successful, although they reported films exhibiting 

lower growth rates (8 Â/min), as well as higher FWHM (76-82cm“^).
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SiO^ from SiH^/N^O

Initiated photo-dissociation at 172 nm
N^O + hv -> NO + 0  

a=  2  atm'^cm'^

Deposition Conditions

100 mbar < P < 130 mbar 
200°C < T <300°C 

1% < R= SiH^/N^O < 2% 
F̂  ̂= 40 seem 

Window-Subst. Dist.= 50 mm

Deposition Properties
12-15 Â/min 

n = 1.46

FTIR
Si-O stretch at 1065 cm’  ̂

FWHM = 70 cm'^

Electrical Properties
E. = 5 MV/cmb

Q = 10'*to 10‘W ^ŜS

Table 4.1 : Summary ofSi02 deposition conditions and essential properties 

obtained from the photo-CVD ofSiH/f/N20 mixtures
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2.- The photo-CVD of silicon dioxide from silane 
and oxygen gas mixtures

2.1- Introduction

In the previous section have been reported the use of novel excimer lamps that 

provide a new route to growing Si0 2  layers using mixtures of silane and nitrous 

oxide. Several groups have previously reported the use of ultraviolet lasers [Boyer] 

[Szôrényi] and lamps [Petitjean-1991] [Patel] to induce the required photo-CVD 

heterogeneous reactions that encourage thin film growth. However, the layers grown 

with an acceptable quality at low temperatures have been obtained using SiH^ and 

N2 O precursor mixtures, from processes which exhibit generally slow growth rates 

(20Â/min) [Petitjean-1990] [Bergonzo]. So far, using such a gas mixture, growth 

rates reaching IGGÂ/min have only been reported from techniques based on 

windowless lamps [Marks] [Baker] [Robertson]. Despite these excellent results, 

internal lamp technologies seem not to have been extensively developed, probably 

since a potential disadvantage of this approach is that the plasma generating the VUV 

radiation is not insulated from the thin film precursors.

Here is extended the xenon excimer lamp deposition technique to different gas 

mixtures, namely silane and molecular oxygen, to produce growth rates of high 

quality silicon dioxide, which are some 4G times faster than previously achieved 

using N2 O, and also some 2GG% faster than using either low temperature CVD or 

traditional optical sources [Bennett] [Inoue] [Okuyama]. When gas mixtures of silane 

and oxygen are used, the high reactivity between those precursors allows far higher 

growth rates (up to IGGs of Â/min), but the film quality is generally affected at low 

temperatures, resulting in poor film properties. The deposition of silica films by low 

pressure pyrolysis of silane in oxygen is a routine process in the semiconductor 

technology. Layers of this type are commonly used as interconnect insulators and for 

device passivation in MOS circuit fabrication, as well as for packaging of completed 

microcircuits to provide mechanical and chemical protection. However, purely 

pyrolytic films generally show very poor properties when deposited at temperatures 

below 5GG°C. High etch rates in buffered hydrofluoric acid (e.g., 5GÂ/s at
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0.25mol.r^) and low electrical breakdown field characteristics (e.g., 5 MV/cm) are 

often found, as well as a high hydrogen content (typically up to 10%) [Adams-1983] 

[Weber] [Liehr] [Kawahara]. Here is showed that the use of 172nm photons in the 

deposition reaction allows improved film properties to be obtained at temperatures as 

low as 200°C, rendering this technique highly compatible with the low thermal 

budget material processing philosophy.

2.2- Experimental details and sample preparation

2.2.1- Safety

The highly explosive nature of silane and oxygen mixtures has been recognised since 

the pioneering work of Freidel and Ladenburg in 1867 [Friedel]. Emeleus and 

Stewart also reported in 1936 that the ignition of such a mixture could be enhanced by 

ultraviolet light. However, it is almost impossible to find coherent and complete 

literature data from those days. It is only recently that Hartman et al. reported 

precisely the aspects of SiH^ - 0 2  explosions in terms of gas mixture ratios and 

pressures [Hartman]. In summary, SiH^ / 0 2  mixtures are pyrophoric in the range 

30/70% to 95/5%. For the present experiments, only mixtures containing a few 

percent of silane in oxygen are considered, thus far below the 30/70% range. 

Furthermore, the minimum pressures required to ignite this 30/70% mixture is 

reported above 250mbar, far above the range of interest. Pure silane with diluted 

oxygen in argon (15%) is used, with ratios of silane in oxygen ranging from 1 to 

10%, and pressures kept below 12mbar. Stoichiometric explosive mixtures in this 

range are therefore definitely precluded.

2.2.2- Photochemistry

Under the 7.2eV photon irradiation, the silane is transparent to the radiation and 

therefore not photo-dissociated. O2 , however, undergoes dissociation into oxygen 

radicals, with an absorption cross section a  of 2 0 atm"^cm"^ (assuming that the 

emitted continuum centred at 172nm is restricted to this wavelength) [Calvert].

O2  + hv —̂ 0  + 0  (4.9)
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In addition to an increased reactivity of oxygen species towards the reaction with 

silane, the high absorption cross section a  of oxygen allows far lower pressures to be 

used than for the case of nitrous oxide. Figure 4.11 shows an abacus where the 

percentage of the incoming 172nm radiation traversing oxygen is plotted as a function 

of the pressure.
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Figure 4.11 : Abacus for 172nm photon absorption in pure oxygen.

Various window substrates distances are considered, from 1 to 5 cm.

The reaction of oxygen radicals with molecular oxygen also produces ozone (O3 ) 

which has a longer life time than the atomic radical (~4.10"^s for O3 , compare with 

7.10'^s for 0(^D) in N2 O at 10 mbar and 25“C [Baulch]).

O + O2  + M —̂ O3  + M

O3  —> O + O2

O3  + O2  —̂ 0  + 2 O2

(4.10) or (3.2)

(4.11)

(4.12)
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Ozone thermally dissociates at temperatures higher than 50°C via (4.11) [Coste] 

[Wen], and with molecular oxygen (4.12) [Aiken], and therefore in this scheme acts 

as a long term source of oxygen radicals [Kazor]. Because of the elevated 

temperature of the substrate, ozone will be dissociated in its close neighbourhood, 

thus releasing oxygen radicals on the sample surface. This feature is limited when a 

similar photochemistry is initiated by a low pressure mercury lamp, since the ozone is 

also strongly dissociated in the gas phase by the 254 nm radiation.

The active oxygen radicals formed strongly react with silane causing its dissociation 

through a series of reactions, leading to the formation of SiO^Hy nuclei [Robertson] 

[Petitjean-1991]:

SiH4  + O ^  SiH3  + OH (4.13)

SiH4  + OH SiHg + H2 O (4.14)

SiHg + 0  -> SiH2  + OH (4.15)

SiHg + OH SiH2  + H2 O (4.16)

SiHg + SiHg —> products (4.17)

SiH2  + 0  SiHOH (4.18)

SiH20 + O2  —̂ SiH202 + O (4.19)

SiH2 0 2  + 0  —> Si(D2  H2 O 0 L 2 O)

Of the products formed in (4,17) through (4.12) to (4.19), SiHOH (silanone) is 

known to undergo rapid secondary reactions on the substrate [Kudo] [Giunta].

2.2.3- Experimental apparatus

The system used is as described in § 1.1.1 of this chapter for SiH^/N2 0  experiments 

(figure 4.1). The window to substrate distance, however, is reduced as discussed in 

the next section. The samples used were 1” diameter, crystalline p-type silicon (100), 

and irradiated typically for up to 5 minutes. The dilution ratios and the total pressure 

inside the reactor are optimised for rapid deposition of films, with values of 

refractive index close to those expected for typical thermal oxide layers (n=1.46).
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2.2.4- Sample preparation and preliminary experiments

qv\
Prior to deposition, the samples were cleaned in a propanol solution in^ltrasonic 

bath. The processing chamber was evacuated to 10"^ mbar prior to deposition. As a 

first experiment, and to confirm the hypothesis submitted in § 1.1.3, which asserted 

that the absorption of the photons by the layer deposited on the window is 

insignificant at this wavelength, the evolution of the deposited thickness with time 

was studied. In fact,^the growth rates achieved with the present precursor mixture 

give values around 40 times higher than in the N2 O experiments, such thicknesses 

would more severely affect the window fogging.^ For deposition times as

long as 15 minutes, corresponding to thicknesses around 0.5pm, the evolution of the 

growth rate was still not showing any attenuation with time. There is no absorption 

of the 172nm photons by the films deposited on the window, and still no need for 

elaborate window cleaning procedures.

The window to substrate distance was varied from 20mm down to 12mm, minimum 

distance allowed by the system configuration. No significant difference in the film 

thicknesses was observed for those values. However, since the gas phase

reactions are here supposed to be very reactive, there is an interest in reducing the 

window to substrate distance to a minimum, in order to keep the heated substrate as 

close as possible to the newly generated species. A distance of 12mm is adopted.

One resulting experimental artefact from the use of a short window to substrate 

distance is the heavy photon bombardment on the substrate surface («70% of the 

incoming radiation at lOmbar, figure 4.11). The effect of the substrate surface 

irradiation on the growth characteristics was therefore investigated. In separate 

experiments, a portion of the substrate was masked from direct UV exposure (care 

was taken not to modify the gas flows with the mask). No significant difference was 

observed between the shadowed and irradiated surfaces, in terms of growth rates, 

refractive indices, or FTIR characteristics.
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2.3- Results and discussion

2.3.1-Activation energy

Prior to illumination, pyrolytic depositions were performed at various temperatures. 

As can be seen in figure 4.12, a very strong decrease in the growth rate is observed 

as the substrate temperature is reduced below 400°C. An activation energy of 0.6eV 

was extrapolated from these data, which agrees well with other reported pyrolytic 

work in cold wall reactors (0.42eV- 0.95eV) [Cobianu] [Vasilyeva] [Taft]. The 

average temperature increase of the gas phase species due to the proximity of the hot 

substrate was measured to be around 100°C for the highest pressures used (lOmbar). 

This temperature is known to be too low to induce any significant thermal 

dissociation in the gas phase, indicating that the growth mechanism is entirely 

promoted by surface reactions [Bennett].

Under otherwise identical conditions, but with illumination at an intensity of 

20mW/cm^ with 7.2eV radiation, the new deposition rate of the films deposited was 

measured as a function of the substrate temperature. The data, also plotted in figure 

4.12, clearly reveals a modified activation energy of O.lBeV. This is much lower 

than the 0.6eV value obtained for the purely pyrolytic reaction, providing evidence 

for the reduced importance of substrate temperature under these conditions and 

therefore a less dominant role of thermally induced surface reactions. The modified 

chemical pathways induced by the photons clearly enable lower substrate 

temperatures to be used.
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Figure 4.12: Arrhenius plot o f the growth rate o f pyrolytically and photolytically 

enhanced deposition ofSi02 (SiH4  : O2  : Ar = 1 :10:  55, P= 10 mbar).

2.3.2- FTIR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy measurements were carried out on 

the UV-deposited films using a Perkin Elmer 2000 spectrometer. A spectmm of a 

typical 200nm layer deposited in 5 minutes is shown in figure 4.13. The small 

absorption peak visible around 880cm" ̂  reveals the presence of a few percent of 

hydrogen impurities bonded as Si-H within the deposited film [Taft]. No additional 

absorption peaks were observed in the higher wavenumber ranges, particularly 

between 2000cm" ̂  and 2300cm" the region which is reportedly associated with the 

presence of a high percentage (i.e., > 5%) of Si-H [Tsu]. The characteristic Si-O-Si 

stretching, bending and rocking vibration modes, representative of stoichiometric 

S i0 2 , are visible at 1065, 810 and 460cm"^ respectively [Boyd-1982]. The 

stretching vibration mode has a full width half maximum (FWHM) value in this case
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of 7 5 c m ' w h i c h  agrees well with published data for thermally grown Si0 2  

(7 0 cm '[B o y d -1987] and is lower than that for thermally deposited SiÛ2  (85 cm'^) 

from the same gas mixtures [Kawahara]. As will be discussed later, the hydrogen 

incorporation can be significantly minimised by fine adjustment of the deposition 

conditions.
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8 0 - to

Ï

6 0 -

4 0 -

2 0 - 1000 750 Si-O
Stretch

4000 3100 2200 1300 400
Wavenumber (cm 'b

Figure 4.13 : FTIR Spectrum o f a 200nm Si02 layer deposited in 5min at 300°C at a 

total pressure o f lOmbar and flows o f SiH^/0 2 /Ar at 0.7/10/55 seem respectively.
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2.3.3- Optimisation of the deposition parameters

• SiHyOo precursor ratio R

Figure 4.14 shows the influence of the silane to oxygen precursor mixture ratio (R), 

on the deposition rate and refractive index of the deposited films. Very small 

differences in the silane to oxygen concentration are seen to strongly affect the 

deposition rate. Changes in the film properties are observed for high values of the 

precursor mixture R, as is reflected by a significant increase in both the refractive 

index and the amount of hydrogen incorporated (figure 4.15).

1.5

I
1.45 ÿI
1.4

8 10 12 
SiH^/0 2 precursor ratio R (%)

Figure 4.14 : Deposition rate and refractive index o f layers deposited for various 

precursor ratios R (P= 7mbar, T= 200°C).
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Figure 4.15 : Detail of the 880cm'^ vibrational absorption 

for several ratios of SiH^/02 -

• Total pressure

The effect of the total deposition pressure on the film deposition was studied for a 

constant total gas flow (60sccm). Figure 4.16, for example, shows that growth rates 

of 400Â/min can be achieved at lOmbar at only 200°C. Films up to 2000Â may be 

grown in only 5 minutes under these conditions. However, the figure also reveals 

that these layers exhibit low refractive index values, indicating high film porosity. 

This was confirmed by the measurement of high etch rates in buffered hydrofluoric 

acid (up to 60Â/S in buffered HF, Imol.l"^), and larger FWHM values (1 lOcm"^) at 

1065cm" 1.
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Figure 4.16 : Effect o f pressure on the deposition rate and refractive index.

(R=10%, T= 200T).

Figure 4.17 shows the evolution of the normalised Si-H vibration mode at 880cm"! 

as a function of pressure. The presence of the broad peak at the higher pressures 

confirms the existence of a significant amount of bonded hydrogen (« 1 0 % at 

lOmbar) within the layers grown. This feature is strongly diminished when the 

processing pressure is reduced. Higher pressures generally lead to an increased rate 

of gas phase collisions. Thus more efficient gas phase nucléation will occur, which 

in turn will lead to larger-sized products reaching the substrate. These nuclei, 

however, will not be fully dissociated on the sample surface, since the growth 

temperatures used are not high enough to provide sufficient energy for the process to 

occur efficiently. This effect highlights the very high importance of gas phase 

processes in the deposition mechanism. Also, when the working pressure is 

increased from 5 to lOmbar, the photon flux reaching the substrate drops from 90% 

to 80% of the 20mW/cm^ radiation. However, since in earlier experiments the
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insignificant effect of UV irradiation on the substrate was investigated, this indirect 

effect of increased pressures should not be taken as a cause of the modification of the 

properties observed. It can then be concluded that the final step of the silanone 

dissociation may only significantly be influenced by the surface temperature of the 

substrate.
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Figure 4.17 : Detail o f the 880crn^ vibrational absorption o f films 

grown at different pressures with T= 200°C.

• Substrate temperature

The influence of the substrate temperature on the characteristics of the films grown 

was also studied and figure 4.18 shows its effect on the deposition rate and refractive 

index of layers deposited at pressures of 5 and lOmbar. For both pressures, as the 

temperature is increased, higher deposition rates are obtained, and refractive indices 

approach those for stoichiometric Si0 2  values. At lOmbar, generally lower refractive
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index values and hence more porous films are obtained. Following the preceding 

hypothesis attesting that a higher pressure promotes gas phase nucléation, it is 

observed that an increased temperature is needed to dissociate the nuclei formed. 

Therefore, high quality films can also be produced at very low temperatures by using 

low processing pressures. One must balance this attractive proposition against a 

much decreased growth rate.

Figure 4.19 shows the effect of the substrate temperature on the normalised 880cm" ̂  

Si-H vibration mode for layers deposited at lOmbar. Very low substrate temperatures 

clearly lead to high H incorporation due to the limitation of the nuclei dissociation 

kinetics on the sample surface and confirms the importance of the temperature in 

promoting the necessary surface reactions.

O A  at 10 mbar
•  A  at 5 mbar

1000

o g 100-

1.45

1.4
1.35

1.25
100 200 300 400 500 6000

I
I

Substrate Tem perature (°C)

Figure 4.18 : Deposition rate and refractive index of films grown at different 

substrate temperatures at 10 mbar (open) and 5mbar (closed) for R=7%.
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Figure 4.19: Comparison o f the 880cm~^ vibrational peaks for films grown between 

100° C and 500°C at a pressure o f lOmbar.

