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ABSTRACT

This thesis describes the design and performance of three novel 

optical fibre sensors, invented to overcome three problems in the 

plasma processing industry, related to the real-time monitoring of:

(i) physical and chemical characteristics of a processing plasma,

(ii) thickness of dielectric films during their plasma processing,

(iii) condition of the pump oils necessary to maintain a vacuum.

Sensors are available to monitor plasma characteristics and film 

thickness but their prohibitive cost limits applications. No 

published accounts of an oil condition monitor were found.

Common industrial practice is to rely on experts capable of judging 

these characteristics purely by visual inspection of plasma, film 

and oil colours. Initially this seems an ideal solution but its 

subjectivity makes it difficult to achieve reproducible results and 

describing it as Tow cost’ ignores the need to employ experts.

Human experts are also unable to continuously monitor colour 

over long periods. The limitations of visual inspection prompted 

the development of an artificial colour sensor based on the same 

trichromatic principles as the human eye. This sensor consisted of 

three photodiodes with overlapping spectral responses in the red, 

green and blue regions. The resulting detector photocurrents were 

processed to yield colour values. Artificial colour sensing is shown 

to exhibit sufficient sensitivity and stability to monitor

commercial plasma processing; whilst retaining the typical

advantages of optical sensing, such as being non-invasive and 

immune to electrical noise.
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1.1 PROBLEMS WITH PLASMA PROCESSING

The drive towards ever increasing complexity in integrated 

circuits is forcing the semiconductor industry to tighten its 

production tolerances (Elliot 1982). Plasma etching techniques 

currently dominate integrated circuit fabrication; but the speed at 

which these techniques evolved has outpaced theoretical 

understanding of plasmas to such an extent that process control 

has become a 'black art' in which optimum parameters are 

discovered empirically and repeatability is difficult to obtain 

(Mayer et al 1988).

Simply reading the discharge power, gas pressure, gas 

mixture and flow rates entering the plasma off the appropriate 

meters is not sufficient to ensure repeatability in plasma 

processing since these parameters can interact in a complex 

manner to give an unstable equilibrium (Mayer et al 1988). A 

more reliable method is to monitor the physical and chemical 

characteristics of the plasma but this is a complex and expensive 

task commonly requiring optical or mass spectrometry. The ability 

of expert operators to detect irregularities in processing plasmas 

simply by observing their colours raises the possibility of 

mimicking their methods and avoiding the problems associated 

with the optical processes discussed above.

Another method of overcoming problems of repeatability is 

to monitor the product rather than the processing agent. The 

dielectric thin films which are etched or deposited by plasmas 

have distinctive interference colours related to their thickness.
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Expert operators can accurately gauge film thickness simply by

observing these colours but unfortunately this can only be done 

after processing since the plasma emission obscures the colours 

whilst processing is in progress. On-line monitoring of film

thickness is also a complex and expensive task commonly 

requiring interferometers or ellipsometers [Heavens 1955]. An 

ideal solution would be to replace these instruments with an

electronic colour sensor immune to background light.

Plasma processing systems must be pumped down to a low 

pressure and any fluctuations in the effectiveness of pumping 

may be manifested as fluctuations in product quality. Hence it is 

important to ensure that the vacuum pumps used in the system 

are maintained at optimum efficiency. The condition of the pump 

oil is a critical factor in pump efficiency, and is normally judged 

by visual inspection of oil colour. Visual inspection is time

consuming and intermittent so an electronic colour sensor would 

also be valuable for this application.

Chapter 2 of this thesis provides a brief overview of the 

plasma etching systems currently employed in industry. It also 

discusses some of the problems encountered during processing 

and the diagnostic tools designed to overcome them. Whilst these 

traditional diagnostic tools often provide good results their cost 

and complexity frequently limit them to research rather than 

commercial applications.
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1.2 OPTICAL SENSORS AS A SOLUTION

Throughout the previous section it was emphasized that the 

complex sensors designed for the three process monitoring 

applications were often avoided in favour of visual inspection of 

the sample colour. This observation inspired the development of 

an electronic colour sensor operating on chromatic principles 

similar to those underlying human colour vision.

Implementation of an electronic colour sensor required the 

use of a range of optical components: sources of sufficient power 

and spectral bandwidth to illuminate a sample; detectors with the 

appropriate sensitivity and spectral profiles to record sample 

colour; and optical fibres to channel light to and from the sample 

shielded from external noise. Chapter 3 contrasts the 

characteristics of a range of sources, detectors and fibres and 

evaluates their suitability for use in a commercial colour sensor. 

In addition the chapter compares the characteristics of traditional 

optical sensing techniques and highlights the advantages of colour 

measurement systems.

Chapter 4 of this thesis introduces human colour perception 

and various formal concepts of colour. Particular emphasis was 

placed on the standard agreed by the International Commission on 

Illumination (CIE) in 1931, which defines colour in terms of the 

responses of three standard photodetectors with overlapping 

spectral profiles. To construct an electronic colour sensor a 

photodiode triplet was selected (Jones et al 1989), which matched 

these standard photodetectors as closely as possible. Disparities in 

spectral response between these standard detectors and
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commercially available photodiodes resulted in slight differences 

between the CIE standard colour and the output from the sensor 

which was termed chromaticity. Finally these formal concepts of 

chromaticity were used to derive the variation of chromaticity as 

a function of spectral mixing.

The system design of the sensors is described in chapter 5. 

Although each sensor consists of three photodiodes with a current 

to voltage converter and subsequent gain stages, slight

modifications were made to tailor each to their application. This 

chapter also describes the construction of a DC plasma nitriding 

chamber and a RIE plasma etching chamber on which the sensor 

designs were tested.

1.3 PERFORMANCE OF THE OPTICAL SENSORS

The performance of an optical fibre chromatic sensor

designed to measure plasma colour is described in Chapter 6. 

Initial tests on a DC plasma nitriding chamber showed that the 

sensor was capable of detecting and discriminating between the 

spectral shifts in plasma emission caused by changes in discharge 

power and gas mixture. More detailed experiments carried out on 

a reactive ion etching (RIE) chamber demonstrate the ability of 

the sensor to discriminate between the spectral shifts in plasma

emission caused by changes in discharge power and gas mixture, 

gas pressure and gas flow rates. Further experiments on this

chamber showed the sensor capable of detecting the end of an 

etching process by detecting changes in plasma mixture.

Chapter 7 of this thesis describes the performance of a novel 

thin film monitor based on chromatic sensing. Initially an off-line
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sensor was tested on a set of semiconductor thin film samples. 

When this sensor proved capable of matching the sensitivity of 

the best expert observers attempts were made to modify the 

sensor so it could discard background plasma emission enabling 

its use during plasma processing. The incorporation of a chopped 

light source and a phase-locked signal recovery system enabled 

the chromatic sensor to discard all background illumination not at 

the chopping frequency. As a result the sensor was shown to 

monitor film thickness, on-line with no loss in performance. 

Despite this performance the high cost of including the commercial 

signal recovery system increased the sensor cost significantly. A 

simpler signal recovery system was constructed employing signal 

subtraction and this was shown to demonstrate similar 

performance to the commercial system at greatly reduced cost.

A novel chromatic fibre sensor was developed for the on

line monitoring of the condition of vacuum pump oils. A 

description of its design and performance will be found in chapter 

8. The sensor is shown to exhibit sufficient sensitivity to the 

chromatic difference between pure and impure oils whilst also 

showing the stability and repeatability required for use in an 

industrial environment.
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2.1 INTRODUCTION TO PLASMA PROCESSING

The ever increasing demand for faster and more complex 

integrated circuits is forcing the semiconductor industry to 

investigate methods of improving its product quality. One of the 

'simplest' methods of increasing the speed and component density 

of an integrated circuit is to reduce the linear dimensions of the 

circuit; this option has the added advantages of increasing 

reliability and reducing power consumption. Inevitably such 

increases in component density require improvements in 

semiconductor fabrication techniques. Component densities 

greater than 106 devices/cm2 can be achieved using current 

fabrication techniques, but in this fast changing industry 

improvements are constantly being sought.

Fundamental to the fabrication of integrated circuits is the 

etching of well-defined patterns in thin-films of various masking 

materials; commonly silicon and its oxides and nitrides although 

occasionally metals (A1,W), III-V semiconductors (GaAs,InP) and 

various polymers are also used. Originally patterns of circuitry 

were etched through a mask using 'wet' chemical solutions but the 

promise of smaller device structures and improved etch 

anisotropy has led to a gradual shift towards 'dry' plasma etching 

techniques (Elliot 1982).
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2.2 THE LIMITATIONS OF SOLVENT ETCHING

In the past, device structures were etched using a 

chemically reactive solvent capable of dissolving the substrate but 

unable to attack a masking material (Elliot 1982). Silicon nitride is 

a substrate commonly incorporated into silicon devices and figure 

2.1a shows the layer structure of a device prior to etching.

Mask

Figure 2.1a The layer structure of an unetched wafer.

Traditional solvent etching of silicon nitride is expensive and 

requires highly corrosive, boiling (430K) phosphoric acid to 

achieve a significant etch rate. Since the substrate is an isotropic 

material, chemical attack occurs isotropically i.e the etch rates 

parallel (Rx) and perpendicular (Ry) to the sample surface are 

equal. Isotropic etching causes an undercut of the masking layer 

illustrated in figure 2.1b which leads to distortion of the desired 

etching pattern and places a lower limit on the device dimensions 

attainable (Coburn 1986).

Mask

Figure 2.1b Mask undercut due to isotropic etching.
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If the characteristic device dimensions are orders of magnitude 

larger than the mask undercut, the problem is minimal and can be 

overcome by introducing appropriate compensation to the 

masking layer. However device densities have increased to a point 

where the lateral dimensions of a device (the mask spacing s) and 

the layer to be etched are comparable in thickness (d); at this 

point the effects of mask undercut become critical (figure 2.1c).

Fig 2.1c Mask undercut significantly affecting device dimensions.

Perfect reproduction of the mask pattern could be achieved by a 

completely anisotropic etch (figure 2.Id) but in practice no etching 

methods have complete anisotropy.

Mask

Fig 2.1d An ideal etching profile.

Etch directionality 8, (Zarowin 1983) is defined as the ratio 

Rx/Ry and ranges from zero for a completely anisotropic etch to 

unity for a completely isotropic etch. Other sources (Mogab 1983) 

prefer to describe etching in terms of the degree of anisotropy Af f
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which is defined as A f = 1-8. The amount of compensation 

required for a given degree of anisotropy may be calculated by 

considering the equidistant pattern of lines and spaces shown in 

figure 2.1e

Fig 2.1e An idealized profile of edge undercut.

A mask spacing s (s = 21f-l,n as illustrated in figure 2.1e) is 

enlarged to an etched feature of length If by undercut; these 

variables are related by
s = If (1-8 2tf / I f ) Equation 2.1

where tf is the film thickness. This demonstrates that the mask 

spacing is related to the feature length by two factors; the etch
directionality 8 and the aspect ratio tf/lfj either of which must be 

minimized to keep undercut enlargement to a minimum. Aspect 

ratio can determine the electrical characteristics of a device so it is 

difficult to minimize in practical VLSI manufacturing.

Consequently as feature sizes decrease higher degrees of etch

anisotropy are required.

Anisotropy in solvent etching can occur if the solvent attack 

is concentrated along the mask/film interface. However this 'mask 

lifting' as it is known, is an extreme form of undercut which 

results in large areas of mask flaking off the film and exposing it 

to direct attack. The anisotropic etch should be directed 

perpendicular to the mask/film interface rather than parallel to it.
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This can be achieved by dry etching techniques which have the 

added advantage of etch rates far higher than the 50A/min 

typical of the solvent etching of silicon nitride (Fonash 1985).

2.3 DRY ETCHING TECHNIQUES

2.3.1 INTRODUCTION

Dry etching techniques were first exploited by the 

semiconductor industry in the 1960s when 'plasma ashing' was 

used to remove organic photoresists by subjecting them to an 

oxygen discharge (Irving 1968). Electron impact dissociation of 

oxygen molecules generated highly reactive atomic oxygen which 

oxidized the organic photoresist to carbon dioxide and water. Since 

then plasma etching has been adapted to use a wide range of gas 

mixtures, operating pressures and electrode configurations; many 

of which are known by different names despite their basic 

similarity. These processes have largely replaced solvent etching 

since they employ a variety of etching mechanisms (Fonash 1985), 

some of which can result in a very directional etch.

2.3.2 ETCHING MECHANISMS

There are four main etching mechanisms:

Physical Etching: in which etching is effected by the impact of

ions accelerated in a potential gradient. Since this gradient can be 

highly directional the resulting etch can also be highly directional. 

To preserve the etch anisotropy chemically inert ions are chosen. 

On impact atoms of the substrate can be physically displaced; a 

process known as sputtering; this is not a very selective process 

since all atoms respond similarly to impacts.
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Quantitative analysis of physical (or sputter) etching would

be very difficult if it was necessary to consider the interatomic

potential function in detail, but a good agreement with experiment

can be obtained by regarding the impact as a binary collision.

Sigmund (1969) found the sputtering yield S was proportional to

the ion impact energy (determined by the nuclear stopping power

E) for impact energies up to IkeV: 
s _ 3a 4mjmt E

4ft (mj+mt) U Equation 2.2

where mj & mt are masses of the ions and the target atoms 

respectively, a a function of the ratio of these masses and U the 

surface binding energy of the substrate. As the ion impact 

energies exceed IkeV the yield saturates since the excess energy 

simply heats the target; further increases in ion energy eventually 

result in a reduction in yield as ion implantation becomes the 

dominant effect.

Chemical Etching: in which etching is effected by chemical

reactions between the substrate and active radicals generated 

within the plasma. It is important that the reaction by-products 

are volatile so that they can be removed to expose more of the 

substrate to the plasma. The process is analogous to solvent 

etching and produces selective but isotropic etching; with some 

exceptions where reactions occur along crystallographic planes.

Chemical-Physical Etching: where the two processes are

combined in an effort to obtain the advantages of both. Most dry 

etching techniques combine the two in some degree. Chemical 

weakening of bonds can enhance the rate and selectivity of
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sputtering. Sputter damage can enhance chemical reaction rates 

and ion impacts can provide the activation energy required for 

chemical etching. It has been demonstrated that the etching of 
silicon by an ion-assisted XeF2 etch occurs at a far greater rate 

than the sum of the etch rates obtained when each process is used 

separately. Controllable etch rates in excess of 500A/min can be 

achieved (Coburn 1986).

Photochemical Etching: where photons, generated either within

the plasma or externally introduced, initiate the etching of

organic photoresists. This method is both selective and directional.

Dry etching plasmas are normally driven using radio frequency 

generators. If DC generators were used insulating materials could 

not be etched since they would accumulate a large surface charge 

from contact charging so repelling further attack from ions and 

perhaps extinguishing the plasma. To sustain a continuous

discharge excitation frequencies in excess of 100kHz are required; 

in practice 13.56MHz is used most often since this frequency is 

allotted by international communication authorities as a band

where significant radiation is permitted. The RF power is coupled 

to the driven electrode via a matching network and blocking 

capacitor so that the output impedance of the generator (typically 

50D) can be matched to the plasma impedance (typically a few 

ohms). This maximizes the power dissipated within the plasma

and protects the generator from overload (Fonash 1985).
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There are numerous electrode configurations associated with dry 

etching. Table 2.1 summarizes the characteristics of three of the 

commonest methods currently in commercial use.

System Plasma Plasma Effluent RIE

Characteristics Etching Etching Etching

Etching Chemical Chemical Physical/

Mechanism Chemical

Electrode Planar Diode External Planar Diode

Arrangement Electrodes

Pressure Range K)"1 to 10!t K)’ 1 to IT IO- 3  to 10"^T

Sample On Grounded Downstream On Driven

Location Electrode of plasma Electrode

Power RF RF RF

Table 2.1 Comparison between dry etching methods.

Plasma Etch: although plasma etching is commonly used to 

describe all dry etching processes the term is also used to describe 

more specific processes where the sample is placed on the 

grounded electrode. This implies that plasma etching is a purely 

chemical process where the sole function of the plasma is to 

provide reactive chemical species. However, the plasma potential 

can be considerable, so physical etching mechanisms such as ion 

bombardment can also occur. To maximize the etch rate these 

systems operate at relatively high pressures of 10'1 to 10T, even 

so the etch rates are relatively low. The reduced mean free path
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and low potential gradient above the grounded electrode also lead 

to low etch anisotropy.

Figure 2.3 A schematic diagram of a plasma etch system.

Plasma Effluent Etching, is a process which isolates the sample 

from the plasma by placing it downstream of the electrodes. This 

reduces irradiation and ion impact damage at the cost of reducing 

the etch rate and anisotropy. A modification of this process 

enhances the etch rate and anisotropy by employing a laser to 

initiate photochemical reactions.