2.3.4- Annealings

To study the form of the incorporated hydrogen, films grown at 200°C were annealed 

in wet N2  at temperatures of 300°C for a period of three hours. Figure 4.20 shows 

that there is very little change in the overall FTIR spectra with respect to the 

contributions of the Si-0 bonding. However, a particularly dramatic reduction of the 

Si-H peak located at 880cm'^ is apparent. A resulting small decrease in the film 

thickness (=5%) and an increase of the refractive index (1.40 to 1.45) are also 

observed. This is explained by an onset^ensification of the annealed film, and the 

release of weakly bonded H from within the oxide [Eagle] [Lan], although Lucovsky 

et al. have suggested that similar modifications of the Si-H vibration mode could also 

be the result of silica network modifications [Lucovsky].
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Figure 4.20: Ejfect o f a 3 hour anneal at 300° C on a 200nm film grown at lOmbar.

2.3.5- Electrical characterisation

The S1 0 2  layers were characterised electrically on MOS capacitors obtained by 

evaporating aluminium dots. The substrates used were p-type silicon (p « lOQ.cm). 

The breakdown voltages were measured by ramping a DC voltage applied on the 

device towards negative values. Since the sample thicknesses were relatively thick, 

(around 0.1 |xm), high bias voltages were used, up to the maximum value of lOOV of 

the IV tester. Although most breakdowns were recorded around 60 to 80V (6 - 

8 MV/cm), some devices did not breakdown at lOOV (>10MV/cm). The dielectric 

strength of those films seems therefore to be surprisingly very high, almost as high as 

thermally grown oxides. High frequency capacitance-voltage measurements were 

also performed, and revealed high Qgg values (lO^^cm"^), probably due to particle 

contamination, since the substrates were not etched prior to deposition.
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2.4- Conclusion

The possibility of depositing at high deposition rates has been demonstrated, and at 

very low temperatures silicon dioxide films using a novel photo-CVD technique 

based on the photochemistry of silane and oxygen. Table 4,2 summarizes the 

deposition conditions and the film properties obtained. Optimised deposition 

conditions produced, at 200°C, films exhibiting refractive index values of 1.46, etch 

rates of 20Â/s in buffered HF (1 mol/1) and electrical breakdown voltages of 6  to 

lOMV/cm, all values representative of good quality CVD grown silicon dioxide 

obtained at high temperatures [Ortiz] [Chau]. The advantage of this method is the 

good control of the gas phase photochemistry and therefore of the final stoichiometry 

obtained, and it has been showed that the nuclei dissociation reactions on the 

substrate are strongly enhanced by the substrate temperature and limited by the total 

pressure.

This entire photo-CVD process is compatible with many industrial requirements for 

electronic manufacturing as well as for optical coatings. The low operating 

temperature also makes it compatible with III-V semiconducting materials, glass, and 

many heat sensitive compounds.
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SiO^ from SiH/O^iAr (15:100)

Initiated photo-dissociation at 172 nm
0  ̂4- hv 0  + 0  

a= 2 0  atm'^cm'^

Deposition Conditions

5 mbar < P < 7 mbar 
200°C < T <300°C 

2% < R= SiH^/N^O < 6 %

Ftot ~ 60 seem 
Window-Subst. Dist.= 12 mm

Deposition Properties
100-250 Â/min 

n = 1.46

FTIR
Si-0 stretch at 1065 cm'^ 

FWHM = 75 cm"^

Electrical Properties
E = 6 - 8  MV/cmb
Q = 10^  ̂cm'^^ss

Table 4.2 : Summary ofSi02 deposition conditions and essential properties 

obtained from the photo-CVD of SiH^O 2  mixtures
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Chapter 5

The Photochemical Deposition 
and Characterisation 

of Silicon Nitride and Oxynitride Layers

The ability to deposit high quality silicon nitride (SigN^) at low temperatures makes 

this material an important candidate for large area microelectronic applications. Here 

is presented the deposition of this material from a technique based on the photo-CVD 

of silane and ammonia mixtures, under the VUV irradiation emitted from a xenon 

excimer lamp radiating at 172nm.

By combining this novel technique with that of the deposition of silicon dioxide films 

presented in the earlier section, this work is extended to the photo-CVD of oxide- 

nitride-oxide stacked layers and of silicon oxynitrides SiO^Ny.
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1.- The photo-CVD of silicon nitride from silane 
and ammonia gaseous mixtures

1.1- Introduction

1.1.1- Interest in silicon nitride

Amorphous silicon nitride is a dielectric which is widely used, most often as a layer 

to mask the oxidation of the underlying silicon layers. Those films have superior 

dielectric properties to silicon dioxide, especially in the very thin film regime. They 

have the potential for extensive application in passive and active elements in electronic 

Metal Insulator Semiconductor (MIS) devices [Paloura]. They are also a very good 

barrier to water, which may cause devices to corrode. In silicon nitride, the mobility 

of sodium or alkali metal ions, typical sources of interface charge defects in devices, 

is known to be significantly slower than in silicon dioxide. As a result, amorphous 

silicon nitride is commonly used as a barrier layer, between a silicon dioxide gate 

oxide and the Si/Si0 2  interface, as a way to inhibit the drift of ions towards the 

interface, thus reducing charge defects by protecting the device from contamination 

[Navon] [Lee-1990]. Furthermore, silicon nitride MIS transistors benefit from the 

high £ value exhibited by silicon nitride, i.e., 7.5 c.f. silicon dioxide (3.9), hence 

lowering the threshold voltages.

1.1.2- Brief review on silicon nitride deposition techniques

Pyrolytic CVD, which yields silicon nitride films with high stoichiometry, requires 

high deposition temperatures (in the range of 800°C). In order to decrease the overall 

thermal budget, plasma techniques have been utilised [Rand], and remain today the 

conventional method [Gupta]. However, silicon nitride films grown using this 

technique may suffer from plasma damage [Smith], and often contain a large amount 

of hydrogen, typically up to 20 to 35 at.% [Claassen] [Seager] [Lustig], and are often 

substoichiometric in nitrogen [Jauberteau]. Various other novel techniques have been 

developed with varying degrees of success. As such, a very promising technique 

based on the remote pyrolytic dissociation of a silane (SiH^) and hydrazine (N2 H4 )
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mixture has been developed in Japan by Matsumara, allowing growth rates as high as 

1000 Â/min at 300°C, and for films very close to the SigN^ stoichiometry 

[Matsumura].

Photolytic nitridation of the silicon surfaces has also been intensively studied, using 

either UV lasers [Sugii] or lamps [Ishikawa]. Similarly, the CVD of silicon nitride 

thin films has also been achieved using lasers [Eisele] or lamps. Silicon nitride 

deposition techniques using lamps have essentially consisted of mercury (Hg) 

sensitisation techniques, since the work of Collet in 1969 [Collet] [Brekel] [Nikolic] 

[Lemiti] [Berti]. The contamination and hazards associated with the use of mercury 

tended to motivate research towards techniques using direct photo-enhanced CVD,

i.e., when the available energy provided by the photons is transferred photolytically 

to the reactive species such as disilane and ammonia mixtures [Inushima], or silane 

and ammonia mixtures [Numasawa-1983] [Guizot] [Petitjean]. However, the general 

low levels of vacuum ultraviolet radiation associated with the low pressures Hg lamps 

have limited the deposition rates and thus further expansion of these techniques.

Here is proposed to study a novel way to deposit silicon nitride films, involving the 

use of a xenon excimer lamp emitting in the VUV domain in a continuum centred at 

172nm.

1.2- Experimental details

1.2.1- Photochemistry of SdT^ and NHg mixtures under 172nm photons

Whilst silane is transparent to the UV radiation, the ammonia molecules are excited by 

the photons and undergo dissociation:

NHg + hv —> NH2  + H (5.1)

N H g -f-h v ^  NH + 2 H  (5.2)

NHg + hv ^  NH + H2  (5.3)
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Mainly reaction (5.1) occurs around 172nm (> 96%). The absorption cross section, 

G, of NH3  species varies from 20 to 100 atm"^cm“  ̂ in the 165-180 nm range with 

sharp peaks at 176 and 179nm, exhibiting values of 200 and 260 atm"^cm“ ,̂ 

respectively [Tannenbaum]. The quantum yield of NH3  d is ^ la f  ;oh at 185nm may 

approach unity at low pressure [Calvert]. Figure 5.1 gives an abacus of the 

corresponding absorptions for various ammonia pressures (at room temperature and 

assuming a=50atm “^cm'^), and for photon pathways varied from 1 to 5 cm. It 

shows that 172nm absorption cross sections of 40 % are obtained through 1cm of 

ammonia at lOmbar.

100

“ S' 8 0 -

S'S
.S'S 6 0 -
<u CT)

’S  'S
o g 4 0 -

5 cm

1 cm
i lu 13
S 2 2 0 -

1000.1 1 10
NH^ Pressure (mbar)

Figure 5.1: Abacus for 172nm photon absorption in pure ammonia, 

various window to substrate distances are considered, from 1 to 5cm, 

(assuming G= 50 atm'^cm'^).
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The NH2  radicals then react with silane molecules, under

NH 2  + SiH4  NH3  + SiH3  (5.4)

NH2  + NH2  + M —> N2 H4  + M (5.5)

where M is a third body, and N2 H 4  is hydrazine which also undergoes 

photodissociation under

N2 H4  + hv ^  H + N2 H3  (5.6)

N2 H4  + hv —> NH2  + NH2  (5.7)

Secondary reactions occur:

H + SiH4  ^  H2  + SiH3  (5.8)

H + SiH3  SiH2  + H2  (5.9)

N2 H3  + H —̂ N2  + 2 H2  (5.10)

SiH3  +N H 2  ^  S1H3NH2 (5.11)

N2 H3  + N2 H3  —̂ 2 NH3  4- N2  (5.12)

The primary reaction products, such as H and NH2  radicals, can undergo rapid 

secondary reactions such as (5.8) to (5.11) in the gas phase. Further reactions of 

other minority and short lived species such as NH and SiH2 , produced by secondary 

reactions, are here neglected. SiH3 NH2  is silylamine, which actively contributes, 

with NH2  and SiH3  to surface reactions [Guizot].

1.2.2- Precursor gas purity

At the early stages of this study, experiments indicated that the process requires the 

use of ultrahigh purity gases. In fact, impurities of only a few hundred ppm (part per 

million) (especially O2 , H2 O and CO2  for ammonia), were sufficient to drastically 

pollute the deposited film with oxygen, leading to film stoichiometries more closely 

resembling Si0 2  rather than Si3 N4 . This was due to a higher degree of reactivity 

exhibited by these impurities than by the ammonia, towards the reaction with silane, 

therefore rendering them predominant in the deposition photochemistry. 

Accordingly, the precursor gas purities used were grade 5.0 (i.e., 99.999%) for the 

silane and 5.5 (99.9995% ) for the ammonia.
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1.2.3- Sample preparation and preliminary experiments

The experimental set up has been presented in details in chapter 1, and with the study 

of silicon dioxide depositions in figure 4.1. Portions of p-type silicon wafers, (100) 

oriented, are used as substrates. Prior to deposition, the samples are cleaned in a 

propanol solution in ultrasonic bath and the chamber is evacuated to 1 0 "  ̂mbar.

A first experiment was carried out to measure the extent of pyrolytic growth. Setting 

the substrate temperature at values up to 400°C, resulted in no measurable layer being 

detectable. The pyrolytic dissociation of the precursors does not occur at those 

temperatures.

The next experiment studied the evolution of the thickness of the deposited layer as a 

function of the duration of the experiment. Samples prepared using identical 

deposition parameters were processed for various times, and their thicknesses, as 

measured with ellipsometry, were plotted. For example, figure 5.2 shows the 

evolution of the thickness with process time up to 30 minutes, for films deposited at 

lOmbar, 300°C, and using a 10% silane in ammonia mixture. The thickness 

evolution for two window-substrate distances of 12 and 40mm, and for various total 

precursor flows are plotted.

The instantaneous growth rate is obtained from the slope of the curves. A significant 

decrease is observed with time, and can be attributed to the attenuation of the incident 

photon flux, caused by the absorption of the film deposited onto the magnesium 

fluoride window. This problem is well known to photo-CVD experimenters and is 

commonly referred as the window fogging problem.
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Figure 5.2 : Evolution o f the deposited layer thickness with the duration of the 

experiment, at various window to substrate distances (d) and total gas flows (f).

1.3- The window fogging problem

1.3.1- Outline of the problem

As mentioned in chapter 1, § 2.2.1, a practical limitation of most photo-CVD 

processes stands in the attenuation of the ultraviolet light due to film deposition on the 

window. In the case of the 172nm photons, absorption is exhibited by the SiN 

products condensing on the window separating the lamp and deposition chambers, 

and this results in the decrease of the deposition rate during the experiment. In the 

particular case of hydrogenated amorphous silicon (a-Si:H), this problem is a further 

limitation, since the deposited products show very high absorption cross sections in 

the UV domain. A number of solutions, used with varying degrees of success, 

includes a directed etching Xep2  jet at the window [Langford], a thin layer of low 

vapour pressure oil (Fomblin) on the window [Inoue], the previous solution
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combined with a wiper blade system [Bhatnagar] or a flexible transparent film held 

against the window [Peters] [Rocheleau]. However, contaminations resulting from 

the use of oil or fluorinated compounds may result in the deposited layers.

Other groups have preferred the use of a purging gas in the vicinity of the window, to 

prevent the condensation of deposition products [Tanimoto]. This type of gas purge 

is often used with laser assisted techniques [Tsuji] [Nishino] [Shirafuji]. In fact, as 

the laser light is highly collimated, the window through which the beam enters may 

be located relatively far from the region where the reactions occur, and as such the 

purge may not interfere with the reactive species. However, in the case of lamp 

assisted techniques, this solution is more difficult to implement, since the added 

purging gas often results in local turbulences close to the substrate region. 

Numasawa et al. reported the use of an optically transparent “separator plate”, 

perforated about 1 2 0 0  times with 0 0 .6 mm holes, and located between the window 

and the reactor, to prevent the precursor gases reaching the window, as well as to 

limit the flow turbulences to a minimum [Numasawa-1986]. This ingenious method 

seems so far to have offered the best answer to the window fogging problem, 

although it requires expensive and technologically difficult preparation of the 

perforated “separator plate”.

1.3.2- Gas purge configuration

The gas purge configuration utilised in these experiments exploits the use of a 

secondary flow of argon. As was previously mentioned, a very fine tuning of both 

the precursor gas flows and the purging gas geometries is required since the purging 

gas flow may create undesirable local turbulences in the neighbourhood of the 

substrate. Furthermore, to be efficient, this approach implies the use of pressures for 

which the mean free path of the species is shorter than the chamber dimensions 

(viscous mode). Consequently, this type of window purge gives constraints on the 

pressures to be used in the reactor. Also, although the configuration would greatly 

benefit from the implementation of a “separator plate”, it is technologically too 

demanding for this study.
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Figure 5.3 gives a schematic diagram of the configuration used between window and 

substrate, and shows typical gas flow characteristics for this geometry. The 

“shower” used to feed the purging gas is made from a 0 2 mm stainless-steel straw, 

onto which have been perforated about ten 00.4mm holes at regular intervals.

Substrate -w in d o w  
d istance

'Photons126nm

n Gas
Purge

126nm

productsV

M agn esium  fluoride v iew p ort

Substrate H old er

Figure 5.3 : Schematic diagram of the effect of the window purge

1.3.3- Lateral approach

• Introduction

In the previous configuration, it appears that the effects of the window purge may be 

strongly influenced by many of the deposition parameters, such as the window-to- 

substrate distance, the total deposition pressure, the precursor and purge gas flows, 

the shower-to-substrate and purge-to-window distances, and the surrounding 

chamber geometry. Similarly, the optimisation of the deposition conditions would 

also strongly be influenced by the window purge itself. It is therefore not advisable 

to try to optimise both the deposition conditions and the window purge at the same 

time, and consequently an experimental artifice is adopted. From the behaviour of the 

curves presented in figure 5.2, the consequence of material absorption on the window 

can be expressed mathematically. From this point, it would become possible to draw 

a model on the growth kinetics, and then to calculate for each experiment the relative 

growth rate which would have been obtained without any window absorption. This
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will enable us to optimise fully the deposition conditions before optimising the 

window purge.

• Mathematical expression

Considering x(t) as the expression of the thickness of the deposited layer on the 

sample surface, and v(t) as the corresponding deposition rate, i.e., its derivative. 

Assuming that the time dependant deposition rate is proportional to the decreasing 

172nm radiation, the expression of the Beer-Lambert law on the intensity. I, of the 

light traversing the window can be written as:

V (t) = K I = K Iq exp ( - CT (5.13)

where Iq is the light entering the reactor, a(t) the absorption coefficient of the film 

deposited on the window, and x^jj^dQ^(t) the thickness of the deposited coating on 

the window.