Figure 2.4 Sample position in a plasma effluent etch system.
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3. Reactive Ion Etching (RIE): is a process which achieves

selective and isotropic etching by using a combination of ion

impact and chemical reactions; it occurs when the sample is placed 

on the driven RF electrode. This electrode receives an excess 

diffusion current of electrons (because their mobility is higher 

than that of ions) which generates a negative bias that rises until 

the electron and ion currents are in balance. The negative bias 

between plasma and sample ensures that higher potential 

gradients exist in RIE systems than in plasma etch systems, which 

in combination with the lower process pressures (10'3 to KWT) 

lead to improved etching anisotropy. Disadvantages of RIE include 

increased rates of surface contamination and damage (Semura & 

Satoh 1984). Figure 2.5 is a schematic diagram of an RIE system.

Figure 2.5 A schematic diagram of an RIE system.
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2.4 PLASMA DIAGNOSTIC TECHNIQUES

2.4.1 INTRODUCTION

Being a market-driven fabrication process the application of 

plasma processing has outpaced understanding of the fundamental 

plasma phase and surface chemistry involved (Mayer et al 1988). 

The degree of uncertainty is such that attaining the correct 

settings for process parameters like power, pressure, flow rate 

and gas composition has become a black art and once an 'optimum' 

is achieved the settings are left unchanged for all subsequent 

processing. Common industrial practice is to establish a

'repeatable' etch or deposition rate and vary the process time to

obtain various degrees of etching or deposition.

Unfortunately the process parameters within the operators 

control only influence the plasma chemistry in an indirect manner, 

e.g. if the density of a free radical is to be increased this cannot 

always be achieved by simply increasing the partial pressure of 

the neutral gas since the degree of ionization may be dependent 

upon many other factors. Allied to these problems the plasma 

chemistry can be very sensitive to changes in temperature, 

humidity and even previous processes run on the chamber. Such 

sensitivity causes wide variations in the rates of etching and

deposition, encouraging the development of a wide range of 

plasma sensors.

The primary function of many plasma sensors is the 

detection of an etching endpoint. At the endpoint the rate of

etchant depletion suddenly decreases as does the rate of substrate 

sputtering. The resulting large changes in plasma chemistry are 

detectable to a wide variety of sensors. The detection of this

Chapter 2
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endpoint permits the etch to stopped before mask undercut or 

substrate damage can occur. Small changes in plasma process 

parameters cause changes of degree, not of kind and are therefore 

more difficult to detect. The monitoring of these changes would be 

a valuable secondary function of a plasma sensor.

2.4.2 REVIEW OF PLASMA DIAGNOSTIC TECHNIQUES

1. Electrostatic probes: were developed by Langmuir (Chen 1965) 

in 1924, to study plasma characteristics; in consequence these 

probes are often known as Langmuir probes. They consist of a 

small metal electrode (usually a wire probe) attached to a power 

supply and a current collector linked to a detection circuit. The 

probe is immersed in the plasma and the bias potential generated 

between it and the plasma drives a current. In principle it is 

possible to calculate the densities and energies of the charged 

particles in the plasma from this current, permitting both 

endpoint detection and plasma monitoring. In practice however, 

only limited confidence can be placed on these calculations since 

the probe distorts the plasma by drawing current from it. The 

effective collection area of the probe is actually the area of the 

sheath, which can vary with the bias. Further difficulties arise 

from currents generated by impact heating and impact generated 

secondary ionization.

2. Mass spectrometry: is a technique for analyzing the 

concentration of species in the plasma. Neutral molecules are 

ionized and accelerated by an electric field whilst being subjected 

to a perpendicular magnetic field. The magnetic field causes them
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to describe circular orbits, the radii of which are dependent on the 

ionic mass and charge. Although mass spectrometry provides 

detailed chemical information, this is difficult to interpret since 

the ions can recombine or undergo further reactions in the time 

taken to travel downstream (Mogab et al 1978). This problem can 

be minimized by reducing the distance between the plasma and 

detector; in the limit the detector orifice can be drilled through the 

grounded electrode but this is an invasive solution. Further 

difficulties in interpretation are caused by the quadrupole 

detector which can fragment molecules during ionization; leading 

to the detection of species not present in the plasma. Despite being 

a useful research tool the bulk, expense and invasive nature of 

mass spectrometers limit their applicability in industrial plasma 

processing environments. In addition mass spectrometers are 

limited to providing chemical information on plasma and cannot 

monitor its physical parameters.

3. Electrical characteristics of plasmas: such as its capacitance and 

resistance change as the plasma process parameters are altered. 

Attempts have been made to use this for the detection of etching 

endpoints and plasma monitoring (Mlnyko 1985). Plasma 

impedance changes are measured by detecting the phase-shift on 

RF input voltage. These measurements are limited by the 

deviation of RF fields from the pure sinusoid, which makes it 

difficult to assign an exact phase to the signal.

4. Optical Diagnostic Methods: comprise a wide range of non- 

invasive techniques, largely based on changes in plasma 

absorption and emission. Endpoints and other major changes in
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plasma chemistry can be detected by the appearance or 

disappearance of characteristic spectral lines. Changes in plasma 

parameters cause small shifts in plasma equilibrium which are 

manifested as changes over the spectral continuum. This 

flexibility, coupled with their non-invasive nature make optical 

sensors a good choice for plasma monitoring.

Atoms in a plasma have stable electronic configurations only 

when their electrons occupy one of a number of quantized energy 

states Ei,E2...En. When an electron in the ground state Ei receives 

energy En-Ei;from a photon of frequency f=(En-Ei)/h; it is raised 

to the higher energy level En (Rae 1986). The stable atom (X) is 

said to be excited (X*),
X + hf <=> X* <=> X+ + e Equation 2.3

this process of excitation gives the plasma a characteristic 

absorption line at that frequency. Ionization is an extreme form of 

excitation where an electron (e) absorbs enough kinetic energy to 

escape the attraction of the nucleus, leaving behind a positive ion 

(X + ). Excitation can also be achieved by electron impacts (when the 

electron energy eV=En-Ei) and thermal collisions (when the ion 

kinetic energy kT=En -E i). Relaxation is the inverse of the 

excitation processes described above, where an electron in an 

excited state En spontaneously decays to a lower energy level Ei. 

The release of the excess energy is in the form of a photon of 

frequency f=(En-Ei)/h, giving the characteristic emission line at 

that frequency. Recombination is the inverse of ionization where a 

free electron and an ion coalesce resulting in the emission of light, 

since the binary process is forbidden by the conservation laws the 

process normally involves three body collisions. (Hancock 1991)
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Every photon emitted at a certain frequency corresponds to 

a relaxation or recombination, so the total number of such events 

can be estimated from the number of photons emitted by the 

plasma. Since each atom is capable of emitting at many 

frequencies the most accurate estimate of the ion density can be 

obtained by restricting the photodetector sensitivity to the 

bandgap frequency of a single transition. This is done by placing 

an interference filter in front of the photodetector. With such a 

setup the optical intensity is a measure of the population of 

excited species in the plasma, although factors such as self

absorption may distort the linearity of this relationship. Such 

spectral lines are commonly used in the plasma processing 

industry to measure reactants and trace contaminants down to 

one part in 106 (Robinson 1991).

Although widely used in industry optical plasma diagnostics 

have their limitations (Hancock 1991). Observations limited to 

monitoring single spectral lines require a whole range of specially 

tailored interference filters if they are applied to a wide range of 

processes. In practice such monitoring is conducted using 

expensive and complex variable wavelength monochromators such 

as prisms, gratings or etalons which can scan across an entire 

emission spectrum. This approach permits the observation of a 

wide range of phenomena but records an excessive amount of data 

which is difficult to interpret and increases the response time of 

the sensor.
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2.5 MONITORING THE THICKNESS OF THIN FILMS

2.5.1 INTRODUCTION

One of the objectives of plasma deposition is the fabrication 

of dielectric films with uniformly good electrical characteristics. Of 
particular interest is the consistency of capacitance (C=eoA/d) and 

resistance (R=pd/A) between dielectric films deposited in different 

batches (A is the area of probe contact, £o the permittivity of free 

space and p the resistivity and d the film thickness). Since both 

the capacitance and resistance of a film are dependent on its 

thickness, the control of this parameter assumes great importance 

when circuits with reproducible characteristics are required.

Lack of process repeatability has encouraged the 

development of many methods of film thickness monitoring, some 

of which are outlined below. It should be noted that the optical 

measurement techniques described in table 2.2 (Heavens 1955) 

are significantly superior to other methods in terms of sensitivity.

M eth od M easurand R ange A ccuracy

Electrical Thickness(d) >100À d=+/-10%

Mechanical Thickness(d) >100À d=+/-5%

Ellipsometry Thickness(d),

Ref.Index(n)

20-5000À d=+/-0.2%

n=+/-0.0005%,

Interferom etry Thickness(d),

Ref.Index(n)

20-5000À d=+/-0.2%

n=+/-0.003%,

Table 2.2 Methods used for monitoring thin film thickness.
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Figure 2.6 demonstrates the difficulty in obtaining consistent 

film thicknesses between runs, despite maintaining all measured 

plasma parameters at constant levels and running the process for 

the same duration. The two dotted lines on figure 2.6 (upper 

specified limit or USL & lower specified limit or LSL) represent the 

extreme acceptable film thicknesses; these extreme values are 

approached quite often and was exceeded in the case of batch 746, 

ruining it.

2.5.2 ELECTRICAL FILM MONITORING TECHNIQUES

Electrical characteristics can be measured directly using long 

established techniques (Bar 1940) involving the contact of 

electrical probes with the wafer surface. Whilst these techniques 

demonstrate good accuracy they are difficult to extend to the two- 

dimensional mapping of electrical characteristics across the wafer 

surface. Their chief disadvantage is that they cannot be used 

during plasma processing since the introduction of electrical 

probes would severely distort the plasma. Considerable 

commercial interest has been focused on online wafer monitoring 

since such a system could ensure higher yields by stopping a 

process at the optimum time.

2.5.3 MECHANICAL FILM MONITORING TECHNIQUES

Film thickness can be monitored during deposition by 

simply weighing the sample at the onset and recording the 

increment in mass (Am) as a function of time. The film thickness d
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of a parallel sided film of area A and density p is given by 

d = Am/pA. The sensitivity of this technique is surprising; even 

simple microbalances capable of measuring to 10_7gm can record 

the formation of monomolecular layers (Clegg & Crook 1952). One 

difficulty of this method is that the average density of a thin film 

is known to be less than that of the bulk material due to its 

structural granularity, so the density is itself a function of film 

thickness (Clegg & Crookl952). Furthermore this method cannot 

be adapted to yield the thickness profile across a wafer.

2.5.4 OPTICAL FILM MONITORING TECHNIQUES

The capacitance of a dielectric film is dependent on its 
chemical composition (via eo) and its thickness (d). Both these 

characteristics can be monitored by optical means; the chemical 

composition can be obtained from the refractive index and the 

film thickness can be gauged from the phase change induced by 

the film.

Consider a uniform thin film of silicon nitride deposited on a 

silicon substrate and immersed in air as shown in figure 2.7. Light 

from a broadband source at angle (J)0 illuminates the film. The 

reflection and transmission coefficients r, and t, refer to waves 

travelling from air to silicon nitride whilst r /  and t /  refer to 

waves travelling from silicon nitride to air. Waves travelling from 

silicon nitride to silicon are represented by r2 and t2 whilst waves 

travelling in the opposite direction are represented by r2' and t2'.
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The optical path difference (A) between the first two waves 
leaving the front face of the film (rt and r, t,tj') is given by:

A = n, [ AB + BC ] - n(lAD since AB = BC = d/cos^, 

so A = (2n,d/cos())1) -n (,AD

but AD = AC sin<t>0 = (nl/n0 ) AC sintyj and AC = 2d tantyj 

A = (2n,d/cos(|)1) (1 - sin2̂ ,) = 2nid cosc{)t 

This path difference corresponds to a phase difference 8 of:
8 = (In/X) A = (4nik) nid cos^ Equation 2.4

The overall reflected amplitude is the sum of a series of waves 

each separated by this phase difference:

R = ri + titi’r2 e-‘5 + titi 'r in 2 e'2i5 + ....

or R = ri + ( titt'r2 e~i5 / 1 + rir2 e_i5 )

and since t i t i ’ = 1 - ri2 (conservation of energy)

R = ( ri + r2 e_l5 / 1 + rir2 e_lS ) Equation 2.5
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The reflected intensity can be found by multiplying equation 2.5 

with its complex conjugate:

n, RR* = "i < rl + cos S + ij ) , Equation 2 6 
(1+ 2rir2 cos 8 + rf r|)

If the film is absorbing then n0 can be replaced by a complex

quantity n = n0 + ia (where a represents the absorption

coefficient). It can be shown (Heavens 1965) that this variation of 

reflected intensity approximates to:
R = ( ni-.:-flQ. f  e'i(4n nd coŝ  Equation 2.7

\ n! + n0)
which is a sinusoidal function of thickness when absorption is 

insignificant and an exponentially decaying sinusoid when 

absorption is significant. Such variation in reflectance will be 

observed in chapter 7.

Intensity based film thickness sensors have been developed 

to exploit this variation (Keenan et al 1991). However as well as

suffering from ambiguity due to the oscillating signal the sensors

require a high degree of stabilization (section 3.3.1) which reduces 

their practicality.

Commercial instruments used for film thickness monitoring 

are predominantly based on the two most sensitive techniques, 

ellipsometry and interferometry.

Ellipsometry : is an optical reflectance technique which measures 

changes in polarization rather than changes in intensity (section 

3.3.2). It does not require absolute intensity measurements, but 

relies on the measurement of a series of angles at which the 

reflected intensity goes through turning points. The advantages of 

ellipsometry include the high resolution of thickness and
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refractive index and its immunity to intensity fluctuations 

(Heavens 1955). A major disadvantage of ellipsometry is its cost, 

an automated ellipsometer requires a laser and a polarizer rotated 

by a synchronous motor. A further disadvantage is the complexity 

of a single measurement, which requires a sequence of mechanical 

rotations of the analyzer, after which the angles obtained must be 

processed by a computer or an operator familiar with a nomogram 

(thickness/refractive index contour chart).

Interferometry: is a sensitive method of measuring film thickness

and refractive index which relies on recording the phase of a light 

wave reflected from the film surface. An increment Ad in film 

thickness results in an increment in optical phase AS given by

A5 = Ad (2nnl X) Equation 2.8

This increment in phase results in a shift of interference fringes 

generated by an interferometer as described in the following 

chapter. The advantages of interferometry are its extreme 

sensitivity, lack of moving components and simplicity in analyzing 

data; its main disadvantages are high cost and a sensitivity to 

external disturbances.

2.5.5 LIMITATIONS OF OPTICAL FILM MONITORING

The complexity and expense of both these optical film 

monitoring techniques has limited their applications mainly to the 

field of research. Commercial semiconductor foundries often 

measure film thickness by visual inspection. Experts can judge 

film thickness to within 50A simply by observing the interference 

colours generated by the thin film; although they measure the
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overall optical path length (nt) rather the separate refractive 

index (n) and thickness (t), this proves adequate for most 

purposes since the refractive index does not vary greatly in a well 

defined process. The major disadvantage of visual inspection is 

that it cannot be used during plasma processing since background 

plasma emission makes accurate judgment of hue impossible.

2.6 VACUUM PUMP MONITORING

Good quality plasma etching occurs when operating at low 

pressure (approx. ITorr), since at higher pressures the etch 

anisotropy is reduced. As a result the maintenance of low pressure 

within a plasma etching system is vital. These pressures are 

maintained by using a wide variety of vacuum pumps that include 

rotary pumps, Roots blowers and turbopumps, and any loss of 

efficiency in these pumps would result in a reduced etch quality. 

The condition of lubrication oil is critical to the functioning of 

vacuum pumps to such an extent that it is replaced at regular 

intervals that are considerably shorter than the true ‘lifetime’ of 

the oil (Baker 1990).

At present these pumps are periodically inspected by a 

human expert familiar with the colour of pure and impure oils. A 

commercial semiconductor foundry can contain several hundred 

pumps using several thousand litres of oil, making visual 

inspection a time consuming task. Since the prices of these oils 

range from £10-£500 per litre (Edwards 1990) significant losses 

occur if these oils are replaced before they become unusable, 

hence there is considerable commercial interest in an automated 

oil quality monitor. Indeed the applications of such a sensor would
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have general applications in monitoring oil lubricated engines and 

would not be limited to the semiconductor industry.