To a first approximation, the gas phase chemistry, and hence the deposition products, 

do not depend upon the radiation intensity, therefore a  is not time dependant and can 

be written as a(t) = a. Furthermore, assuming that is proportional to

x(t), at a ^ coefficient (Ç > 1 ) :

Xwindow^^  ̂ “  ^ (^*14)

Therefore:

V (t) = K I = K Iq exp ( - a  Ç x(t)) (5.15)

= VQ exp ( - c  ^ x(t)) since v(t)^^Q = KIQ = VQ (5.16)

By derivating (5.16) in respect to t, it comes:

dv(t) / dt = - v q  a  Ç [dx(t)/dt] exp ( - a  Ç x(t)) (5.17)

= - VQ G ^ v(t) exp ( - G ^ x(t)) (5.18)

= - a ^ v 2 ( t )  (5.19)

And therefore,

dv(t)/v^(t) = dt (5.20)
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The solution of equation (5.20) is :

1 / v(t) = a ^ t  + cte = a ^ t  + 1 / v q  (since v(t) = v q  at t=0 ) (5.21)

Thus,

V(t) = V q  / (1 + G Ç V q  t) (5.22)

Therefore, x(t) obtained by integrating (5.22) becomes:

x(t) = — - In ( l  + Gq V Q  t) + x q (5.23)

taking x(t) = xq at t= 0  (native oxide).

Equation (5.23) is the expression of the deposited thickness evolution with the 

duration of the experiment.

• Curve fitting

From the evolution of the thickness as measured in figure 5.2, a computed algorithm 

[Press] is used to calculate a curve fit in the form of equation (5.23), to obtain the 

corresponding experimental values for g  and Experimental values for the product 

G^ of 3.8 10^cm“  ̂ and 8 . 8  lO^cm"^ were obtained, at window to substrate 

distances, d^g, of 12 and 40mm respectively. The absorption cross section g  of 

silicon nitride at 172nm has been reported as 3 lO^cm"^ [Borghesi]. The 

corresponding values for the coefficient Ç are of 1.2 and 2.9, at 12 and 40mm, 

respectively. As expected, the efficiency of the deposition on the substrate is greater 

at small distances d^g.

The ratio Ç, representative of the deposition thickness on the substrate compared to 

that on the window, is calculated to be strongly dependant on d^g. The influences of 

the total precursor and of the deposition pressure were measured, and they did not 

percepti bly affect the values of G and From that point, it can be assumed that 

only d^s influences and the value ^= 1 . 2  (dw§=1 2 mm) is kept constant for the 

remainder of the discussion.
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exp ((x- Xq)c^ ) -  1

cE At

From equation (5.23), an estimation of the initial growth rate v q , which is 

independent of the window fogging effects, can be given:

(5.24)

where x is the measured thickness of the sample,

Xq is the native oxide thickness.

At is the duration of the experiment.

Only the values of v q  are considered in the forthcoming discussion of the kinetics of 

the deposition. Numerically, have been used:

X q  = 20Â,

oÇ = 0.0038 Â"^ = 3.8 10^ cm“ ,̂ deduced from analytical fittings, at d=12mm.

• Precision and accuracy

For each experiment, the value of v q  is calculated from equation (5.24). 

Uncertainties on the values of x q  and result in an error on v q . Here is proposed 

to numerically estimate that error. Firstly, the error on x q  is ranging around 10 to 

20% (native oxide thicknesses varying from 15 to 25Â). The repercussion of that 

error on v q  is very small, and tends towards zero for increasing values of the 

thickness (>100Â). Similarly, the relative error on the product aÇ, fitted at 0.0038Â, 

may reach 10%. By calculating the partial derivative of v q  with respect to the product 

<ĵ , it can be shown that an expression of the following form is obtained:

(5.25)
Vq " (C%)

Where (aÇ, x) is a function that essentially remains between 0.1 and 1 in the 20Â 

to 400Â range (appendix 4), therefore indicating that a 10% relative error on (aÇ) 

would be compensated and maintained to a few percent error on v q .  A s a result, the 

resulting total influences of the small errors on the values of x q ,  a  and Ç are not 

strongly counteracting on the calculated values of v q .

Chapters page 151



1.3.4- Optimisation of the gas purge

The optimisation of the purge concentrated on the size of the areas on the window 

from which product deposition has been prevented. Figure 5.4 shows the differences 

in behaviour observed on the window after deposition experiments for two different 

pressures and for exposition times up to 30 minutes.

Window holder

  Areas on which
I 1 deposition occurred

Areas on which 
deposition has been 
avoided

Figure 5.4 : Schematic of the aspect of the window after deposition, 
when observed in white light.

Total pressure is Imbar (Left) and 5mbar (right) (see text).

The drawing on the left represents the shadow of the purging shower on the window 

when a total pressure of Imbar is used. At this pressure, silane and reactive 

molecules have not been affected by the purging flow and condensed on the window. 

When the total pressure in the chamber is increased, the probability for a reactive 

species to reach the magnesium fluoride window is reduced due to a high collision 

rate with argon species sprayed in the neighbourhood of the window, and so a darker 

area with hardly any coating appears. As a preliminary experiment, the width of the 

“clean” area on the window versus the total chamber pressure (figure 5.5) is probed. 

As expected, the pressure increase motivates strongly the effect of the window purge, 

which becomes less efficient below 5 mbar.
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Figure 5.5 : effect o f the total chamber pressure on the purge 

(argon: lOOsccm, precursors: 50sccm, = 10%).

1.3.5- Conclusion

The absorption of the 172nm incoming radiation by the deposition products 

condensing on the window, namely the window fogging problem, contributes to 

attenuate the incident photon flux, and as such is very depreciative when silicon 

nitride photo-CVD is attempted. From the numerous techniques which can be used, 

it would be preferable to use a gas stream across the window, in combination with a 

“separator plate” in order to avoid experimental constraints created by the use of a gas 

purge. Due to experimental limitations, a simpler device is to be used during this 

project, and its optimisation has been presented. Furthermore, with the use of a 

simple mathematical model, it has been showed how the growth kinetics could be 

optimised without concerning the window fogging problem, since the deposited 

products do not absorb strongly the incoming radiation. In the next paragraph, a 

study of the growth kinetics and silicon nitride film properties is presented, with no 

further consideration of this problem. By ensuring that the total deposition pressure 

exceeds Smbar, this is a valid assertion.
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1.4- Growth Kinetics

Silicon substrates prepared as described in §1.2.3 are studied. The temperature is 

kept in the 200-300°C range, with a typical lamp input power up to 40W, which 

corresponds to 20mW/cm^. The experiments were carried out for 10 to 20 minutes, 

and the initial growth rates v q  were extrapolated from equation (5.24).

1/4.1- Effect of the total precursor flow

The influence of the total precursor flow on the growth rate was studied from 5 to 

140sccm, at lOmbar, using a lamp input power of 40W, and a precursor mixture of 

5% silane in ammonia (figure 5.6). For flows below lOsccm, the deposition is 

limited by the gas phase diffusion of precursors, whether for values higher to 

50sccm, the growth is limited by the photon intensity (lower rates are achieved at 20 

and 30W input power). Also, a higher non-uniformity of the deposited layer could 

be observed above 120sccm. In the intermediate range, i.e., between 10 and 

30sccm, the growth rates exhibit slightly higher values, as a result of the laminar 

condition of the flow in this region. The use of a total precursor flow of 20sccm is 

therefore advisable. At this flow and a d^g of 12mm, very good thickness 

uniformity on the 2 0 x2 0 mm samples is obtained (non-uniformity <5%).

1.4.2- Effect of the total pressure

The effect of the total pressure was studied and figure 5.7 shows its influence on the 

deposition rate, at a temperature of 300°C and using a 5% precursor mixture of silane 

in ammonia. In order to study the effect of the window to substrate distance d^§, 

characteristics obtained at d^g=4cm are also shown.

The initial deposition rate vq exhibits a linear evolution with the pressure in the low 

range, up to a critical value at which v q  saturates. Similar behaviour was also 

observed by Guizot using a low pressure mercury lamp [Guizot]. At low pressures, 

the process is limited by the diffusion of the precursors. At higher pressures, other 

mechanisms occur, with secondary and recombination reactions becoming important 

in the gas phase. This leads to a reduction in the film growth efficiency.
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Figure 5.6 : Evolution of the growth rate vs. the total precursor flow  

(Open : at MOsccm only for input power comparisons)

At a d^g of 12mm, the maximum value for v q  is obtained at 1 Imbar, whereas at 

40mm, this occurs at 6 mbar. In fact, by using data in figure 5.2, it appears that at 

6 mbar and 40mm, roughly 70% of the incoming radiation is absorbed, and this is a 

close value to that obtained at 1 Imbar and 12mm. The limitation of v q  is therefore 

related to the number of photons reaching the substrate. Since these photons are 

likely to limit the recombination reactions, this reinforces the suggestion proposing 

that the limitation is caused by gas phase recombination reactions.
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Figure 5.7 : Evolution of the growth rate with the chamber pressure 

(5% silane in ammonia, at 300°C)

At a d^g value of 12mm, a slight decrease of v q  at 1 Smbar is observed. In fact, the 

appearance of this film was almost opalescent, giving evidence of powder formation 

in the pba se ., This causes inaccuracy in the film thickness,

measured using ellipsometry, and a greater error should be considered on the point. 

This did not happen at 40mm, probably since the powder formation reactions only 

occur in the vicinity of the window, and hence the products are more likely to be 

pumped away than to deposit on the sample.

Comparison of the two behaviours observed at d=40mm, using precursor gas flows 

of 20 and 80sccm, reveals that greater values of vq are obtained at low flows. This 

suggests that the secondary reactions, which limit the deposition mechanism, are also 

promoted by the gas turbulences.
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1.4.3- Effect of the precursor mixture ratio R of silane in ammonia

Figure 5.8 presents the growth rate and refractive indices obtained for various 

precursor mixtures. These growth rates were obtained at a temperature of 300°C, an 

N H 3  flow of 20sccm, a d^g of 12mm, a total pressure of lOmbar, and a lamp 

intensity of 10 to 15mW/cm^. Growth rates higher than the lOÂ/min rate obtained 

here should be readily achievable due to the much higher fluxes of photons that can 

be generated with the lamp. The value of the refractive index is clearly very strongly 

dependant on the silane concentration within the ammonia. Values as high as 1.85 

were obtained for low SiH^/NHg ratios. Direct photo-CVD rarely leads to values 

higher than this due to the difficulties of routinely achieving completely oxygen free 

processing conditions, and with the very high reactivity of those oxygen based 

impurities. There is evidence of such an unequal reactivity of active oxygen species 

compare with that of NH or NH2  radicals. For example, Watanabe and Hanabusa 

reported the deposition of SiOj qNq Q3  oxynitride layers with a deuterium lamp, and 

using a precursor mixture of S iH ^N H 3 /N 0 2  of 13/130/0.5 seem, respectively 

[Watanabe-1989]. In the present case, the O2  source is mainly due to the precursor 

purity and to the background pressure, and therefore could be reduced with more 

elaborate gas handling.

Petitjean et a l, as well as Guizot et a l, who in similar processes used low pressure 

mercury lamps, reported q different behaviour I&r the refractive index evolution 

with the precursor mixture [Petitjean] [Guizot]. In fact, in their case, the highest 

values were obtained at precursor mixtures of 1 0  to 1 2 %, and stoichiometries close to 

Si3 N^ were obtained at ratios below 1 %, but exhibiting lower refractive index values 

of 1.75. In fact, they reported, at high R, film compositions closer to SiN^Hy, 

which exhibit higher refractive index values. This will be further discussed when 

considerations on the composition of the films are made.
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Figure 5.8 : Deposition rate and refractive index V5  SiH^j/NH^ ratios

1.5- Thin film characterisation

1.5.1- Fourier transform Infra-Red spectrometry

FTIR spectrometry was carried out on the UV deposited films. The spectrum of a 

silicon nitride layer obtained at 300°C, lOmbar and a mixture of .5% of silane in 

ammonia is shown in figure 5.9. It essentially consists of the characteristic 

absorption peak observed for the infra-red stretching vibration mode of Si-N centred 

at 840cm"^ [Berti] [Parsons].
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Figure 5.9 : FTIR characteristic absorption spectra o f silicon nitride

FTIR spectrometry was also used to identify the effect of the gas mixture on the 

stoichiometric content of the films. No dominant peak was observed in the region 

where the Si-H vibrational modes are located (around 2175 cm“ )̂ [Berti]. This gives 

an upper limit to the content of bonded hydrogen in the films of a few percent, thus 

indicating a much lower concentration to that typically found in plasma enhanced 

CVD nitride films, where it can vary up to 35% [Chou]. In figure 5.10, the 

relationship between the Si-N stretching vibration mode and the SiH^/NHg ratio R is 

shown. These measurements were obtained for 300Â thick silicon nitride films 

deposited at 300°C at a constant ammonia flow.
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Figure 5.10 : Evolution of the Si-N vibrational mode 

with precursor mixture ratio R
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As can be seen in figure 5.10, the characteristic broad peak centred around 840cm"^ 

observed for low R ratios is strongly diminished at higher silane concentrations. 

Therefore, the refractive index reduction observed for high silane concentrations 

corresponds to a decrease in the concentration of Si-N bonds in the films. This is 

explained by the fact that when R is increased at a constant NH3  total flow, the ratio 

of dissociated active NH and NH2  species to the number of silane molecules 

decreases, rendering the complete dissociation of the silane to be less probable, 

leading to a poorer Si-N bond concentration in the film. Further, at very high ratios 

(20%), the Si-N bond concentration is so low that the relative increase in the 

concentration of Si-O impurities bonds become visible by the associated increase in 

the absorption near 1060cm" ̂  due to the presence of Si-O units in the film. These 

observations confirm that it is possible to accurately control the stoichiometry of the 

deposited films by altering the precursor mixture. This selective precursor excitation 

feature is an added advantage of this technique over other deposition processes, since 

mutual excitation of the gas phase often leads to SiN^Hy (e.g., plasma CVD and Hg 

sensitised photo-CVD).

1.5.2- Secondary Ion Mass Spectroscopy (SIMS)

SIMS analysis performed on the samples showed that the hydrogen and oxygen 

contents were very low and that the stoichiometry of the film was constant in depth. 

Figure 5,11 shows such a profile for a 600Â silicon nitride film deposited on silicon. 

This film, exhibiting a refractive index of 1.83, was obtained using a precursor 

mixture of 2.5% silane in ammonia. The tail on the N profile visible after the 

interface is due to recoil mixing commonly found in SIMS measurements.
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Figure 5.11 : SIMS profile of a 600Â silicon nitride film deposited on silicon

1.5.3- X-ray Photoelectron Spectroscopy (XPS)

XPS is a characterisation technique that enables the chemical analysis of a surface 

layer with thickness around or below 100A. This technique enables the detection of 

any element, except hydrogen, incorporated in the films. The principle relies on the 

detection of electrons emitted from the surface, when exposed to a X-ray beam. The 

electron kinetic energy is equal to the difference between the incident X-ray photon 

energy, and the energy necessary to extract one electron from the lower atomic level 

of an atom. It is as such a signature of the atom from where the electron has been 

emitted, but also of the electronic boundaries of that atom (chemical bindings with 

neighbour atoms). The composition of a silicon nitride layer deposited on silicon has 

been studied, using a precursor ratio of 0.5% silane in ammonia, at 300°C and a total 

pressure of lOmbar (same sample as the one studied using FTIR spectroscopy in 

figure 5.9). Typical portions of the XPS spectrum corresponding to the regions O 

l 5 , N l 5 , and Si 2p, are shown on figure 5.12(a)-5.12(c) respectively.
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Figure 5.12 : XPS spectrum o f a photo-deposited silicon nitride film, 3 regions 

corresponding to (a) the O Is, (b) the N  Is, (c) the Si 2p peaks are presented.
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The O l5 peak reveals the presence of several percent of oxygen in the area of the 

XPS analysis, its position at 532.8eV being in good agreement with data in the 

literature [Jo]. However, the absolute intensity of the peak is measured at one order 

of magnitude below that observed for thermally grown Si0 2  films on the same 

apparatus; also, since oxygen was not detected at the time of the FTIR measurement, 

this peak may be caused by a surface contamination of the film after its long 

exposition to air before the XPS measurements («2 months). This is in fact 

commonly observed on silicon nitride layers [Padmanabhan]. Within the N I 5  zone, 

a maximum at 398. leV is observed in accordance with N bound to Si in SigN^ [Jo] 

[Sobalewski]. The small peak located around 388eV may be caused by the N (KLL) 

Auger emission [Kyuragi]. The position of the Si 2p peak at 102.2eV finally 

corresponds to Si bound to N, as reported by Aritome et a/.[Aritome]. The presence 

of oxygen in the film would have led to a shift in this peak towards higher values of 

103.8eV, value obtained on the same machine for a silicon dioxide layer. Since a 

much lower value of 102.2eV is observed, this confirms that the presence of oxygen 

is limited to a few percent, and that the O Is peak was indeed due to surface 

contamination.

1.5.4- Physico-chemical properties

Simple hardness measurements were performed on the films, using a scratch test with 

various stones of known Mokis hardness. It showed that silicon nitride was not 

scratched by feldspar (H=6), although it was by quartz (H=7). This estimation of the 

hardness agrees with the values expected.

Etch rates measurements were performed on the silicon nitride deposited layers, using 

a buffered hydro-fluoric acid (HE) solution, diluted in water at a concentration of 

Im ol.r^. Sze reported a quasi insolubility of silicon nitride in HP (=13mol.r^), 

with a value of 5-lOÂ/min [Sze]. However, due to the unavoidable content of H or O 

impurities in the film, some weaker bonds can be broken, and etch rates as high as 

2000Â/min have been reported [Hess]. Claassen et al. also reported a relationship 

between etch rates, the Si/N atomic concentration, and the film density [Claassen]. 