2.7 NOVEL OPTICAL SENSORS IN PROCESS CONTROL

This chapter provides a brief survey of the designs and the 

modes of operation employed by modern etching systems. Three 

problems characteristic of plasma etching systems (plasma, thin- 

film and oil condition monitoring) were described, along with a 

summary of the diagnostic methods currently used to monitor 

them. Some of the limitations of these diagnostic methods were 

highlighted, and chromatic modulation was proposed as a general 

purpose diagnostic method. This choice was inspired by the 

observation that human colour vision is capable of discriminating 

between good and bad process conditions in all three cases.
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3.1 INTRODUCTION TO OPTICAL FIBRE SENSING

Modern sensor technology is predominantly based upon 

electronic signals and modulators. Obviously this simplifies the 

signal acquisition techniques required, but there are situations in 

which alternative sensor technologies are preferable. Because of 

the volume mass production of electrical components, new 

technologies such as optical fibre sensing are unlikely to establish 

themselves on grounds of cost, they are most likely to appear in 

niche markets where the disadvantages of electrical sensors are 

prohibitive (Pitt 1985).

Amongst the disadvantages of electronic sensors are their 

inherent sensitivity to electromagnetic interference and hazards 

related to electrical sparking. These problems rule out the use of 

electronic sensors in industrial situations where strong 

electromagnetic fields or explosive chemicals are commonplace. 

Since powerful RF generators and highly reactive gases are 

essential components of a semiconductor processing facility, such a 

hostile environment would appear to provide an ideal niche for 

the application of optical fibre sensors (Giallorenzi et al 1982).

The original concept of optical confinement within a 

dielectric waveguide dates back to Hondros and Debye in 1910, 

but their theoretical analysis failed to arouse interest possibly due 

to the lack of convenient sources and detectors. In addition their 

waveguide design relied on reflections at the glass-air interface, so 

it suffered from severe losses when this surface became 

contaminated. Optical waveguides were revived by the invention 

of clad waveguides for endoscopy (Hopkins & Kapany 1954). The
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cladding is an outer coating of low index glass which replaces air 

as the second medium; since this interface is within a solid it is 

protected from contamination. Clad waveguides inspired Kao and

Hockham (1966) at STL in their attempts to exploit the vast

bandwidths of optical systems in telecommunications. Their 

experiments triggered the explosion of interest in optical fibre 

communications; shaping the modern communication industry.

Optical fibre sensors are instruments which use the

waveguiding properties of optical fibres to couple light from a 

source into a transducer. The light is then modulated by the action 

of physical or chemical influences on the transducer. This 

modulated signal is then monitored by a photodetector. Perhaps 

the recent explosive growth in optical fibre sensor applications is 

indebted to improvements in optical components, resulting from

research efforts in the communications industry.

3.2 OPTICAL FIBRE SENSOR COMPONENTS

The telecommunications industry has created a range of 

relatively inexpensive, low loss optical fibres (Li 1980) whilst 

replacing cumbersome discharge lamps and photomultipliers by 

compact LEDs and photodiodes. Meaningful comparisons between 

measurements can only be made with sources and detectors that 

maintain a stable output regardless of ageing and fluctuations in 

environmental conditions. High sensor resolution is dependent on 

the source and detector displaying good noise characteristics. 

Assuming increasing importance are commercial considerations 

such as compactness, reliability, ease of manufacturing and low
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unit cost; which give solid state sources and detectors an 

increasing edge.

3.2.1 OPTICAL SOURCES

Optical sources provide the signal for subsequent modulation 

within the sensor, and should possess sufficient power to 

overcome losses due to fibre attenuation and coupling. High optical 

power should be coupled with high conversion efficiency to save 

power and simplify drive circuitry. A small emission angle is 

normally a desirable characteristic since it minimizes source-fibre 

coupling losses without resort to external collimation.

E m itter LEDs Laser Diodes Filam ent

Response (H am am atsu  89) (H am am atsu  89) Lamps (Lucas 90)

Optical Power 1 to 10mW 1 to lOOmW upto 1W

Drive Power 2 to 20m W 2 to 200mW 120W

Efficiency 50 to 80% 40 to 60% upto 15%

Emission Angle 60o to 4 0 >10 upto 360°

Line-width 20 to lOOnm 0.01 nm 1000 to 5,000

Wavelengths 550 to 1500nm 680 to 1550nm 400 to 5,000nm

dL/dl quasi-linear linear non-linear

dL/dT 0.1 to 0.5% /oC 1 to 5%/°C not available

Thermal Range -40 to +100OC -40 to +60°C not available

Cost 50p-£10 £10-£1000 £10-£1000

Table 3.1 A summary of the characteristics of optical sources.
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For many sensor applications the precise source wavelength may 

not be critical but small linewidths are sometimes preferred, 

particularly in applications such as interferometry where 

coherence is important (Steel 1986).

The luminance (L) of an ideal source should be independent 

of fluctuations in drive current (dl) and temperature (dT); if not 

the dependence should be linear to simplify the implementation of 

compensation techniques. Optical sources can be classified into 

three major groups whose source characteristics are summarised

in table 3.1.

(i) Wideband sources: such as incandescent lamps, produce 

thermal radiation which is generated by the resistive heating of a 

tungsten filament. Enough electrical energy is dissipated in the 

filament to raise its temperature to 3000K and in order to 

maintain thermal equilibrium with its surroundings the filament 

emits electromagnetic radiation. Gases heated to such a 

temperature would emit characteristic spectral lines but in a solid 

the interactions between atoms broadens the spectral output into 

a continuum typical of blackbody emission (Meyer-Arendt 1984). 

The power emitted per unit area per unit wavelength at 

wavelength X, known as the spectral emissive power Ex(T) was 

quantified by Planck in 1900 and was the first great success of quantum 

theory (Reif 1955):

Ex(T) = -■ ----
X (ehc/kkT-1) Equation 3.1

(where h is Planck's constant, T the thermodynamic temperature,
k Boltzmann constant, c the speed of light and X its wavelength)
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The form of the power spectrum of a perfect (blackbody) emitter 

is illustrated in figure 3.1; subsequent measurements carried out 

on a real source show a broad similarity (fig.8.3). The advantages 

of such sources include their high power output, broad spectral 

range and moderate cost; their disadvantages include their non- 

directional emission, short lifetimes and potential drift problems 

(although this final problem has been reduced in the quoted a.c. 

driven lamp supplied by Lucas Applied Technology).

Figure 3.1 Power Spectrum of a Blackbody Emitter.

(ii) Light Emitting Diodes: radiate because of the 

recombination of electron-hole pairs in a forward biased p-n 

junction (Wilson & Hawkes 1983). Forward bias increases the 

migration of majority carriers from both sides of the junction 

(figure 3.2) cross the potential barrier (represented by the solid 

gradient in figure 3.3) where they are minority carriers, this is 

known as minority carrier injection. This occurs because forward 

bias creates a gradient between the Fermi levels (represented by 

the dashed gradient in figure 3.3) that opposes the potential 

barrier.
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F ig u r e  3 .2  Construction of a p-n F ig u re  3 .3  Radiative recombination
junction as used in an LED in a p-n junction

Surplus minority carriers diffuse away from the junction and 

recombine with majority carriers emitting light in the process. The 

rate of radiative recombination is proportional to the rate of 

minority current injection; hence the intensity of emitted light is 

proportional to the flowing current (equation 3.3). The emitted 

wavelength is precisely determined by the energy gap between 

the conduction and valence bands of the material (equation 3.3), 

although thermal excitations broaden the spectral profile.

I = A io [expi-^-j - 1 Eqn 3.2 & X.g = ^  Eqn. 3.3
L \PkTj Eg

(where I is the emitted intensity, A is the photon conversion

efficiency, e the electronic charge, io the reverse saturation

current, V the applied voltage, p a material constant, T the

thermodynamic temperature, A,g and Eg the wavelength and

energies of the bandgap).

Advantages of LEDs include their small size, low cost, long 

lifetimes, and directional emission; their disadvantages include 

their low power output (the quoted Toshiba photodiode is an 

exception), narrow spectral range and drift problems. The
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disadvantages may soon be reduced since there is potential for 

significant improvements in LED technology. (Berg & Dean 1976)

(Hi) Lasers: radiate by stimulating emission in a medium 

capable of sustaining a population inversion (Maiman 1960). A 

wide range of material can lase but the only lasers inexpensive 

enough for use in commercial sensor applications are diode lasers. 

Their mode of operation is similar to that of LEDs; population 

inversion is achieved by increasing the doping and biasing to such 

an extent that the Fermi level is driven into the conduction band, 

facilitating minority carrier injection. Their advantages over LEDs 

are their exceptional directionality and coherence; their 

disadvantages include their short lifetimes, high cost, narrow 

spectral range and potential drift problems. Since the 

disadvantages of lasers outweigh their advantages when used as 

the source of a broadband colour sensor they have not been used 

in the work presented in this thesis.