This is the cause for great differences in the reported values found in the literature.
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Generally, the films deposited using a plasma enhanced technique, show very high 

etch rates, particularly since they always present a very high hydrogen content. 

Values vary from 200Â/min in 3mol.l"^ solutions [Sinha], down to 30-70Â/min in 

2.5mol.r^ reported in more recent work [Parsons]. Photo-CVD nitride etch rates of 

lOOÂ/min in HF, 3m ol.r^ have been reported, using the mercury sensitised 

technique [Berti]. In the case of the present experiments, a buffered HF solution with 

concentration of Imol.F^ was used. Etch rates of 30Â/min were obtained, for films 

deposited at 300°C and with a precursor mixture ratio of 0.5% silane in ammonia. 

Higher values of lOOÂ/min were also obtained at precursor ratios of 5%.

1.5.5- Electrical characterisation

The film properties were probed electrically using I(V) measurements. MOS 

capacitors were prepared by evaporating aluminium dots (0 . 0 0  Icm^) on the silicon 

nitride layers deposited on p-type silicon substrates (p«10Q.cm). In order to 

measure the I(V) characteristics of those devices, the gate was biased, and the ramp 

rate was IV/s. Figure 5.13 shows the distribution of breakdown values obtained on 

one sample deposited using the optimised conditions (R=0.5%). As can be seen, a 

very high deviation from the mean of the measurements is obtained, probably due to 

particle contamination of the substrates in the laboratory, which is not a clean room 

facility. Dielectric breakdown values of 6  to 8 MV/cm are readily achievable, although 

greater mean values of 8 MV/cm may be obtained with improved sample handling.

Capacitance voltage measurements were also performed on optimised samples, and 

figure 5.14 shows a typical characteristic. A significant increase of the value of the 

capacitance during inversion is observed. This effect was present in most of the thin 

films, and it was supposedly caused by charges trapped at the interface between the 

deposited layer and the native oxide. High Surface state charge values were also 

obtained (around 1 0 ^^/cm^), such high values probably caused by the absence of 

in-situ cleaning prior to deposition, and therefore to a high number of states trapped 

in the native oxide and at its interface with the nitride layer. These defects are not 

related to the deposited layer properties, but to its interface with the substrate. In fact, 

when the deposition of thin films is achieved, the interface between the substrate and
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the deposited coating remains at the same position during all the process, and 

therefore pollutant particles which were present on the surface of the sample remain 

sandwiched exactly at the position of the electrical interface of the junction, together 

with the native oxide. This is an ideal location for impurities and surface states, and 

therefore it limits the application of deposited thin films towards

gate dielectrics, unless in-situ cleaning of the interface is made available. This 

problem could however be overcome, for industrial applications, with the 

implementation of substrate cleaning techniques.
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Figure 5.13 : Breakdown fields measured on a 300Â silicon nitride sample

obtained at 300°C.
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Figure 5.14 : Capacitance-Voltage measurement

1.6- Conclusion

The possibility to deposit, at low temperatures, good quality silicon nitride films has 

been demonstrated, using a photochemical process based on the 172nm continuum of 

xenon in a dielectric barrier discharge lamp. In table 5.1 are summarised the 

optimised deposition conditionnas well as the essential film properties obtained. Such 

a deposition process has now been described for both Si0 2  and SigN^ layers. It has 

been demonstrated that deposition rates comparable to those obtained with mercury 

lamps can be obtained, with generally higher refractive indexes and better control of 

the stoichiometry. These observations open a potentially new area for the application 

of excimer lamps, since the deposition of dielectric films for industrial applications at 

even higher rates and larger areas may be achieved by scaling up the geometry of the 

apparatus used.
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Si^N^ from SiH^/NH^

Initiated photo-dissociation at 172 nm
NH3  + hv NH2  + H 

a= 50 atm'^cm'i

Deposition Conditions

P = 10 mbar 
200T  < T <300°C 

0.5% < R= SiH^/NH^ < 1% 
= 2 0  seem 

Window-Subst. Dist.= 12 mm

Deposition Properties
15 Â/min 
n = 1.85

FTIR
Si-N stretch at 845 cm'^ 

FWHM = 150 cm"^

Electrical Properties
E^= 6 - 8  MV/cm 

Q = 10̂^ss

Table 5.1 : Summary of Silicon nitride deposition and essential properties obtained 

from the photo-CVD o f SiH/f/NH^ mixtures.
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2.- The in-situ  photo-CVD of silicon Oxide-
Nitride-Oxide multilayers

The main purpose of this short section is to give a proof of principle of the possibility 

to deposit in-situ oxide-nitride-oxide multilayers of silicon using the photo-CVD 

technique enhanced by 172nm photons emitted from a xenon excimer lamp.

2.1- Interests

Thin Oxide-Nitride-Oxide (ONO) stacked films are of considerable interest as 

dielectric layers for dynamic random access memories [Watanabe-1984] [Suzuki], 

and low voltage electronically erasable and programmable read-only memories 

[Chan]. They combine the high interfacial integrity of Si0 2  with the good diffusion 

barrier property, the low leakage current, and the higher dielectric constant of SigN^ 

[Ting] [Lee 1988], as well as the high yield of the stacked film, and the possibility to 

be processed at relatively low temperatures [Manzini] [Banerjee].

2.2- Experimental conditions

The deposition conditions are the same as those presented in earlier sections for the 

deposition of silicon dioxide and nitride layers. The light source is a xenon excimer 

lamp, capable of generating at 172nm up to 20mW/cm^ fluxes of photons. The 

silicon dioxide layers were deposited using a silane and nitrous oxide gaseous 

mixture, and the optimised conditions presented in table 4.1. The silicon nitride layer 

was obtained using a silane and ammonia mixture, with the optimised parameters 

presented in table 5.1. Between the multiple depositions, the sample was kept under 

heat at 300“C, and the chamber was evacuated to lO'^mbar.

2.3- SIMS analysis

Three layers with thicknesses around 100Â have been deposited, and the film was 

characterised using SIMS analysis. On figure 5.15 is shown the depth profile of an
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oxide-nitride-oxide silicon multilayered structure on silicon. Four distinct zones are 

found, and the ONO layers are well recognisable. From the bulk of the silicon 

substrate (right), a first silicon oxide layer which thickness is about 150Â is visible. 

The nitrogen tail under the N profile may be caused by recoil mixing probably due to 

a too high erosion rate during the measurement. The nitrogen rich layer, of 100Â in 

thickness, is visible in the middle of the ONO structure. The O profile seems also to 

be high under this layer, still probably because of recoil mixing. Finally, the surface 

silicon oxide layer is seen on the left of the depth profile. In that case, the relatively 

high N content cannot be caused by recoil mixing, and therefore gives evidence of a 

small interdiffusion between the layers. This may be enhanced by the small 

thicknesses considered. The surface layer seems also to be slightly thinner, although 

deposited in the same conditions, than the buried oxide layer, probably due to a small 

window fogging absorption caused by the deposition of the N rich layer. This could 

however have been compensated by increasing the lamp power during the deposition 

of the surface oxide.

g 1000
<D

100

400 500 6000 100 200 300
Depth (A)

Figure 5.15 : SIMS profile o f an oxide-nitride-oxide multilayered structure

on silicon
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3.- The photo-CVD of silicon oxynitride SiO^Ny

In the previous sections have been reported the use of a 172nm radiation to deposit 

pure discrete layers of silicon dioxide and silicon nitride. Here, by directly combining 

the two processes, is achieved the photo-enhanced CVD of SiO^Ny layers.

3.1- Interests in silicon oxynitride

Silicon oxynitride thin films present several advantages as layers for the fabrication of 

integrated-optical circuits. They can be deposited as a transparent amorphous film 

whose refractive index can be varied from 1.46 (Si0 2 ) to 2.0 (SigN^), therefore 

permitting a controlled matching of waveguide structures. Further, for passive 

optical components applications, doping of a silicon oxynitride waveguide can be 

achieved by using nitrogen, whose use obviates the handling hazards and safety 

problems introduced by other dopants such as boron and phosphorous [Bruno]. 

Finally, Silicon nitride films are also fully compatible with microelectronics, and offer 

other advantageous properties over Si0 2  and SigN^, e.g., lower mechanical stress 

[Watanabe-1989], and tunable density and stoichiometry. SiO^Ny films are usually 

obtained in a two step process: silicon dioxide deposition and nitridation in a NHg 

flow at high temperature (« 800°C) [Hori]. As a result, the possibility to deposit 

directly the SiO^Ny layers reduces the manufacturing overall thermal budget.

3.2- Thin SiO^Ny film deposition

3.2.1- Experimental conditions

The photo-CVD reactor used is the same as previously described for the depositions 

of silicon dioxide and silicon nitride. P-type silicon wafers were used as substrates. 

The window to substrate distance was kept at 12mm, in order to keep the optimised 

geometry conditions obtained with the deposition of silicon nitrides. No particular 

window purge was used for those experiments. Various mixtures of silane, ammonia 

and nitrous oxide were used, and the sample properties were probed using 

ellipsometry and FTIR spectrometry.
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3.2- Results

Figure 5.16 shows the growth rate and refractive index of the films grown using 

different N 2 O /N H 3  ratios at a constant pressure of lOmbar, and a substrate 

temperature of 300“C. The flow of silane is maintained at a constant value of 0.5 

seem, whether the sum of the ammonia and nitrous oxide flows is maintained 

constant at 50sccm. The smooth and continuous evolution of the refractive index 

with the variation of the N2 O/NH3  mixture indicates a progressive evolution from 

nitride rich films towards stoichiometric oxides.
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Figure 5.16: Relationship of the growth rate (•) and the refractive index (o) 

with the N2 0 /NH^ precursor mixture ratio (square root scale).

When only NH3  is used, the nitride-rich films (n=1.83) grow around 5 times faster 

than the oxide-rich layers (n=1.48) produced in pure N2 O, reflecting the stronger 

absorption cross-section of the ammonia at this wavelength. As more NH3  replaces 

the N2 O mixtures used, the deposition rate increases and the higher refractive index 

values of the films grown indicate a steadily increasing N content. Once the gas
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values of the films grown indicate a steadily increasing N content. Once the gas 

mixture is dominated by NHg species (i.e., the N2 O /N H 3  ratio < 50%) the 

deposition rate exceeds that achieved for pure NHg alone, and reaches a maximum 

value at a ratio of N2 Û/NHg of 16%. The films grown with this gas mixture, 

however, are still predominantly oxide-based, the refractive index being 1.58. This 

indicates that while the ammonia strongly absorbs the radiation, it is the oxide species 

that are being efficiently incorporated into the films. This effect is most likely 

controlled by an energy transfer (photo-sensitisation) process between the NHg and 

the N2 O species. At lower N2 O levels (N2 0 /NHg ratios between 10 and 16%), the 

collisional transfer mechanism occurs less frequently and the film growth rate 

decreases abruptly whilst the layers formed become significantly more nitride-based. 

For N2 0 /NHg ratios less than 10%, the N2 O content ceases to affect the growth rate, 

but nevertheless plays a continuing role in determining the refractive index of the 

films.

To further evaluate the structure of the deposited films, Fourier Transform Infra-Red 

spectrometry (FTIR) measurements were carried out. Figure 5.17 shows the FTIR 

spectra obtained from films whose refractive indices varied from 1,48 to 1.85. A 

clear transition from a Si-N predominant vibration mode to a Si-O is strongly visible 

in the spectra, and this corresponds directly to the change in refractive index. This 

evolution of the main stretching vibration mode is well in agreement with other 

published PECVD grown SiO^Ny studies [Hirao] [Cros] [Tsu] [Denisse]. Table 5.2 

summarises the properties of these films by showing the relationship between the 

refractive index and the position of the peak, resulting from the convolution of the 

main Si-O and Si-N stretching vibration modes located at 1065 and 835cm" \  

respectively [Boyd] [Berti]. Since the relationship between the refractive index and 

the SiO^Ny stoichiometry has been reported as being quasi-linear [Knolle] [Xiong], 

the evolution of the stoichiometry with the precursor mixture ratio is in the present 

case very different, giving evidence (further to figure 5.16) of selective excitation of 

the gas phase precursors, due to the combination of the higher cross section exhibited 

by ammonia species, and the high degree of reactivity of O species. This ability to 

selectively predetermine the reactive precursor composition that will ultimately react 

with the silane gives this photo-CVD process an added advantage over conventional 

plasma deposition processes for optical coatings and optical fibre material 

manufacturing.
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Figure 5.17: Evolution of the'FTIR main stretching vibration peak 

with the N2 O/NH5  precursor mixture ratio.
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N2O/NH3

(%)
n growth rate 

(Â/min)

Main Stretching 
Vibrational Mode

(cm'b
FWHM (cm'b

0.5 : 50 : 0 0 1.84 6.74 845 ± 2 cm’^ 125 ± 5 cm'^

0.5 : 50 : 2 3.8 1.75 6.16 910 ± 2 cm'^ 175 ± 5 cm'^

0.5 : 50 : 4 7.4 1.68 6.88 940 ± 2 cm'^ 175 ± 5 cm'^

0.5 : 50 : 6 10.7 1.62 9.25 975 ± 3  cm'1 150 ± 5 cm'^

0.5 : 42.5 : 7.5 15 1.59 15.03 1000 + 2 cm'1 125 ± 5  cm'^

0.5 ; 40 : 10 20 1.58 11.31 1001 ± 2  cm'^ 125 + 5 cm'^

0.5 : 35 : 15 30 1.56 8.68 1015 + 2cm 'l 110 + 5 cm^

0.5 : 25 : 25 50 1.53 6.22 1025 ± 2 cm'^ 100 ± 5  cm'^

0.5 : 0 : 50 100 1.47 1.25 1050 ± 1 cm'^ 65 ± 3 cm'^

Table 5.2: FTIR results for oxynitride thin films

3.3- Conclusion

The possibility to deposit a variety of high quality SiO^Ny dielectric films using a 

photochemical technique based on an excimer lamp has been demonstrated. This 

process is based on the 172nm wavelength from the excimer continuum of xenon in a 

dielectric barrier discharge lamp. The process has been shown to produce any 

predetermined SiO^Ny mixture. The excellent control of the stoichiometry offered by 

this method potentially opens up new areas for the application of such lamps, 

especially since deposition at even higher rates and much larger areas can readily be 

achieved by scaling up the geometry of the apparatus used.
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Conclusions

In this work, new deposition methods have been devised, that involve some of the 

first applications of recently developed excimer lamps. The development of these 

excimer lamps is potentially a major breakthrough since they now make available a 

much extended range of wavelengths in the VUV, UV and visible range at higher 

power densities than currently available, and low cost. The deposition procedures 

followed utilised the photochemical initiation of gas phase reactions at low 

temperatures (below 300*C). Specifically, this project focused on the growth of 

silicon dioxide and nitride thin films, as well as of silicon oxide-nitride-oxide stacked 

multilayers, and sihcon oxynitrides. These results indicate a new method of thin film 

fabrication for electronic and optical appUcations.

Chapter 1 describes the development of the prototype reactor used, highlighting 

design requirements, which include geometry, cost, control apparatus, and safety 

considerations. In chapter 2, the theory of light generation from excimer states is 

presented, together with the description of a few devices which radiate a few watts in 

the UV and VUV parts of the spectrum. The excimer-photo-CVD system developed 

offered excellent reliability, and a high degree of flexibility which enabled a diverse 

set of applications to be studied.

Chapter 3 describes a series of additional experiments that were devised during this 

project which take advantage of the high fluxes of UV radiation now available. These 

include the generation of ozone, an environmentally clean oxidant with numerous 

applications from water treating to elaborate wafer cleaning, which is achieved in a 

similar manner to that occurring in the upper atmosphere. A brief study of the use of
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UV radiation to stimulate chemical changes in several organometallic spin-on coatings 

is also reported. Such processes have potential uses for room temperature thin film 

fabrication.

In chapter 4, the radiation emitted from a xenon excimer lamp, centred at 172nm, is 

used to initiate low temperature photo-deposition of silicon dioxide films from the gas 

phase. By studying the effect of pressure, temperature, precursor gas flows and 

mixtures, the film growth has been optimised. Film quality was assessed in terms of 

optical and physical properties, and layers with refractive index values of 1.46, and 

high Si0 2  stoichiometry were produced at 300"C. Two different gaseous mixtures 

were studied. While silane was common to both, the oxygen was supplied either as 

molecular N2 O or as O2 . In the first case, low growth rates of about lOÂ/min at 

300°C were only achieved, but this enabled excellent thickness control for thin layer 

growth. When O2  and silane are used, much faster deposition rates (=100- 

250Â/min) were obtained, even at temperatures as low as 200°C. Although window 

fogging (i.e., deposition of material on the inside of the cell window through which 

the radiation is transmitted) has often been reported as a possible limitation to photo- 

CVD, this work has found that the effect of the product deposition on the window 

was insignificant, opening up applications towards the deposition of passivating 

layers, diffusion barriers, as well as optical coatings used in many technological 

applications.