3.2.2 OPTICAL DETECTORS

Optical detectors measure the intensity of the signal after 

modulation in the sensor and should demonstrate sufficient 

sensitivity for this purpose. Short response times are desirable for 

the observation of rapid processes although the achievement of 

adequate response is often at the cost of reduced sensitivity. A 

high spectral bandwidth is also desirable since it broadens the 

range of detectable sources. The detector photocurrent (I) should 

be a linear function of the incident luminance (L) to allow easy 

calibration. Ideally the detector photocurrent should be 

independent of temperature fluctuations (dT) but failing this a 

weak linear dependence simplifies the implementation of
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compensation techniques. Optical detectors can be classified as 

photodiodes or photomultipliers; these are compared in table 3.2

D etector Photodiodes Photom ultip liers

Response (H am am atsu  89) (H am am atsu  89)

Wavelengths 200 to llOOnm 120 to lOOOnm

Sensitivity 0.1 to 0.6AAV 0.2 to 0.9A/mW

Drive Power none 25mW to 300mW

dl/dL linear quasi-linear

dl/dT -0.1 to +0.5%/°C -0.4 to +0.8%/°C

Thermal Range -20 to +70°C -50 to +50°C

Cost £5 to £25 £400 to £2500

Table 3.2 Comparison of the two main types of photodetector.

(i) Photodiodes: convert photons into current by the 

photogeneration of electron-hole pairs in the depletion layer of a 

p-n junction (figure 3.4). Electron-hole recombination at a p-n 

junction forms a layer depleted of charge carriers. If an incoming 

photon is absorbed in this depletion layer an electron-hole pair 

(figure 3.5) is formed.

T M hv JSJI
P+

depletion layer

F ig u re  3.4 Construction of a p-i-n 
silicon photodiode

hv
/\A>

F------^  O
hv hv Fermi

level

F ig u re  3 .5  Generation of electron
hole pairs in a p-n junction

Under the influence of the strong electric field gradient across the 

central depletion layer the electrons and holes diffuse into the n-
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type and p-type regions respectively. This charge separation 

results in a photocurrrent, the value of which is given by (Wilson 

& Hawkes 1983):

(where Io is the dark current, y a quality factor, e the electronic 

charge, V the generated voltage and T the thermodynamic 

temperature). It should be noted that photodiodes are only 

capable of detecting photons with an energy greater than the 

energy difference between conduction and valence bands.

cost and low driving voltage requirements. Their disadvantage is 

the lack of sensitivity in comparison to photomultipliers, although 

this difference is gradually being eroded by newer solid-state

devices such as avalanche photodiodes and phototransistors.

(ii) Photomutlipliers: which convert photons into a current 

by collecting photoelectrons displaced from a metal cathode. When 

radiation below a critical wavelength is incident on a metal 

surface electrons are emitted, a phenomenon known as the

photoelectric effect (Wilson & Hawkes 1983). These photoelectrons 

are accelerated towards a series of electrodes maintained at 

successively higher potentials. Each electrode emits several 

secondary electrons for each incident electron. This 'chain reaction'

serves to amplify the photocurrent greatly, resulting in extreme

sensitivity to light; photomultipliers can detect single photons. 

Their disadvantages include bulk, high cost and high driving 

voltage requirements. As extreme sensitivity was not essential to 

the research presented in this thesis, these disadvantages 

discriminated against the use of photomultipliers.

Eqn 3.4

The main advantages of photodiodes include small size, low
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3.2.3 OPTICAL FIBRES

An optical fibre is a dielectric waveguide which confines 

light by a series of total internal reflections (Senior 1985). In this 

research optical fibres serve to channel the reference signal from 

the source to the detector via an appropriate modulator. Many of 

the inherent advantages of optical sensing arise from the high 

degree of signal isolation that can be achieved using the 

transmission properties of optical fibres.

Geometric optics predicts that a ray of light travelling within 

the core of a step index fibre will undergo total internal reflection 
at the core-cladding interface if the angle 0 is greater than the 

critical angle (0c defined as n COr e / n c l ad) ,  the resulting ray is 

known as the guided ray. If this condition is not satisfied light 

leaks from the core into the cladding and the optical power in such 

'leaky' waves is lost, both cases are illustrated in figure 3.6.

Figure 3.6: Confinement of light in a fibre according to ray theory.

It is apparent that light can only enter the fibre from a 

limited range of angles, sometimes known as the angle of 
acceptance 0A, which correspond to those angles for which 0 > 0c :
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rielad

Figure 3.7: Fibre acceptance angle determining Numerical Aperture.

The angle of acceptance is often measured in terms of a numerical 

aperture NA (Senior 1985) defined as:

(where n is the mean refractive index and An their difference)

Light propagating in graded index fibres (in which the core 

index decreases gradually rather than abruptly) follows a curved 

path; but as this can be approximated by a series of refractions 

ending in total internal reflection, the physical principles are the 

same. Graded index fibres are appropriate for communications 

purposes, but the extra cost of producing a graded index profile 

cannot be justified in the context of a chromatic sensor (Senior 

1985).

Geometric optics is inadequate for modelling fibres which 

are so narrow that they can only support a single normal mode. 
Adequate modelling of such small (<20A.) monomode fibres 

requires the solution of Maxwell's relations in a cylindrical 

waveguide (Senior 1985). Monomode fibres have such a small core 

area that it is difficult to couple high intensities of incoherent light

NA = nclad sin0A = nCOre sin0c

or NA Equation 3.5
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into them. Hence they are not appropriate for chromatic sensor 

applications and were not used in this project.

For sensor applications it is desirable to maximize the optical 

power coupled into the fibre. Two characteristics that optimize 

coupled power, are large guiding area and large numerical 

aperture. The matching of fibre transmission spectra to source 

emission spectra, and low fibre attenuation are important in 

sensor applications even though the distances involved are small 

in comparison to communications applications. These and other

relevant fibre characteristics are s lown in table 3.:

Fibre

Characteristic

Glass Fibre 

Bundles

Multimode

HCS/Silica

Multimode

Polymer

Guiding Area 10'2 cm2 5x1 O'4 cm2 5xl0-3 cm2

NA 0.05 to 0.2 0.2 to 0.4 0.3 to 0.5

Optimum 300-1500nm 300-1500nm 450-1200nm

Attenuation 5 to 20dB/km 0.1 to 0.5dB/km <200dB/km

Core nx 100pm (n>50) 100 to 400|im 400pm to 1mm

Cladding nx50pm 140 to 420pm various

Thermal Range <300°C <140°C <80°C

Cost £20-100/m £1 to £2/m 50p to £l/m

Table 3.3 The characteristics of various fibre types.

Since most materials have refractive indices of the same 

order of magnitude there is little scope of increasing NA by this 

route. The fibres used in this thesis are composed of glass, and not 

polymer which shows strong attenuation at short wavelengths; a 

disadvantage for chromatic sensing. NA can be increased by on- 

fibre collimation but such fibres are not commonly available.
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In principle the fibre radius can be increased greatly but 

mechanical constraints such as reduced flexibility and increased 
fragility make this impractical. Beyond a certain radius (>0.5pm) 

polymer fibres have better mechanical characteristics (Senior 

1985) but their attenuation problems limit their use. The most 

effective method of increasing optical throughput is to bundle 

many small glass fibres into a large cylindrical ferrule and glue 

them together for mechanical support. A disadvantage of this 

solution is the high cost, but for short lengths this can be offset by 

simplification in the detection system due to the increased levels 

of signal obtained.

3.3 OPTICAL MODULATION TECHNIQUES

If a beam of light is to encode information relating to the 

state of a measurand, one of its parameters must be modulated 

by changes in that measurand. In common with all wave 

phenomena light shares three main parameters - amplitude, 

wavelength and phase. Additionally, being a transverse wave, it 

can also be characterized by its state of polarization. Not all these 

parameters can be used to monitor a given measurand. For 

instance electric fields leave the first three parameters largely 

unaffected whilst having a pronounced effect on the polarization 

(Yariv 1975). So the choice of modulation technique depends on 

the availability of appropriate modulators as well as

considerations of sensitivity, repeatability, linearity etc. Extensive 

comparisons of the relative merits of these techniques are made in 

the literature (Pitt 1985). A review of these techniques aims to
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show that chromatic modulation is an appropriate choice for 

plasma discharge and thin film monitoring.