Photo-CVD of silicon nitride thin films from various silane/ammonia mixtures using a 

radiation centred at 172nm is presented in chapter 5. The physico-chemical properties 

of the films obtained at 300“C were in very good agreement with literature data 

reported from processes using much higher substrate temperatures. The deposition 

of films with refractive indices of 1.85 is reported, a high value for photo-CVD 

nitrides, especially since the films did not exhibit a high hydrogen content. By 

combining the deposition of silicon nitride layers with that of silicon dioxide, the 

direct in-situ photo-stimulated deposition of ONO stacked layers is presented, 

together with that of SiO^Ny mixed coatings. The process demonstrated the 

possibility of depositing any predetermined SiO^Ny mixture, with refractive index 

tuning from 1.48 to 1.85. The excellent control of the stoichiometry offered by the 

method potentially opens up new areas of applications of the xenon excimer lamp
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techniques towards optical waveguide or low mechanical stress coating depositions. 

Preferential photo-excitation pathways in the photochemistry have been 

demonstrated, and evidence was given that this selective excitation feature enables a 

better control of the SiO^Ny composition. Compatibility of the deposition processes 

was demonstrated on gallium arsenide and quartz substrates. The technique can be 

extended to other III-V semiconducting materials, glass, and several heat sensitive 

compounds.

The ability to modify the wavelength of the generated radiation in excimer lamps by 

simply refilling the lamp discharge volume also opens up new applications for this 

technique, essentially since other photochemistries could be enhanced selectively 

using other wavelength continua. In particular, with a lamp device radiating 

30mW/cm^ at 126nm, the direct photo-dissociation of silane was attempted, in order 

to deposit hydrogenated amorphous silicon. Promising aspects were exhibited by 

those experiments, as presented in appendix 1. The latter work, however, gave 

evidence of inherent limitations in our photo-CVD reactor, since major modifications 

should be implemented in order to reduce the window fogging absorption. 

Nevertheless, this work has potentially opened up other areas of investigations for 

excimer lamp users.
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Appendix 1

The Photochemical Deposition of 
Hydrogenated Amorphous Silicon 

using an Argon Excimer Lamp

In chapter 2, the possibility of generating wavelengths shorter than the xenon 

continuum centred at 172nm has been demonstrated, and particularly that of the 

126nm continuum of argon. Here, it is proposed to use this radiation to enhance the 

photo-chemical deposition of hydrogenated amorphous silicon (a-Si:H). The reactor 

used for those experiments is the same as previously described for silicon dielectric 

depositions, and very few modifications have been made. The aim of this appendix 

is to give a proof a feasibility of this technique.
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1.- Hydrogenated amorphous silicon (a-Si:H)

1.1- Introduction

Over the last decade, amorphous silicon has emerged as an economically viable 

semiconducting material for various electronic applications. In the particular case of 

solar cell applications, it gives promising alternatives to the use of crystalline (c-Si) 

silicon, by offering reduced manufacturing cost per watt generated (table 6.1). Solar 

energy, which is clean and practically unlimited, is expected to be a desirable 

alternative energy source to conventional power supplies, and demand for the 

photovoltaic system has increased throughout the world, especially in Europe and the 

United States. Photovoltaic cells are probably the most effective method for 

capturing solar energy, since they are easy to use and are the most effective means of 

directly generating electricity. However, the present high levels of manufacturing 

costs have limited their applications to remote areas where electricity is given a high 

value, or where a clean, quiet and reliable generator is needed. The promising 

improvements in manufacturing costs offered by hydrogenated amorphous silicon 

towards crystalline silicon have motivated industrial interests. To date, however, the 

light to electrical conversion efficiency of solar cells using a-Si:H is far lower than 

that of those using c-Si (table 6.1), thus motivating intense research throughout the 

world.

Technique Cost (US$) Typical module efficiency

Typical electricity plant $0.25 to $1
photovoltaic material in solar cells:

c-Si $8 - $ 1 2 16-18%
poly-Si S2-S5 1 0 - 1 2 %
a-Si-H $0.5-$ 1 5-7%

Table A l.l:  Electricity generation costs per watt and corresponding module 

efficiencies for typical solar cells (adapted from [Takashi] and [HamakawaJ)
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The wide variety of R&D efforts aimed at high efficiency and low cost have been in 

progress on each part of the photovoltaic cell and module processing. Among these, 

remarkable advances have been seen in new technologies (e.g., heterojunctions, 

graded band profiling, doping, superlattices and stacked junctions), resulting in a 

steadily improving amorphous silicon solar cell efficiency. As such, one can quote 

the promising recent efficiency of 21% reported by Ma et a l from Osaka University 

on a laboratory solar cell based on a-Si:H. [Ma]

1.2- Interests

Amorphous silicon is an interesting material since it does not have a long range 

regularity, so there is a slight variation in the Si-Si bond length. The result is that the 

forbidden band gap is slightly different, depending on location. Consequently, the 

state density, as a function of energy, does not present the sharp feature found in 

crystalline silicon, and tails off at its edges. There is a continuous distribution of 

states throughout the energy range between the conduction and valence band regions 

(figure 6.1). The levels present in the forbidden band are called “localised states”. 

Their high concentration is due to the large density of “dangling bonds” inside the 

material. In pure amorphous silicon, the state density presents a decrease in the 

middle of the resulting “band gap”, but the defect level being very high, it is difficult 

to determine the structure of the energy bands. In fact, considering a typical 1% of 

dangling bonds in amorphous silicon, the resulting state density concentration around 

the Fermi level is only of two orders of magnitude lower than in the conduction and 

valence bands, a far too small value for a band gap behaviour to be observed. This 

material presents very little interest as a semiconducting material as changes cannot be 

produced by doping impurities, since the defect levels already present are more 

numerous.

However, it has been found that when a small concentration of hydrogen is added to 

the a-Si structure, the state density sharply decreases by several orders of magnitude 

around the Fermi level, thus rendering p-n control possible, making a-Si:H an 

interesting semiconducting and photovoltaic material [Carlson] [Pankove]. It is 

generally assessed that an optimum hydrogen incorporation stands between 1 2  and
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15% of the silicon. The hydrogen atoms do not serve only to fill the localised states 

(1%), but also to relax local strain and preserve short-range order. Further, when 

hydrogen is added to Si, since the Si-H bond energy (3.4eV) is greater than the Si-Si 

bond energy (2.2eV), the forbidden bandgap increases with added hydrogen 

concentration (figure A l.l). The optical band gap obtained from the measurement of 

the absorption coefficient (see § 3.3.1) is often employed to describe the resulting 

forbidden band gap. Typical values for a-Si:H are in the range of 1.6 to l.SeV. Also, 

in contrast to c-Si, an indirect gap semiconductor, a-Si:H exhibits a sharp “non 

direct” optical absorption edge, that gives rise to a large optical absorption coefficient 

and facilitates the development of thin film photoreceptor [Kruzelecky].

Locahsed state

V / / / / / / / / ,

l.leV

c-Si

V77777777.

a-Si

= 1.7eV

c-Si:H

Figure A L l:  Schematic o f band structure 

for crystalline Si, amorphous Si, and amorphous Si:H.

1.3- Usual deposition techniques of a-Si:H

In using a-Si:H for device applications, there is a particular difficulty in growing this 

material using the usual c-Si processing techniques. For instance, the hydrogen 

evolves from the material at temperatures above 350°C [Shanks] (see § 3.4.1), and 

since the importance of the hydrogen concentration in the optical band gap energy has 

been mentioned, higher processing temperatures imply difficult stoichiometry control, 

which mostly results in poor electronic properties. This is the main reason to search 

for ways to develop low temperature processes which do not involve heating the 

material beyond this threshold.
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Initially, the known conventional methods for depositing amorphous silicon were by 

evaporation, sputtering, and chemical vapour deposition. The hydrogen 

concentration was adjusted using an additional implantation step. At present, the 

glow discharge method, or PECVD method, is the best for solar cell manufacturing 

[Gallagher] [HamakawaJ. The film is grown by dissociating silane (SiH ;̂.) in a 

plasma, with or without the use of a diluting gas, and with substrate temperatures in 

the 200-300°C range. The dissociation of silane leads to the formation of SiH, SiH2 , 

and H radicals, which diffuse to the substrate surface and react for film growth. So 

far, the glow discharge technique appears in the literature as being the more widely 

used since it offers the best properties and growth characteristics. However, as ion 

bombardment is present during growth, the resulting damage may limit the fields of 

applications to solar cells applications, and new techniques have to be investigated for 

other microelectronic applications of a-Si:H such as for thin film transistors (TFT).

To overcome this problem, recent techniques using photo-CVD have been developed 

for the deposition of a-Si:H. Similarly to the cases of silicon dioxide and other 

dielectrics studied in this thesis, the principle relies on the dissociation of the 

precursors using high energy photons. However, silane photodissociation requires 

the use of photons below 150nm, much shorter wavelengths than those involved with 

the dielectric thin film deposition previously described. As a direct consequence, the 

problems of the unavailability of high intensity continuous sources radiating in this 

range, as well as that of the window fogging are more difficult to overcome. One 

alternative consists of using mercury sensitised photo-CVD (Ch.l, §1.3.1) 

[Tachibana], but hazards connected with the use of mercury motivated research for 

the development of other methods. Other groups have concentrated on the use of 

other silicon hydrides compounds such as Si2 H^ or SigHg, which require the use of 

lower energies for direct photo-dissociation [Fuyuki] [Yamada] [ZamaniJ. Kessler 

et a l  have also applied successfully the excimer lamp techniques to such 

depositions. Their method was based on the photodissociation of disilane Si2 H^ by 

172 nm photons generated in a xenon excimer lamp [Kessler]. The window fogging 

problem was overcome using a thin layer of Fomblin oil to prevent from the 

deposition of an absorbing thin film layer on the window. Other groups have also 

concentrated on the use of internal lamps [Yoshida]. In fact, suppressing the window
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between the chamber and the lamp enables the use of much shorter wavelengths, as 

well as the complete absence of the troublesome window fogging problem. This 

technique was first developed by W.I. Milne et a l,  to deposit good quality 

hydrogenated amorphous silicon [Robertson-1986] [Milne-1992]. However, it was 

reported that in the case of a-Si:H deposition using the 160 to 90nm continuum 

emission from a hydrogen discharge lamp, almost 30% of the hydrogen incorporated 

into the film results from energetic hydrogen radicals generated in the lamp discharge 

volume [Milne-1989]. As a result, and for the same reason as in plasma CVD, this 

may lead to detrimental bombardment of the film.

2.- Photo-CVD of a-Si:H

2.1- Photochemistry

Here is discussed the use of the 126nm argon continuum to enhance the deposition of 

amorphous silicon from the direct photo-dissociation of silane (SiH4 ), which absorbs 

radiations of wavelengths below 150nm. Under the 126nm photons, silane shows an 

absorption cross section <5 of 0.8 to 1 lO '^^cm ^ [Kawai] [Harada] [Itoh], 

corresponding to 2100 to 2700 atm'^cm"^. As a comparison, pressures lower by 

one and a half order of magnitude than those used for the ammonia experiments 

would exhibit a similar light attenuation in the irradiated gas phase.

Under the argon excimer continuum radiations, the silane molecules are photo

dissociated

SiH^ + hv —> SiH2 + 2H (Al-1)

SiH4  + hv SiHg+ H (Al-2)

Secondary reactions will lead to the formation of other silicon hydrides to be 

dissociated.
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SiH^ + H —> SiHg+ H2  (A 1-3)

S1H2 + SiH^ -> Si2 H^ (disilane, re-dissociated photolytically) (Al-4)

SiH2  + SiH4  SiHgSiH + H2  (A1.5)

SiHgSiH + SiH^ —> SigHg (trisilane, re-dissociated photolytically) (A 1.6)

The reactive radicals SiH2  & SiHg formed in the gas phase lead to surface reactions 

and film deposition on the substrate surface.

2.2- Experimental set-up and apparatus

2.2.1- Introduction

The reactor configuration is shown on figure 2.21 (chapter 2). It consists of a light 

generation chamber, located above a reaction chamber. The 126nm radiation enters 

the reactor through a Mgp2  window (^> 1 2 0 nm), and irradiates a substrate above 

which is fed the silane gas. Due to absorption problems on the window (window 

fogging, see chapter 5, § 1.3), an argon gas purge is used to flush reactive precursors 

away from the window. Since the amorphous silicon products which condense on 

the window are opaque to the radiation, a very high purging flow has to be used, and 

experiments with duration longer than 1 0  minutes are ineffective.

2.2.2- Optimisation of the total pressure for fast deposition

Since in chapter 5, § 1.3.4 (figure 5.5), the effect of the total chamber pressure on the 

window purge was investigated, here is studied this effect on the growth rate (figure 

A 1.2). The absorption on the window is reduced when the pressure is increased 

from 0.1 to 5mbar, and consequently a significant increase in the growth rate is 

observed. However, if the pressure is further increased, the exponential absorption 

of the radiation in the gas phase reduces strongly the deposition on the substrate. 

Optimum pressure conditions stand between 5 and 7 mbar.
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Figure A1.2 : Effect of the pressure on the deposition rate

2.2.3-Effect of the window to substrate distance

The flow perturbations caused by the window purging gas in the neighbourhood of 

the substrate can be reduced while increasing the window to substrate distance. 

However, when the distance is too high, a decrease of the deposition rate is observed 

since the absorption of the radiation in the gas phase occurs too far from the 

substrate. The distance used is of 12 millimetres.

2.2.4- Effect of the SiH4 /Ar ratio

A high flow of argon gas purge leads to turbulences in the neighbourhood of the 

substrate and therefore decreases the growth rate. However, the efficiency of the gas 

purge would benefit from an increase in the ratio of the two flows. A flow of 

200sccm is chosen (maximum of the MFC). An increasing value in the silane flow 

induces a very high increase in the deposition rate. The highest flow available from
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the attached silane MFC was of 12 seem. Also, a local “over pressure” in the 

neighbourhood of the substrate was created by confining the precursor gases using a 

metal ring around the substrate holder (figure A 1.3).

Precursor feeding "shower" Aluminium shield

Substrate Holder

Figure A1.3 : Aluminium shield used to confine 

the precursor gases in the vicinity of the substrate.

2.2.5- Summary

The final configuration used for the deposition of amorphous silicon has been 

presented, and table A2.2 summarizes the optimised deposition parameters. As the 

aim of those experiments is to give a proof of principle of the photo-CVD of a-Si:H 

with the argon excimer lamp, most of the modifications added to the system are 

empirical and it is agreed that a further development should consider the complete 

redesign of the reactor, and in particular that of the widow purging configuration. 

With the actual design, thin films of a-Si:H with thicknesses up to 300Â can be 

grown, and the deposition of thicker films implies successive repetitions of the 

process. Also, since the system has been used for several months to deposit 

dielectric films, and particularly oxygenated layers, clearly a residual contamination 

may occur.
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Parameter Value

Total Pressure (mbar) 5
SiHyAr flows (seem) 1 2 / 2 0 0

Purge-shower/window distance 
Precursor-shower/substrate distance 

Window/Substrate distance

2  mm
3 mm 

2 0  mm
Circular ring to confine 
precursor gases in the 

neighbourhood of the substrate
Yes

Table A2.2 : Optimised geometry condition for a-Si:H deposition

3.- Thin Film deposition

3.1- Sample preparation

In thin a-Si:H films, since surface effects may alter the electrical characteristics, it is 

generally agreed to grow films with thicknesses superior to 0.3 jim. Due to the 

limitations associated with the reactor and essentially window fogging problems, only 

a-Si:H layer of 300Â in thickness can be obtained. Therefore, higher thicknesses can 

only be achieved by repetitive deposition experiments with intermediate window 

cleaning operations. Table A 1.3 summarizes the thicknesses and properties obtained 

for different samples prepared at various substrate temperatures.

Sample
Name

Substrate
Temperature

CC)

Number of 
successive 
experiments

Duration of one 
individual 

experiment (min)
Thickness (A) 

(±15Â)
Refractive 
index at 
632.8nm

LI 2 0 0 8 1 0 1240 3.9±0.2

L2 250 8 1 0 1340 4.1+0.2

L3 300 8 1 0 1460 4.2±0.2

L4 400 6 1 0 1580 3.7±0.2

Table AL3 : a-Si:H sample preparation for various substrate temperatures.
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Each sample processed consists of the combination of portions of fused quartz as 

well as intrinsic silicon crystalline substrates, (111) oriented. The thicknesses and 

refractive indices are measured using a Rudolph AutoEl ellipsometer. A relative high 

error on the measurements is considered since this equipment is calibrated for films 

exhibiting lower refractive indices ( 1 .4-2.0).

3.2- Fourier Transformed Infrared Spectroscopy

The LI to L4 silicon samples were measured using FTIR spectroscopy on a Perkin- 

Elmer 2000 unit. The spectrum of the bare Si wafer is subtracted numerically to the 

transmission signal obtained. Using this technique, it is difficult to analyse accurately 

the Si-Si bond concentration in the deposited layer, since the silicon substrate itself is 

responsible for such vibration modes. However, FTIR spectroscopy will enable us 

to study accurately the behaviour of the incorporated hydrogen atoms, from the study 

of Si-H vibration modes.

Two major domains of the infrared spectrum are of interest, located around 2000 to 

2100 cm"^ and 600 to 900 cm'^, respectively. The stretching vibration mode of Si-H 

is observed as a sharp peak at 2000 cm"^. However, this peak may be shifted 

towards higher wavelengths due to the convolution with Si-H2  stretching vibration 

mode located at 2070 cm"^ (Appendix 3). The inherent relatively high concentrations 

of hydrogen in amorphous silicon are often found as a combination of atomic and 

molecular hydrogen, and since only atomic H is desirable, the study of the exact 

position of this peak gives a good information on the quality of the film.

Figure A 1.4 shows the detail of the 1800 to 2200 cm“  ̂ range for samples LI to L4. 

The substrate temperature increase causes a perceptive transition from a peak centred 

around 2100 cm 'l down to the Si-H stretching vibration of 2000 cm"^. At 200°C, 

mostly H2  species bonded with Si are present in the film, whether at 300°C atomic 

hydrogen becomes predominant in the binding concentration. When the temperature 

is further increased towards 400°C, the H concentration drops, resulting in a 

reduction of the 2000cm" ̂  vibration mode. The shift from 2070 to 2000cm" ̂  is thus 

related to a decrease in the molecular hydrogen concentration. In fact, while silicon
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hydrides (SiH^) products are formed in the gas phase, some molecular hydrogen may 

be trapped on the sample surface during growth. Increasing the substrate 

temperatures to values greater than 250°C helps H2  dissociation during growth and 

hence reduces its incorporation.

400°C

300“C

1%

1900 18002200 2100 2000
W avenum bers (cm"^)

Figure A1.4 :1800 to 2200 cm'^ detail o f the FTIR spectrum

In the wavenumber range located between 600 and 900 cm"^, a peak greater than the 

one located at 2000cm" ̂  is visible at 630cm" It corresponds to the Si-H bond 

bending vibration mode, and it allows to calculate the percentage of atomic hydrogen 

incorporated in the film. Adams reported that the H concentration may be related to 

the number of bonds by the equation

N = K J oc(co) dco ~ Koc H 
H

(A1.7)
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Where a  is the maximum value of the absorption coefficient, H the full bandwidth at 

half absorbance (FWHM), and K=2.5 10^^ cm“  ̂ [Brodsky] [Adams][John-1981-a]. 

Other vibration modes have been observed in this region, although not visible in the 

present case, and particularly at 845cm" ̂  ((SiH2 )n bending scissors) and at 

880cm" ̂  (SiH bending mode), thus giving further information on the form (atomic or 

molecular) of hydrogen [Yamada]. Figure A 1.5 shows the detail of this region of the 

spectrum for different deposition temperatures. Broad peaks are observed around 

650 cm"^, which decrease when higher deposition temperatures are used. A small 

absorption characteristic is also observed around 1010 cm"^. This peak is caused by 

atomic oxygen appearing in the form of Si-O groups in the a-Si:H films [Tsu] [Ritter] 

[Sato]. This may be caused by oxygen contamination induced by the successive 

expositions of the sample to atmosphere between the deposition experiments 

(window cleaning procedures). Therefore, this problem would be overcome while 

implementing a more efficient window purge.

I

400°C

200°C

2%

1300 700 5001100 900
-l>W avenum bers (cm’ )

Figure A1.5 : Evolution of the FTIR spectrum located between 400 and ISOOcm'^

with the deposition temperature.
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The concentrations of atomic hydrogen were calculated from equation (A 1.7), and 

from the Si-H bond bending vibration mode peaks, assuming a film density of 

2.0g/cm^ (Table A1.4) [Yamada].

Deposition 
Temperature (°C) 2 0 0 250 300 400

Absorption coefficient a  
at Si-H peak (=630cm'^) 

(cm'^)
4270 3175 2260 1760

Full Width Half 
Maximum (cm‘ )̂

104 109 97 85

n^ (at./cm^) 1 . 1  lofz 8.5 lOfi 5.5 lOfi 3.7 lOfi
H/Si Concentration (%) 
(p=2.0g/cm^) (±~3%)

25.8 2 0 . 1 12.7 8.7

Table A1.4 : Evolution of the hydrogen incorporation with the temperature

3.3- Optical and electrical characterisation

3.3.1- Optical bandgap

The a-Si:H layers deposited on quartz samples were probed using a double beam 

Shimadzu UV-160A UV-visible spectrometer scanning in the 200-1000nm range. 

Optical absorption measurements in this region give important information about the 

thickness, the chemical composition [Maessen], and the optical bandgap of the 

deposited layers. Optical propagation of light through an absorptive medium can be 

described by:

I (hv) = ÏQ exp ( -a(hv) x )  (A1.8)

where x is the sample thickness.
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In amorphous semiconducting materials such as silicon, and assuming a parabolic 

density of extended states, Tauc et a l proposed an expression of the absorption 

coefficient a  as:

a(hv) = B (hv- / hv (A1.9)

where B is a constant, and the resulting optical band gap [Tauc].

The plot of (a(hv) against hv will therefore intercept the energy axis at E^p^ 

(Tauc plot). From the measurement of the transmittance T, the absorbance 

A=log (100/T), and the absorption coefficient a  = 2.303 A /x are deduced. In Figure 

A1.6 is given the optical transmission spectra, and in figure A 1.7 the corresponding 

Tauc plots for samples LI to L4 deposited at 200 to 400°C respectively. Finally are 

plotted the E^p^ values as a function of the deposition temperature in figure A1.8 (the 

plotted Eqp|. values were calculated using the best fit through the linear parts of the 

curves, and not using figure A1.7).

I
H
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Figure A1.6 : Optical absorption spectra for samples LI to LA
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Figure A1.7 : Tauc plots o f a-Si:H films for sample LI to L4.
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or the glow discharge method (closed)
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3.3.2- Conductivity measurements

The photo-conductivities of the material are measured in the dark and under 

illuminated conditions (Op^). The value of the ratio is a figure of merit for

the quality of the material. A low dark conductivity is indicative of a low density of 

defect states in the bandgap, if it is accompanied by a high photoconductivity, 

corresponding to a high extended state density and mobility. Reported values in the 

ratio CTpjj/â j are in the range of 4 to 6  orders of magnitude, for films of 0.3 to l|xm 

in thickness [Yamada] [Milne-1989] [Fuyuki]. Generally speaking, AM I, 

lOOmWcm"^, solar-simulator illumination (solar spectrum at ground level), is 

recognised as the agreed light source for Opĵ  measurements. In the absence of such 

a calibrated apparatus, a Tungsten white light was used, which was empirically tuned 

in power to create the same bias on a large bandwidth photo-cell than that initiated by 

the sun itself (on a sunny September day in London).

The measurements were probed using a Hewlett-Packard picoameter on the samples 

LI to L4 onto which contacts had been deposited. Values are reported on table A 1.5. 

As can be noted, the ratios dpjj/a^j obtained hardly exceed 2 orders of magnitude. In 

fact, it is agreed that the conductivity values measured may be lower than they 

actually are if the layers are less than 0.3|Lim in thickness [Takahashi]. This is caused 

by the bending of the energy bands at the surfaces of the deposited layers which 

thicknesses hardly exceed 0.12pm. Also, as mentioned in § 3.2, a high H2  

concentration was trapped in the films deposited at 200 and 250°C, which strongly 

reduces the photo-conductivity. The sample L4  exhibits a very small value, probably 

due to an error in the measurement.

Sample (pA) %  (PA) V d
LI 0.03 7 230

L2 0 . 1 80 800

L3 0.03 190 6000

L4 0.08 1 . 2 15

Table A1.5 : dark and photo-conductivities for photo-deposited a-Si:H layers
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3.3.3- Activation energy

By measuring the evolution of the dark currents in the a-Si:H layers with increasing 

temperature, an activation energy is obtained, which corresponds to the position of 

the Fermi level in the material. Values around 0.54eV were obtained, thus exhibiting 

a strong N-type behaviour of our undoped layers (with « 1.75eV). In fact, this 

measurement would also be strongly affected in very thin layers, and those values 

subjected to high errors.

3.4- Further analysis of the physical properties

3.4.1- Annealings

In 1984, John et al. reported a new technique of optical storage based on surface 

non-uniformity of amorphous silicon layers [John-1984]. The process is based on the 

formation of surface irregularities by low temperature annealings of the layers. The 

technique is based on the fact that a-Si:H deshydrogenates at 350°C, leading to 

microbubbles and, ultimately, circular craters in the film [John-1981-b]. Using a 

furnace, 20 minutes annealings were performed at 350°C on the LI, L2 and L3 

samples, and the films were probed under a SBM. As expected, circular craters were 

formed on the sample surfaces. Two behaviours are observed, whether a blister is 

formed, or a crater resulting of the burst of the blister. The size of the craters agrees 

with Shanks et al. report on the linear evolution of their diameter with the layer 

thickness (~ 070 |xm for 0.15|xm in thickness) [Shanks].

3.4.2- Study of VUV induced morphology modifications of a-Si:H layers

With the availability of a high intensity source of 9.8eV photons, far above the band 

gap of a-Si:H, it is interesting to verify that the structure of the films may not be 

altered after prolonged exposure to VUV light. Such experiments were performed on 

the previously prepared samples, for exposure times as long as 1 hour, and at various 

temperatures (up to 300°C). No particular modification of the morphology or of the 

crystallinity of the samples was observed.
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4.- Conclusions and Improvements

A proof of principle of the possibility of depositing thin films of hydrogenated 

amorphous silicon has been given, using the direct photo-dissociation of silane under 

126nm photons generated in an argon excimer lamp. Some of the film properties are 

in good agreement with those reported for films obtained using other techniques such 

as the glow discharge or the internal lamp photo-CVD. However, important 

modifications of the deposition reactor should be implemented, since here the 

thicknesses were essentially limited by window fogging problems. In fact, as the 

radiations were completely absorbed by the products deposited on the window, a 

purging gas was used to prevent product condensation on the window, but the mean 

of increasing the growth rate therefore implied the augmentation of the working 

pressure, which in turns led to poor film quality from high H2  incorporation. 

Furthermore, it has been observed that the use of successive depositions is not viable, 

since atmospheric contamination occurs during processing and results in oxygen 

incorporation in the bulk of the material. Although the window purge approach is the 

most appropriate for the use of very short VUV radiations, it is essential to be able to 

limit the interaction of the window purging gas with the reaction precursors, since it 

causes turbulences, which are detrimental to the film growth process.

A geometry enabling the use of a perforated separator plate, acting as a double 

window, would be appropriate. Technologically, it implies to drill holes through a 

magnesium fluoride window, which is feasible, the size of the holes being calculated 

to offer a high conductance to a purging gas fed between the lamp cell and the 

separator plate. The purging flow could then be strongly reduced to minimum values 

and its interaction on the precursor flows hence minimised.
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Appendix 2

Colours presented by silicon dioxide films (in perpendicular white light)

Thickness (À) Colour

500 Beige -light brown
700 Brown

1000 Dark purple to violet
1200 Royal blue
1500 Light blue to metallic
1750 Metallic to light yellow-green
2000 Light gold - light metallic yellow
2200 Gold - orangey yellow
2500 yellowy orange

2700 Red-violet
3000 Blue to purple
3100 Blue
3200 Blue to green blue
3400 Light green
3500 Green to yellowy green
3600 Greeny yellow
3700 Yellowy green
3900 Yellow
4100 Light orange
4200 Buff
4400 Redy-violet

4600 Violet-tinged-red
4700 Violet
4800 Purple
4900 Blue
5000 Green-Blue
5200 Green
5400 Greeny-Yellow
5600 Yellowy-green
5700 Yellow to light mustard
5800 Yellowy orange to light salmon

Thickness (Â) Colour

6000 Buff

6300 Violet
6800 Violet-tinged-blue to green-blue
7200 Green-blue to green
7700 Light mustard
8000 Orange
8200 Salmon, orangey pink

8500 Strong and dark red-violet
8600 Violet
8700 Purple
8900 Blue
9200 Green-Blue
9500 Dark greeny-yellow
9700 Yellow, light mustard
9900 Orange
1.0 |xm Buff

1.02 Violet
1.05 Violet-tinged-red
1.06 Violet
1.07 Violet-blue
1.10 Green
1.11 Greeny-yellow
1.12 Green
1.18 Purple

1.19 Violet
1.21 Redy-violet
1.24 Pink to salmon
1.25 Orange
1.28 Light mustard
1.32 Sky blue to blue-tinged-green
1.40 Orange

Translated from French
Courtesy of the Université Scientifique et Médicale de Grenoble
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Appendix 3

Assignments of the principal infrared features 
for the study of silicon dielectric materials

Band

P o s it io n

(cm 'l) Structural Group Reference

470 (sharp)
515 O in Si characteristic absorption 
568 Si characteristic absorption
602 C in Si characteristic absorption 
607 Si characteristic absorption
630 =SiH Rocking 
630 =SiH2  Rocking
630 -(SiH2 )n- Rocking
630 -SiHg Rocking
685 Si characteristic absorption
740 Si characteristic absorption
800 (sharp) Si0 2  

800 SiO
815 Si characteristic absorption
835 Si-N stretch
840 =SiH2  wagging
845 -(SiH2 )n- Wagging
845 (SiH2 )n
860 -SiHg Symmetric deformation
880 =SiH2  (Scissors) bending
880 SiH2  & SiHg bending
880 SiH2 , scissors bending
880 SiH
880 Si2 0 g
880 Si2 0 3

880 non bridging SiO interaction
890 -(SiH2 )n- (Scissor bending)
890 Si characteristic absorption
908 -SiHg degenerate formation
930 SiOH deformation

Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Boyd, PhD
Boyd, PhD
Boyd, PhD
Boyd, PhD
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728
Mishima et al., J. Appl. Phys., 55 (1984) 1234
Boyd et al., J. Appl. Phys., 53 (1982) 4166
Berti et al.. Thin Sol. Films., 165 (1988) 279
Boyd, PhD
Boyd, PhD
Yamada et al., Jap. J. Appl. Phys., 24 (1985) 1586 

Boyd, PhD 

Boyd, PhD
Kruzelecky et al., J. Vac.Sci. Technol., A7 (1989) 2632 
Yamada et al., Jap. J. Appl. Phys., 24 (1985) 1586 
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728 
Mishima et al., J. Appl. Phys., 55 (1984) 1234 
Ritter et al.. Opt. Acta, 9 (1962) 197 
Knolle et al., J. Appl. Phys. 51 (1980) 4385 
Boyd, PhD
Boyd et al., J. Appl. Phys., 53 (1982) 4166 
Boyd, PhD
Mishima et al., J. Appl. Phys., 55 (1984) 1234
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964 Si characteristic absorption
1060 SiO
1090 (sharp) ShÜ^
1095 =SiH2  Sym & antisymm Stretch 
1107 Si characteristic absorption 
1107 O in Si characteristic absorption 
1302 Si characteristic absorption 
2000 ~SiH stretch 
2000 ( broad) Si-H stretching.

Extends from 2000 to 2700 
2100 -(SiH2 )n- Sym & antisymm Stretch 
2140 -SiHg Sym & antisymm Stretch 
2175 Si-H stretch 
2240 SiH 
2260 SiH
2349 (sharp) 0=C=0 in air

Boyd et al., J. Appl. Phys., 53 (1982) 4166 
Mishima et al., J. Appl. Phys., 55 (1984) 1234 
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728 
Boyd, PhD
Boyd et al., J. Appl. Phys., 53 (1982) 4166 
Boyd et al., J. Appl. Phys., 53 (1982) 4166 
Boyd et al., J. Appl. Phys., 53 (1982) 4166 
Boyd, PhD
Kruzelecky et al., J. Vac.Sci. Technol., A7 (1989) 2632

Boyd, PhD 
Boyd, PHD
Berti et al.. Thin Sol. Films., 165 (1988) 279 
Mishima et al., J. Appl. Phys., 55 (1984) 1234 
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728 
Lange's Handbook of Chemistry

due to beam path length inequalities
3350 N-H stretch 
3400 (broad) Si0 2  

3500 SiOH 
3650 (broad) Si0 2

Berti et al.. Thin Sol. Films., 165 (1988) 279
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728
Mishima et al., J. Appl. Phys., 55 (1984) 1234
Taft et al., J. Electrochem. Soc., SST, 126 (1979) 1728
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Appendix 4

Estimation of the error on vq  (chapters, § 1.3.3)

The expression of v q  was given as: 
exp ((x- XQ)aÇ) - 1 

aÇ At
Vq = ------------  —-------  (equation 5.24)

Since the error on x q  is agreed not to be significant, only the error on the 

predetermined product is to be considered (assuming no error on At). The error 

on Vq  can then be expressed as:

 - =  f"  (o%,x) . (equation 5.25)
Vq (OÇ)

The expression of f^ (aÇ,x) is calculated:

dV 0 _ (x - xo) exp(G^(x - xo)) - exp(g^(x - xo)) +1

(g ^ )^  A t

which becomes:

3 V o  _  g ^  e x p (g ^ (x - x o ) )  -  e x p (g ^ (x - x o ) )  +  1 9 (g ^ )

V o  e x p (g ^ (x - x o ) )  -1  gÇ

or
a v o  , gÇ  , , 3 (g Ç )

V o = V  1_____
e x p (g ^ (x - x o ) )
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The error 3VqA^q is plotted on figure A4.1 as a function of the sample thickness, for 

a value of the product (aÇ) of 0.0038Â"! and a maximised relative error 3(aÇ)/(aÇ) 

of 10%. The curve shows that for a film of 400Â, a relative error on the product (aÇ) 

of 10% around 0.0038Â"! would lead to less than a 10% relative error on v q . In 

other words, as long as the sample thicknesses studied remain below this range, there 

is no risk to commit an important error on the calculated value of v q .