3.3.1 INTENSITY MODULATION

The electric component of an electromagnetic wave can be 

represented by an oscillating electric field of amplitude E,

E = Eo cos (kz-cot) Equation 3.6
(Eo is the maximum amplitude, k the wave number, co the angular 

frequency and z the distance in the direction of propagation). The 

intensity of this wave is defined as the square of the amplitude: 

Absolute intensity sensing is the simplest and cheapest optical 

sensing technique since it is detected directly by all 

photodetectors. Most other sensing methods convert their signals 

into an intensity signal prior to detection. However the design 

simplicity of intensity based sensors places stringent demands on 

source, detector and connector stability since no self-referencing is 

possible. Even so monitoring the intensity of a specific line in an 

emission spectrum (Figure 3.8) is an accepted method of 

monitoring the population of excited species in a plasma (Hancock 

1990) and has been considered as a method of thin film 

monitoring.

Modulation

^  Wavelength

Figure 3.8 Stimulus for an intensity sensor
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A major disadvantage of this approach is that the lack of self- 

referencing makes the design vulnerable to long term drift caused 

by external effects such as detector ageing or fibre bending. This 

problem can be minimized using a technique known as relative 

intensity monitoring which measures the ratio of intensities at two 

wavelengths Iju/lju (figure 3.9).

Figure 3.9 Stimulus for a relative intensity sensor

Although such wavelength referencing eliminates some optical 

variables, the filters at X\ and X2 discard a major proportion of the 

optical power (Dakin 1984).

3.3.2 POLARIZATION MODULATION

Since electromagnetic waves are transverse oscillations, the 

plane of oscillation of the electric field vector is free to rotate in 

two dimensions (x,y) perpendicular to the direction of 

propagation; this plane is known as the plane of polarization. Any 

plane of polarization can be reduced to two orthogonal 

components of the electric field vector:

Ex = Eo cos (kz-cot)

Ey = Eo cos (kz-cot+e) Equation 3.7

where £ is the phase lead of Ex relative to Ey, the rotation of the plane 

of polarization is illustrated in figure 3.10
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e 0 nl 4 rc/2 3rc/4 tt 5k/4 3tc/2 7k/4 2rc

Figure 3.10 Electric field vector orientation of polarization states.

Polarimetry measures the changes in polarization state 

induced by a modulator (Spillman 1982). The optical signal is 

passed through a polarizer which preferentially transmits light 

with an electric field orientation parallel to an internal axis. The 

intensity of light transmitted by a polarizer depends on the 

component of the electric field parallel to that axis, so if the axis of 

the polarizer is parallel to Ex the intensity is Eo2 cos2 f(£); where 

f(£) is a function of £.

In the semiconductor industry a variant of polarimetry, 

known as ellipsometry, is used to measure the thickness and 

refractive index of deposited dielectric layers. The change in 

polarization can be expressed in terms of the ratio of two complex 

reflection coefficients rp (for light polarized parallel to the plane of 

incidence) and rn (for light polarized normal to the plane of 

incidence) where r represents the ratio of the reflected and 

incident electric fields. The complex quantity

r=  rp/rn = tan \j/ exp(iA) Equation 3.8

defines two angles \|/ and A which are measured during 

ellipsometry. The ratio rp /rn in equation 3.8 illustrates the self- 

referencing inherent in ellipsometry. An ellipsometer consists of 

two rotatable polarizers and a quarter-wave plate to compensate
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for changes in phase due to reflection, the angles \J/ and A are 

obtained by using polarimetric techniques described above. It can 

be shown that the appropriate substitution of these angles into the 

Fresnel relations (Azzam & Bashara 1971) can yield the film 

thickness and refractive index of the film.

3.3.3 PHASE MODULATION

Phase sensing or interferometry converts a relative phase 

difference between two light waves into an intensity signal. The 

two waves are superimposed so that phase differences between 

them cause varying degrees of constructive and destructive 

interference. Consider two linearly polarized waves of the same 

frequency, with a phase difference 5:

if these waves overlap the resultant intensity is given by the time 

averaged Poynting vector of summed amplitudes (Hecht 1975):

Hence if the measurand generates a phase difference (see section 

2.5.4) it can be monitored by observing the resultant fluctuations 

in intensity. The visibility V of these fringes is defined as:

Ei = E cos (kz-cot)

E2  = E cos (kz-cot+5)

I = <Ei + E2>2 = li + E + 2 Ei E2  cosò Equation 3.9

Equation 3.10

which reduces to unity if 11 = I2  . Hence interferometry is

independent of source fluctuations. e primary advantage of
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interferometry is its extremely high sensitivity (Heavens 1955); a 

Michelson interferometer is capable of measuring the optical path 

length of semiconductor thin films to resolutions comparable to 

those obtained by ellipsometry, without the need for mechanical 

components. Its primary disadvantage is the sensitivity to 

external influences shown by the reference arm. The high cost and 

complexity of interferometry further limit its application in 

industrial environments.

3.3.4 WAVELENGTH MODULATION

Wavelength sensing is based on the measurement of 

wavelength shifts in the optical spectrum of the signal (figure 

3.11), hence it is immune to intensity fluctuations (Hutley 1985). 

These wavelength shifts can be detected by spectrometry which is 

simple in principle but complex and expensive in practice; because 

of the need for a dispersive optical element to separate 

wavelengths and the consequent need for either a mechanical 

scanner or a CCD array. The dispersive element wastes optical 

power, mechanical scanners reduce sampling rate and CCD arrays 

add to the cost.
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These disadvantages are sometimes tolerated because a 

great deal of information can be obtained from a spectrum. In 

addition to its expense spectrometry requires the acquisition and 

processing of large amounts of data in order to extract a few 

relevant features; since it requires the sampling of AX/X intensity 
channels in parallel (where AX is the wavelength resolution and X 

the spectral range as shown in figure 3.11). This surfeit of 

information can require considerable expertise in interpretation.

In the plasma processing industry, spectrometry is used in 

areas where its high cost can be justified. Amongst its applications 

are the monitoring of the conditions of a processing plasma by the 

observation of it emission spectra (Robinson 1991) and the 

measurement of the thickness of dielectric thin films which can 

be derived from the reflectance spectra obtained on illumination 

with a broadband source (Heavens 1955). Although spectrometry 

gives good results in both these applications its cost places limits 

on its use and frequently visual observation of sample colour is 

used in its place.

3.3.5 CHOICE OF MODULATION PRINCIPLE

In the field of plasma processing human experts are often 

able to diagnose faults in a plasma system, simply by observing 

the colour of the glow discharge. Similarly wafer processing 

experts are capable of discriminating 100A differences in the 

thickness of dielectric films simply by observing their interference 

colours. The ability of the human eye to resolve such differences 

using just three photodetectors, suggests that the use of 

spectrometers may be unnecessary for these purposes. Therefore 

large savings in cost and complexity could result from the
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replacement of spectrometers with artificial 'eyes' capable of 

pseudo-colour monitoring.

Taking into account the characteristics of these sensing 

techniques, the alternative technique of chromatic modulation was 

proposed (Jones et al 1987). Chromatic sensing detects a change in 

a measurand not by detecting intensity changes at particular 

wavelengths in the manner of wavelength sensing, but by 

monitoring the sum of the contributions of changes over all 

wavelengths within a spectral power distribution. As such it is an 

integrated form of spectral monitoring as opposed to the 

differential (dispersive) nature of wavelength modulated systems. 

Since optical power is integrated rather than dispersed chromatic 

sensing is more appropriate than wavelength sensing in 

applications with low levels of illumination often encountered in 

plasma processing. Chromatic sensing can be implemented simply 

by measuring the intensity in three broad spectral regions; hence 

it retains the advantages of simplicity and low cost characteristic 

of intensity sensors. In addition it also provides a means of 

detecting overall shifts in spectral power distributions with the 

inherent self referencing, characteristic of wavelength modulation. 

These characteristics based on principles governing colour 

perception in the human eye; are discussed in the following 

chapter.
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4.1 INTRODUCTION TO COLOUR

The perception of colour is not reliant on the detection of the 

details of a spectral power distribution. A colour can be specified 

by just three attributes of the spectral power distribution - hue, 

saturation and brightness (Billmeyer & Saltzmann 1966).

(i) Hue (Chroma): quantifies the characteristic described by 

adjectives like red, green and blue. The hue of a spectrum can be 

described by a single number; the dominant wavelength; which 

can be considered to be the weighted mean of the 'redness', 

'greenness' and 'blueness' of the spectrum. The method of this 

calculation will be described in the following sections.

(ii) Saturation (Purity): quantifies the vividness of a colour. Low 

saturation is characterized by a spectral power distribution 

containing a high proportion of white light resulting in a pale 

colour, whereas high saturation is characterized a low proportion 

of white light which results in a vivid colour.

(Hi) Brightness (Lightness): is the intensity of the spectrum.