>
§II 
g

14

12

10

8

6

4

2

0
5000 100 200 400300

Sample Thickness (A)

Figure A4.1 : Evolution of the relative error on v q  with the sample thickness 

(Product ( <7̂ ) at 0,003SA'^, relative error on is 10% ).
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development of a novel large area excimer lamp for direct photo 
deposition of thin films
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isea Brown Boveri Corporate Research, CH-5405 Baden, Switzerland 

ceived 27 May 1991; accepted for publication 4 July 1991

The desire for low-temperature processing in order to minimize undesirable effects has brought about an extensive use of 
itochemical vapour deposition (photo-CVD). Photo-enhanced processing is one of the techniques which has received considér

ée interest. One of the major limitations of photo-processing is the lack of sufficiently intense ultra-violet (UV) sources.
In this paper we report the design of a new and intense large area UV lamp based on the dielectric barrier discharge. We shall 
) discuss the direct (i.e. without intermediate photo-sensitisation reactions) photo-induced deposition of thin silicon dioxide 

|#is using SiH 4  and N 2 O which are photo-dissociated by 126 nm photons generated by this variable wavelength excimer lamp.

Introduction

iAs integrated circuits have become smaller 
nd more densely packed, and because of the 

erent problems associated with high tempera- 
ure processing for thin film deposition (defect 
neration in the underlying substrate, dopant 
istribution, wafer warpage,... ), low tempera- 
e processing is extremely important for future 
neration Si ultra large scale integration (ULSI). 
addition, lower temperatures allow greater ex- 

oitation of new material opportunities which 
ve not been previously possible due to their 

ligh temperature incompatibility. Several tech- 
[fiques which reduce the overall “thermal budget” 
fve emerged in recent years. Of these, photo-in- 
kiced processing [1,2] has received considerable 
nterest because it does not produce the highly 
aiergetic ionic species present in plasma-assisted 
focessing [3,4], which can have sufficient energy 
b cause damage to the growing film.

As a matter of fact, UV wavelength photons 
can initiate or enhance a variety of chemical 
reactions for micro-electronics applications such 
as film deposition, etching, doping, cleaning or 
oxidation [5-8]. Also, deep UV sources can be 
used for several applications like sterilisation, dis
infection, water treatment [9], phototherapy, or 
industrial synthesis of organic products. But these 
processes suffer from the lack of availability of 
intense deep UV sources. Here, we will describe 
a new design of an intense deep UV source, and 
consider its application to the deposition of thin 
films for microelectronics.

Silicon dioxide films are widely used in semi
conductor manufacturing as passivation layers, 
diffusion barriers, and gate dielectrics for transis
tor structures. Silicon dioxide can be deposited 
from either silane SiH4 or disilane Si2H6, with 
nitrous oxide N2O, nitric oxide NO2, or O2 using 
pyrolysis or plasma deposition methods. Using 
these precursors, UV radiation can also produce

l69-4332/92/$05.00 © 1992 -  Elsevier Science Publishers B.V. All rights reserved
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S1O2 layers. For photo-deposition or growth of 
silicon dioxide layers, several techniques have 
been developed for the generation of UV radia
tion. One of the most commonly used UV sources 
is the low pressure mercury lamp [2,10]. However, 
in most of the cases using Hg lamps there is a 
need to photo-sensitise the reaction with mer
cury. This presents the drawback effects of health 
hazards and trace quantities of contamination in 
the deposited films [11].

Windowless discharge lamps have hence been 
developed in order to initiate direct, rather than 
sensitised photo-deposition processes [1], but 
quantities of ionic species used for the photon 
generation are often found in the film. Recent 
advances in excimer laser technology have en
couraged the development of new techniques for 
film deposition [12]. Excimers laser, however, are 
extremely expensive, costly to operate, and only 
give limited area photo-coverage. In this paper, 
we will describe a novel large area variable wave
length excimer lamp design based on the dielec
tric barrier discharge.

2. Dielectric barrier discharge

When a current path is created through a gas 
separating two metallic electrodes, a conventional 
electric discharge occurs. As is shown schemati
cally in fig. 1, dielectric barrier discharges are 
characterised by the presence of at least one 
dielectric layer in the current path in the dis
charge gap between the electrodes. The configu
ration with dielectric layers on both electrodes 
has the added advantage that there is no danger 
of electrode corrosion during the discharge proc
ess.

It is well known that if a slowly increasing 
voltage is applied across a pair of parallel elec
trodes separated by a distance, d, and immersed 
in gas of number density n, then an electrical 
breakdown of the gas occurs at some critical 
voltage (breakdown voltage, The functional 
relationship bewteen Kyy, d, and n is referred to 
as Paschen’s law, defined as:

1
Metal Electrode 
Dielectric

Microdischarge in discharge gap (100pm)
Fig. 1. Schematic of classical (top) and dielectric barrier 

discharges.

The breakdown condition is a unique curve for 
each gas (fig. 2) and depends on the gas pressure 
P, and the electrode separation [13]. Experimen
tal work has shown that the same Paschen curves 
apply when one or both the electrodes are cov
ered with a dielectric layer [14]. Microdischarges 
have been studied extensively [15] and their main 
properties are outlined in table 1.

The electron energies and electron densities 
found in such discharges are comparable to those 
found in modern excimer lasers. The added ad
vantage of the dielectric barrier discharge is that 
the electron energy and density can be optimised 
for excimer formation by external parameters and 
geometry. It is of crucial importance to get maxi
mum power into the microdischarge. Due to the 
capacitive nature of the barrier discharge this is 
most easily accomplished by using at least one of 
the following:
- a large dielectric area,
- a smaller dielectric thickness,
- a dielectric with a higher dielectric constant,
- higher frequencies.

Table 1
Typical properties of a dielectric microdischarge

( 1)

Total charge 
Current density 
Electron density 
Electron energy

10-10 A s  
1 0  ̂Acm“  ̂
IQi'i cm-3 
> 5 e V
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n d  ( cm' ^ )
17

10
18

4 0 0 0

3 0 0 0 Xe

2000

5 0 0

1000

8 0 0

6 0 0

4 0 0

3 0 0 Xe
Ne

20 50 100 200

p  d  ( Torr  cm )

Fig. 2. Breakdown voltage in Ne, Ar, Kr and Xe with a copper cathode; d =  10 mm [13].

In our present work, we have concentrated on 
increasing the area of dielectric to increase the 
optical output.

3. Excimer formation in dielectric barrier dis
charges

The most investigated excimers are the rare-gas 
excimers (He*, Ne*, Ar}, Kr^, XeJ) and the 
rare-gas-halide excimers (ArF*, KrF*, XeCl*, 
XeF*) which are commonly used in excimer 
lasers. The pumping mechanism involved in the 
formation of excimers is complex. Fig. 3, adapted 
from Rhodes [16], shows schematically an exam
ple of the interactions between atomic and 
molecular argon. Energetic electrons present in 
microdischarges excite and ionise the argon:
e " + A r^ A r^ -h 2 e “, (2)
e " + A r^  Ar* + e". (3)

Ar

Ar
V /////z i^

126 nm

V ////////A

Ar

MOLECULAR ATOMIC

Fig. 3. Pumping mechanism for Ar.
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At high pressures (>50 mbar), relevant to the 
dielectric barrier discharge, the formation of 
molecular ions is rapid. This then leads to the 
formation of excited neutrals:
Ar^+ 2 Ar ^  Ar^ + Ar, 

Ar^ + e ~ ^  Ar** + Ar.
(4)

(5 )

Three-body association reactions then lead to the 
formation of bound molecular levels:
Ar** + 2 Ar Ar.* + Ar.2 ( 6 )
When the Ar* excimer falls back to the ground 
state it radiates a photon at 126 nm and disinte
grates into two Ar atoms:
Ar^ 2 Ar + 1/(126 nm). (7)

4. Design of a novel large area excimer lamp for 
deposition

So far, the excimer lamp has only been devel
oped with one discharge gap. Here, we describe a 
new “interlocking electrode” geometry to gener
ate excimer radiation over a large area. The lamp 
element consists of a series of quartz tubes. Every 
tube is connected to one pole of the power supply 
so that an alternating high voltage is applied 
between the adjacent tubes (fig. 4). The tubes are 
arbitrarily 70 mm long, each with a stainless steel

electrode inset into the tube cavity, and are held 
in position by two ceramic holders. The discharge 
gap was chosen to be 1.5 mm. Electrical energy to 
the electrodes is supplied via stainless steel con
nectors enclosed inside the ceramic holders. This 
ensures that no short circuiting or arc discharges 
will occur between the electrodes and the lamp 
chamber wall when the lamp is operated.

Prior to operation, the chamber is evacuated 
to a base pressure of 1 0 "^ mbar and then back 
filled with the required rare gas at pressures 
ranging from 100 to 1000 mbar. The simplicity of 
this design allows the rare gas, and hence the 
photon wavelength, to be easily changed. Equally 
importantly the lamp area, and hence the photon 
flux, can be increased by scaling up the size or 
number of the lamp elements.

The discharge was operated at a few kV at 250 
kHz, and activity was confined between adjacent 
quartz tubes. Spectral measurements, using vari
ous gases, were performed using a vacuum 
monochromator [17]. Fig. 5 shows the spectra for 
the rare-gas excimers peaking at 126, 146 and 172 
nm for Ar^, Kr*, and Xe*. Using actinometric 
methods [18] efficiencies of 5%-10% (the optical 
output as a fraction of the electrical input energy) 
were obtained for xenon.

For thin film deposition, the lamp element is 
placed in a purpose-built chamber with a MgF2 

window separating it from a second chamber

sVext

Ceramic Holder

Quartz Tube

Stainless Steel 
Electrode

Discharge Gap

Nickel Wire
Electrical Connector

Fig. 4. Large area excimer lamp.
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1 2 6 1 4 6 Xe, 1 7 2

Wc
<D
C

i i

1 7 0  1 5 0 2001 5 0  1 2 0100

Wavelength (nm)
Fig. 5. Spectra measurements for Ar, Kr, and Xe gases.

specially designed for thin film growth (fig. 6 ). 
Initial experiments have shown that various pow
ders may be readily formed by photo-dissociation 
of SiH4 and N2 O mixtures followed by gas-phase

nucléation. This nucléation indicates the ex
tremely high efficiency of the UV photon initi
ated mechanisms. The controlling parameters of 
the gas mixture pressure, flow-rate and substrate

Power
Supply

To Gas Inlet 
•ump
_ n

A|— I Capacitance 
n h r . Manometer

Window Purge 
Gas Inlet (Ar)

Viewport

MgF 
Window

Excimer Lamp

Heater

Electrical and 
Thermocouple 
Feedthroughs

_ Silane +
■ Nitrous 

Oxide 
Gas Shower Inlet

=Q Capacitance Manometer 

cjj Penning Gauge

Turbo /Rotary Pumps 
Fig. 6. Excimer lamp system used for direct photo-deposition.
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temperature are currently being optimised to pro
duce uniform thin film growth on a range of 
substrates.

5. Conclusion

Using a very simple geometry based on the 
dielectric barrier discharge, we have developed a 
large area excimer lamp. The flexibility of the 
design enables excimer radiation from the near- 
visible to deep-VUV to be easily generated. This 
has the added advantage that it allows sequential 
deposition of various thin films using different 
precursors without exposing the films to the at
mosphere.

Additionally, this ability to fine-tune the pho
ton energy, which will enable maximum energy to 
be coupled into the reaction, and the high effi
ciency of the lamp will allow high deposition rates 
to be achieved and therefore promise to make 
photo-enhanced processing a reality for the semi
conductor and related industries in the foresee
able future.
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Recently excimer lamps have opened up the field of intense vacuum ultra-violet (VUV) light generation. With theoretical 
efficiencies reaching 40%, the power available from such lamps based on dielectric barrier discharge generation can be superior to 
those of typical low pressure mercury lamps with shorter UV wavelengths generated. Here we present, for the first time, the use of 
these lamps for the direct photo-deposition of silicon dioxide from silane and nitrous oxide mixtures. Deposition rates achieved on 
our unoptimised system are comparable with those obtained with low pressure mercury lamps. The results indicate promising 
further applications of such lamps towards semiconductor and optoelectronic materials processing.

1. Introduction

Over the last decade, a general requirement 
for low temperature processing in the semicon
ductor industry has become apparent. This is 
due, in part, to the continued reduction in device 
geometries and, amongst other reasons, the 
emergence of temperature sensitive materials 
such as amorphous silicon, gallium arsenide and 
indium phosphide (a-Si:H, GaAs, InP) [1]. Of 
the low temperature processing techniques now 
being investigated, photo-enhanced processing of 
materials is very promising since the processed 
surfaces and growing films are not subjected to 
damaging ionic bombardment such as can be 
present in plasma-assisted processing systems 
[2,3].

The recent development of novel excimer 
lamps [4] has opened up the field for relatively 
inexpensive, large area, direct photo-CVD to 
wafer scale technologies. As new powerful sources 
of low wavelength photons, these lamps have 
received considerable attention during the past 
few years [5,10], producing wavelengths extending

to the vacuum ultra-violet domain (VUV) at 
higher intensities than can otherwise be currently 
routinely achieved. In fact, such lamps have al
ready been used successfully to enhance various 
photochemical reactions such as ozone genera
tion and metallorganic processing [7-9].

The principle of the excimer lamp relies on the 
radiative decomposition of excimer states created 
by a dielectric barrier discharge in a rare gas such 
as Xe, Kr, or Ar [25]. Such a principle has of 
course already been used in excimer lasers with 
rare gas halogen mixtures [1 1 ], but simplicity and 
reliability as well as scalability give these lamps a 
definite advantage over lasers when large scale 
industrial processes are envisaged. In photo-CVD 
there is no need for purely monochromatic coher
ent light, since the UV absorption mechanisms 
associated with the gas phase exhibit extended 
band-like properties rather than discrete transi
tions. Furthermore, the intense excitation levels 
required in such laser cavities limit their emission 
to a pulsed mode, hence requiring long exposure 
times for most reactions. Another advantage of 
lamps is that the excitation densities required are

0169-4332/93/$06.00 © 1993 -  Elsevier Science Publishers B.V. All rights reserved
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much lower than for lasers and, therefore, pure 
rare gas excitation can be successfully obtained, 
enabling shorter wavelengths to be produced.

At present, intensities of 100 mW/cm^ are 
achievable at the excimer lamp surface at reason
able cost, compared with excimer lasers [4], and 
this bodes for photo-CVD applications. Till now, 
no such source has been used for direct deposi
tion of dielectric films relevant to VLSI devices, 
such as silicon dioxide, oxynitride, or nitride. Di
rect photo deposition has previously been ob
tained with the 185 nm radiation of the low 
pressure mercury lamps [12,13] and with various 
discharge lamps (nitrogen, argon, krypton, xenon). 
However, the very low efficiencies involved with 
these systems have somewhat limited the deposi
tion rate of the films [14,15].

Silicon dioxide has been extensively used and 
studied in semiconductor manufacturing applica
tions. Highly compatible with silicon-based tech
nologies because of its highly desirable chemical, 
electrical, and mechanical properties, it is used 
for gate and field oxides, and masks and passivat
ing layers, as well as for tunnel oxide applica
tions. For such a material, conventional pyrolytic 
deposition occurs above 600°C [24] while tradi
tional oxidation occurs at temperatures around 
and above 900°C. The aim of this paper is to 
demonstrate the possibility and inherent advan
tages of depositing silicon dioxide at low temper
atures with excimer lamps. With this “proof of 
principle” shown, the case for other VLSI materi
als to be deposited with deeper wavelengths with 
these lamps can readily be made.

2. Experimental

Excimer lamps, particularly those using the 
Xe* generated radiation and the reaction kinet
ics of excimer formation, have been extensively 
described elsewhere [6,10,16]. The second contin
uum of xenon emitting at 172 nm, when excited 
by non-equilibrium high pressure discharges, en
ables high UV power levels to be generated. In 
this study we have used 172 nm power densities 
around 10 mW/cm^. The lamp system used com
prised two sections. In the first, a cell containing

the pure gas in a suprasil envelope generated the 
radiation which was directed through a MgF  ̂
window. The transmitted light entered a second 
chamber, a reaction cell. Here, gas mixture of 
pure silane and nitrous oxide were introduced via 
mass flow controllers through a toric shaped 
shower onto the samples. In these experiments, 
sections of p-type (1 0 0 ) silicon wafers were used 
and their temperature was maintained between 
200 and 300°C. Thermocouple control ensured 
that, although essentially negligible, the low in
tensity of the lamp did not increase the surface 
temperature of the samples during film growth. 
The shower-substrate and window-substrate dis
tances were kept constant at 1 and 4 cm, respec
tively. Prior to deposition the samples were 
cleaned in a propanol solution in ultrasonic bath 
and the chamber was evacuated to 1 0 “® mbar. 
The 172 nm emission from the lamp was moni
tored with a MacPherson VUV monochromator.

The VUV induced reaction scheme between 
SiH4 and N2 O has been recently studied by other 
groups. The absorption coefficient of N2 O at the 
wavelength used is typically around 2  cm“  ̂atm“  ̂
[17,18]. At the window-substrate distance used, 
and with the pressure around 1 0 0  mb, the absorp
tion by N2 O of the radiation entering the process
ing chamber is about 50%. In the work reported 
here, mixtures containing between 0.5 to 10% 
silane in nitrous oxide were introduced into the 
chamber at a constant flow of 50 seem. Silane is 
already known not to be dissociated at these 
wavelengths and intensities. A simplified reaction 
scheme can be written as follows:
N2O -l- h v  —> N2 “H O,

S iH 4 +  O  S iH g +  O H ,

S iH ^ 4- O H  S iH 2 4- H 2O ,

SiH4 + 0 ^  SiH2 + H 2 O,

SiH2 + 0 ^ S iH 2 0 ,

SiHg 4- O  ^  S iH 2 0 -h H ,

S iH z O  4- O 2 S iH 202  +  O , 

S M 2O 2 4- O 2 —̂ Si0 2  4- H 2O  4- O .

( 1 )
(2 )

(3)

(4)

(5)

(6 )
(7)

( 8)
Basically, nitrous oxide is photo-dissociated (1), 

leading to the generation of oxygen radicals which
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then react with silane, (2)-(4). Branching reac
tions (5)-(7) subsequently lead to Si0 2  formation 
(8 ). A more complete model for this scheme has 
been recently detailed by Petitjean [13,19]. Film 
growth proceeds in a continuous manner, like 
with the laser-initiated layer situation, which by 
necessity is controlled in a pulsed growth mode.

After continuous irradiation of the silicon for 
times up to 30 min, the layers grown were charac
terised using FTIR spectrometry while thickness 
measurements were carried out with a Rudolf 
Autoell Ellipsometer. The electrical properties of 
the films will form the basis of a later paper, but 
we report here that their characteristics are quite 
similar to those of conventionally deposited films.

3. Results

For exposure times up to 30 min, film thick
nesses of 50 nm were grown at temperatures 
below 300°C, producing a growth rate of around 
0.3 A/s. Fig. la shows the variation of the depo
sition rate with intensity for the 172 nm radiation 
used. As expected, it is proportional to the inci
dent flux, and also clearly shows that any ther
mally controlled deposition of the films was in
significant under these operating conditions. At

R% =[silane]/INitrous oxide]

6 8 10

Si-O

Si-O-Si

* w

Si-O

400

0 1 0  2 0  3 0

Input Lamp Power (W)

Fig. 1. Deposition speed for silicon dioxide samples deposited 
at 300°C versus (a) (•): VUV light exposure, and (b) (o) 

precursor mixture ratio.

Fig. 2. FTIR absorption spectrum of a 400 À silicon dioxide 
layer deposited at 300°C.

total gas pressures exceeding 150 mbar, powder 
was formed as a consequence of gas phase reac
tions being stimulated. In contrast, the deposition 
rate was found to be very low below pressures of 
about 100 mbar. At intermediate pressures and 
temperatures between 200 and 300°C, the films 
formed were scratch resistant and adherent. Typ
ical deposition rates varied from 10 to 15 A/min. 
Fig. lb shows the variation of the deposition rate 
with R , the SiH4 /N 2 0  ratio. For R < 2%, the 
rate is limited by the silane concentration. For 
R>2%  gas phase reactions leading to powder 
formation also limit film deposition. Refractive 
indices of 1.458 were obtained on optimised sam
ples, values always ranging between 1.4 and 1.5 
according to experimental conditions (higher val
ues of 1.6 were obtained for higher ratio R). The 
structural properties of the oxide films deposited 
were characterised by their vibrational spectra. 
Fig. 2 shows a FTIR spectrum of an oxide film 
photo-deposited at a substrate temperature of 
300°C. The spectrum consists of three character
istic absorption peaks at 1065 cm“  ̂ (Si-O-Si 
stretching), 800 cm"^ (O-Si-O bending), and 480 
cm"^ (Si-O-Si rocking) [20,21]. The full width at 
half maximum (FWHM) for the dominant IR
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Fig. 3. Sets of FTIR spectra of the 1065 cm“  ̂ peak for various (a) input lamp power, (b) precursor mixture ratio R  (average
thickness: 100 Â).

mode around 1065 cm~  ̂ has a value of 70 cm“  ̂
and remains essentially the same for all the ox
ides studied. The small peak centered around 885 
cm“  ̂ can be attributed either to Si-H, Si-OH, 
Si2 0 3  or to non-bridging oxygen [26]. However, 
the presence of Si-H and Si-OH bonds would 
have led to the presence of other peaks centered 
around 2270 and 3620 cm "\ which we did not 
observe. This peak can, therefore, be most likely 
attributed to a defect state of SiO2 [27] although 
further investigations are underway to confirm 
this point.

The absorption spectra of figs. 3a and 3b show 
that the quality of the film is not significantly 
affected by either lamp power or the precursor 
mixture ratio used. These parameters, however, 
affect the deposition rate (e.g. 6  A/min for R = 
10%) much more appeciably. A plot of ab
sorbance of the band near 1065 cm“  ̂against film 
thickness (measured ellipsometrically) is shown in

fig. 4 for different samples (Lambert-Bouguer 
plot). The apparent absorption coefficient is 
calculated from the slope of best fit through the

A b s =  - 0.66 +  2 .91e-2  th k  
R ^ 2  =  0 .974

g

500100 200 300
Thickness (A)

400

Fig. 4. Lambert-Bouguer plot of absorbance of tbe S i-0  
stretching band near 1065 cm“  ̂ against film thickness for 

oxide layers on various silicon substrates.



p. Bergonzo et al. /  Photo-deposition of silicon dioxide films 397

data points. The intersection with the abscissa 
indicates the thickness of native oxide on the 
bare Si sample. This curve gives a native film 
thickness of 20 Â and and = 2.91 X  10"̂  cm“  ̂
in good agreement with published data for much 
thicker films obtained from pyrolytic processes 
[22,23].

4. Conclusion

We have demonstrated the possibility of de
positing good quality silicon dioxide films with a 
photochemical process based on the 172 nm 
wavelength from the excimer (or second excimer 
continuum) of xenon in an excimer silent dis
charge lamp. The deposition rates obtained are 
comparable to those from similar processes using 
low pressure mercury lamps [15]. This is very 
promising considering the fact that our lamp sys
tem has not been optimised in terms of the VUV 
output. This work is thus a proof of principle 
which can extend the use of excimer lamps to the 
field of material deposition for semiconductor 
applications. We are currently studying the appli
cation of this technique for the deposition of 
other material such as silicon nitride and silicon 
oxynitride and multi-layer dielectrics. We have 
also recently developed lamps of deeper wave
lengths radiating at the Ar^ and Kr^ continua 
(126 and 146 nm). This will allow direct photo
dissociation of silane and, hence, amorphous sili
con films to be processed enabling in-situ multi
layer transistor fabrication.
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Excimer lamps have recently opened up the field of intense vacuum ultraviolet light generation.
The power available from such lamps based on the dielectric barrier discharge generation 
method can be superior to those of typical low pressure mercury lamps. Additionally, a wide 
range of shorter and longer wavelengths can be generated as required. Following previous work 
on silicon dioxide deposition, here we present the use of these lamps for direct photodeposition 
of silicon nitride from mixtures of silane and ammonia. Optical and physical characterization 
reveal good film qualities, rendering this new technique promising for low temperature 
semiconductor and optoelectronic material processing.

Dielectric thin film deposition is an important process
ing step in semiconductor device fabrication. In silicon 
very large scale integration (VLSI) fabrication, the depo
sition of thin dielectric films such as silicon dioxide or 

Silicon nitride is presently quite indispensable in a variety 
of applications, including multilevel interconnect struc
tures, barrier layers, and final passivation on many types of 
[structures.* The necessity to decrease wafer processing 
temperatures substantially has stimulated research into 
new possible techniques for the deposition of thin dielectric 
films. Photolytic chemical vapor deposition (CVD) is one 
such promising method. Until now, most work in this area 
has employed high power and costly excimer laser systems 
or cheaper commercially available low power lamps. In 
recent years there has been interest in developing new types 
of lamps applicable to this area, which provide higher pow
ers and extended availability of wavelengths.̂ ’̂  We have 
previously reported the development and use of xenon ex
cimer lamps to directly photodeposit silicon dioxide films 
at low temperatures.’ The 172 nm radiation generated was 
used to enhance the direct photolysis of a nitrous oxide- 
silane mixture. Here we present for the first time the dep
osition of silicon nitride layers using these lamps. Ultrathin 
Sî N̂  films have superior insulating and masking proper
ties to Si02 and are potential candidates to replace thin 
oxide films in various VLSI applications.* Here, after a 
brief presentation of the experimental apparatus, we will 
analyze the correlation between the deposition conditions 
and the physicochemical properties of the Sî N̂  films ob
tained. The deposited films were characterized using ellip- 
sometry, Fourier transform infrared spectroscopy (FTIR), 
and secondary ion mass spectroscopy (SIMS) analysis.

Figure 1 shows a schematic diagram of the photo-CVD 
reactor designed for this process. The system basically con
sists of a set of two chambers separated by a MgF2 window 
transparent to the vacuum ultraviolet (VUV) radiation. 
The 7.2 eV photons are generated in the top chamber and 
irradiate a low pressure gas phase mixture in the bottom 
chamber. An argon gas purge is used during processing to 
prevent deposition on the window of material which was 
opaque to the radiation. The generation of VUV light from 
excimer lamps has been the subject of several recent arti

cles. The principle is based on the radiative decomposi
tion of excimer states created by dielectric barrier dis
charges in a gaseous environment.** Here we use a pure 
xenon-filled cylindrical-shaped source, which can radiate 
up to 40 mW/cm’ at 172 nm. Such excimer lamps are not 
presently commercially available, and therefore were de
signed in-house to produce an arbitrary radiation intensity 
output. Silane and ammonia precursor mixtures were in
troduced into the processing cell and exposed to the VUV 
radiation.

The substrates used were (100) orientation /?-type 
crystalline silicon, up to 1 in. in diameter. They were lo
cated on a vertical stage holder which allowed the window- 
substrate distance to be adjusted from 1 to 5 cm, and were 
heated to temperatures between 200 and 300 °C.

Under the 172 nm radiation, the photochemistry of the 
ammonia involves the following reaction pathways:*’

NH3 +/1V-NH 2 +H, 

NH3-I-/2V —* NH H2, 

NH3 +/ÎV-NH+ 2 H.

( 1 )

( 2 )

(3)
Of these reactions, Eq. ( 1 ) is strongly predominant (95%) 
at the photon energies involved. The ammonia is dissoci
ated into NH2 and H radicals that subsequently react with 
the silane and lead to silicon nitride deposition. Typical

To pumpsLamp RF/HV supply

Water Cooling

Window purge

Heater
MFCs

Pressure gauge

I
To pumps

FIG. 1. Excimer lamp photo-CVD system.
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FIG. 2. SIMS profile of a 600 Â silicon nitride film deposited on silicon.

operating conditions used flow rates of SiHyNHg around 
2/20 seem, respectively, and a total pressure of 5-10 mbar. 
The initial total absorption of the radiation entering the 
processing chamber by this concentration of ammonia was 
calculated to be about 60% after a single pass. However, a 
large portion of the remaining 40% of the incident radia
tion was reflected by the silicon (/î~ 0 .7 ) and further ab
sorbed to a significant degree after a return pass through 
the gas. The intensity absorbed by the silicon itself was not 
sufficient to increase the local surface temperature beyond 
a few degrees Kelvin.

Preliminary experiments indicated that this process re
quired the use of ultrahigh purity gases. In fact, impurities 
of only a few 100 ppm (especially O2, H2O, and/or CO2) 
were sufficient to drastically pollute the deposited film with 
oxygen, leading to film stoichiometries more closely resem
bling Si02 rather than Sî N .̂ This was due to the higher 
degree of reactivity of these impurities, rendering them 
predominant in the deposition photochemistry. Accord
ingly, the precursor gas purities used were always grade 5.0 
level.

Without VUV radiation, no deposition occurred show
ing that thermally controlled deposition was insignificant 
under these operating conditions. The films deposited with 
the VUV lamp were without exception scratch resistant 
and adherent, nonporous, and chemically stable with re
spect to exposure to O2 and H2O in the atmosphere. The 
deposited layer thicknesses were uniform within a few per
cent over the 4 cm  ̂of the silicon substrates used. The film 
etch rate in buffered HF (1:30) was equal to 30 A/s, and 
the average dielectric breakdown values measured were 
around 10 MV/cm, very similar to the best values obtained 
with other conventional deposition t e ch n iq u e s .S I M S  
analysis performed on the samples showed that the hydro
gen and oxygen contents were very low and that the stoi
chiometry of the films were constant with depth. Figure 2 
shows such a profile for a 600 Â silicon nitride film depos
ited on silicon. The tail on the N profile visible after the 
interface is due to recoil mixing commonly found in SIMS 
measurements.

Figure 3 presents the growth rate and refractive indices 
obtained for various precursor mixtures. These growth 
rates were obtained at a temperature of 300 *C, an NH3 
flow of 20 seem, a window substrate distance of 12 mm, a

1.85c

1 0 -

a
2
.1

1-75 k

1.65
20 250 5 10 15

FIG. 3. Deposition rate and refractive index vs SiH*/NH; ratios.

total pressure of 10 mbar, and a lamp intensity of about 10 
mW/cm^. The growth rates were not significantly affected 
by the temperature in the 200-300 “C range used, although 
they were strongly influenced by the level of photon flux. 
Growth rate values higher than the 10 A/min rate ob
tained here should be readily achievable due to the much 
higher fluxes of photons which can be generated with these 
excimer lamps.

As can be seen in Fig. 3, refractive indices as high as
1.85 were obtained for low silane/ammonia ratios. Direct 
photo-CVD rarely leads to values higher than this due to 
the difficulties of routinely achieving completely oxygen- 
free processing conditions. However, the O2 source is 
mainly due to the precursor gas purity and therefore could 
be reduced with more elaborate gas handling.

The value of the refractive index is clearly very 
strongly dependent on the silane concentration within the 
ammonia. FTIR spectrometry was used to identify the ef
fect of the gas mixture on the stoichiometric content of the 
films. No dominant peak was observed in the region where 
the Si-H vibrational modes are located (around 2175 
cm“ *).*̂  This gives an upper limit to the content of 
bonded hydrogen in our films of a few percent, indicating 
a much lower concentration to that typically found in 
plasma enhanced CVD nitride films, where it can vary up 
to 35%.^  ̂ In Fig. 4 the relationship between the Si-N 
stretching vibration mode and the SiHyNHg ratio R is 
shown. These measurements were obtained for 300-A- 
thick SigN  ̂films deposited at 300 ’€  at a constant ammo
nia flow. As can be seen in Fig. 4, the characteristic broad 
peak centered around 840 cm"' observed for low R ratios 
is strongly diminished at higher silane concentrations. 
Therefore, the refractive index decrease observed for high 
silane concentrations corresponds to a decrease in the con
centration of Si—N bonds in the films. This is explained by 
the fact that when R is increased at a constant NH3 total 
flow, the ratio of dissociated active NH and NH2 species to 
the number of silane molecules decreases, rendering the 
complete dissociation of the silane present to be less prob
able, leading to a poorer Si—N bond concentration in the 
film. Further, at very high ratios (20%), the Si-N bond 
concentration is so low that the relative increase in the 
concentration of Si—O impurities bonds becomes visible 
by the associated increase in the absorption near 1060 
cm"' due to the presence of Si-0 units in the film. These
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FIG. 4. Evolution of the Si-N vibrational mode with precursor mixture 
ratio R.

observations confirm that it is possible to accurately con
trol the stoichiometry of the deposited films by altering the 
precursor mixture. This selective precursor excitation fea
ture is therefore an added advantage of this technique over 
other deposition processes.

In conclusion, we have demonstrated the possibility of 
depositing good quality silicon nitride films with a photo
chemical process based on the 172 nm wavelength from the 
excimer continuum of xenon in a dielectric barrier dis
charge lamp. Such a deposition process has now been de

scribed for both Si02 and SigN  ̂ layers and can clearly be 
applied to a variety of substrates including III-V semicon
ducting materials, glass, and many heat sensitive com
pounds. It has been demonstrated that deposition rates 
comparable to those obtained with mercury lamps can be 
obtained, with generally higher refractive indexes and bet
ter control of the stoichiometry. These observations open a 
potentially new area for the application of excimer lamps, 
since the deposition of dielectric films for industrial appli
cations at even higher rates and larger areas may be 
achieved by scaling up the geometry of the apparatus used.
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