4.1.1 THE RGB COLOUR CUBE

One of the strengths of colour sensing is that the hue, 

saturation and brightness need not be measured using three 

different sensors; they can be calculated from the outputs of three 

photodetectors with overlapping spectral responses. In fact the 

simplest method of specifying colour; the RGB cube (Billmeyer & 

Saltzmann 1966); plots the intensity of the spectrum in the red, 

green and blue regions as shown figure 4.1:
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Cyan white

Figure 4.1 Chromatic representation on an RGB colour cube

The disadvantage of this method is that the hue, saturation and 

brightness are not readily apparent. A more satisfactory method 

of specifying colour would map these characteristics on three 

orthogonal axes.

4.1.2 THE Yxy COLOUR SYSTEM (CIE 1931)

In 1931 the Commission International d ’Eclairage (CIE) 

agreed to define colour in terms of the responses obtained from 

three idealized photodetectors sensitive to stimuli in the red (X), 

green (Y), and blue (Z). The spectral responses of these 

photodetectors are illustrated in figure 4.2. From these 

photodetectors three spectral characteristics can be obtained: the 

brightness defined as Y, and two chromaticity coordinates x and y. 

If the intensities in the red, green and blue regions X,Y and Z are 

normalized so that x + y + z=l, three normalized chromatic 

coordinates x,y and z can be defined :

x = ____X____ y = ____Y____ z -  Z
X + Y + Z ’ X + Y + Z ’ X + Y + Z Equation 4.1
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Wavelength / nn

Figure 4.2 The spectral responses of the three definitive CIE detectors

Any two of these coordinates can be plotted against each other to 

construct a chromatic plane on which it is possible to map all 

possible hues and saturations:

x

Figure 4.3 Chromatic representation on the Yxy (CIE) plane
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Figure 4.3 shows the CIE chromatic plane with all possible 

colours at a given luminance lying within the curved boundary. 

Each point (x,y) within the boundary represents a unique colour 

although caution is required in the spectral interpretation of the 

chromatic plane since any colour may be generated by an infinite 

set of spectra, a phenomenon known as metamerism.

Visualization of the hue and saturation of a colour is easier 

in the CIE system than in the RGB system. A colour represented by 

a point (x,y) on the CIE chromatic plane has a hue determined by a 
dominant wavelength A,d whilst its saturation is determined by its 

proximity to the monochromatic boundary. The dominant 

wavelength is defined by the intersection of a construction line 

with the chromatic boundary, this line is produced by the 

extension of a line connecting the achromatic point (1/3,1/3) to 

(x,y). If the distance between the white point and (x,y) is a and 

the distance between the white point and the monochromatic 

boundary is b, then the saturation is defined as the ratio a/b. A 

dominant wavelength does not exist if the construction line from 

the achromatic point to (x,y) intersects the 'line of purples'. In this 

case a complimentary dominant wavelength is derived by 

extending the construction line in the opposite direction, to 

intersect the monochromatic boundary.

Colours lying near the white light point are known as 

unsaturated colours because of the high proportion of white light 

they contain. The ellipse surrounding the white point on figure 4.3 

contains a region of unsaturated colour. It is of note that lines of 

equal saturation, which are horseshoe-shaped at high saturations, 

reduce to the approximately elliptical curve illustrated on the 

figure.
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4.1.3 THE L*a*b* COLOUR SYSTEM (CIE 1976)

The L*a*b colour colour system is a refinement of the Yxy 

system adopted to eliminate a lack of uniformity in the areas 

occupied by visible colours. For instance the interval between 

500nm and 550nm occupies nearly a third of the chromatic plane 

whilst occupying only an eighth of the spectral range covered by 

the detector triplet. Another advantage of the L*a*b system is that 

the hue is uniquely defined in terms of an angle 0 ; eliminating the 

need for complimentary dominant wavelengths when analyzing 

colours on the 'line of purples'.

The main advantage of the L*a*b is that it represents hue 

and saturation as the an angle and radius respectively on a polar 

coordinate system, thus simplifying theoretical analysis of a locus 

of colours. A major problem with the L*a*b system is that the 

nonlinear normalization equations are more complex and require 

prior knowledge of the channel of minimum intensity (CIE 1976). 

These factors make a real time L*a*b based sensor more difficult 

to implement than one based on the Yxy system. In consequence 

this standard was not adopted for subsequent work.

4.2 CHROMATIC SENSING SYSTEMS

4.2.1 HUMAN COLOUR PERCEPTION

Human colour perception is achieved by a combination of 

physiological and neurological adaptations (Gregory 1986). Whilst 

the neural aspects of colour perception are not well understood 

(Land 1959) the physiological aspects are sufficiently well
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documented to be of relevance to the design of artificial colour 

sensors.

Colour stimuli are detected by cone cells which are 

concentrated in the central region of the retina known as the 

fovea. Three types of cone have been identified, with spectral 
responses peaking at long L(A.), medium M(A,) and short S(k) 

wavelengths; as illustrated in figure 4.4 (Gregory 1986). The labels 

red, green, and blue should be avoided since all three cones 

contribute to the perception of each colour.

Physiological tests show that the three cones allow the 

discrimination of three pairs of complementary colours (pairs of 

colours which, when mixed generate no colours other than 

themselves or white) red-green, blue-yellow and black-white. In 

order to explain the perception of six stimuli from three cones, the 

following neural processing scheme has been proposed (Overheim 

& Wagner 1982).

In the perception of the red-green complementary pair, a 

sensation of red is perceived if the sum of the contributions from 

the long and short wavelength cones exceed the contribution from
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the medium wavelength cones, the reverse behaviour leads to the 

perception of green. The blue-yellow complementary pair is 

sensed in an identical manner. Perception of the black-white pair 

is slightly different, if the sum of the contributions of all three 

cones exceeds a lateral inhibition term X generated by 

neighbouring cones the white is sensed otherwise the sensation is 

black. These rules are summarized below:

L(A,) + S(X) - M(X) > 0 QRED < 0 QGREEN (a)

L(>.) + M(>.) - S(X) > 0 QYELLOW < 0 QBLUE (b)

L(X) + U(k) + S(X) - X > 0 QWHITE < 0 QBLACK (c)

Equation 4.2

This scheme has been confirmed by the measurement of the 

frequency of nerve impulses carried by the bipolar nerve cells 

which link cones to the optic nerve (Overheim & Wagner 1982). 

Interestingly these equations explain the mechanism of red-green 

colour blindness. If the long wavelength cones are absent and 

replaced by medium wavelength cones equation 4.2a is always 

positive hence green stimuli are observed as red; the same 

substitution changes equation 4.2b into 2M(X) - S(A,) which allows 

discrimination between blue and yellow. This form of limited 

colour measurement may have implications in the design of 

simplified colour measurement systems using only two detectors.

4.2.2 ARTIFICIAL COLOUR DETECTION

Artificial colour sensors operate in a manner analogous to 

that of the human eye so it is no surprise that their construction 

also mimics that of the human eye. The three types of cone cells 

are replaced by three photodetectors with overlapping spectral
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responses but different peak sensitivities. The photocurrents 

generated by these detectors can then be processed to yield a 

value analogous to colour known as chromaticity.

Photodetectors with responses exactly matching those of the 

human eye are not commonly available but the chromatic 

principle can be applied to any three overlapping photodetectors 

and this flexibility can be useful in applications where spectral 

changes occur outside the visible range. Three photodiodes were 

chosen accordingly with spectral range slightly broader than the 

human eye; peaking in the blue (Hamamatsu G1961), red (Sharp 

PD1) and near infra-red (Sharp PD2), as shown in figure 4.5:

Figure 4.5 Spectral responses a PD1, PD2, G l961 photodiode triplet 

(Henderson 1990).

Since the derivation of colour from three cone responses 

involves unknown neural processing techniques further biological 

mimicry cannot be implemented. One implementable method is to 

use the spectral responses of the three photodetectors to define a 

chromatic plane analogous to the CIE chromatic plane. The shape 

of the monochromatic boundary is slightly different to that of the
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CIE boundary reflecting the different shape of the detector 

responses. Also the dominant wavelengths on this boundary are 

slightly higher and broader in range, reflecting the higher and 

broader range of the photodiode triplet as compared to the 

standard CIE photodetectors, as shown in figure 4.6.
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Figure 4.6 The chromatic plane defined by a photodiode triplet.

Some appreciation of this processing technique can be 

obtained by examining the mathematics relating chromaticity to 

the detector photocurrents. When addressing an optical signal 
with spectral power distribution P(X) the output currents of 

photodetectors with spectral responses R(X) will be:
Ix = Kx J P(X) R x(X) d X  

l y = Ky J P(X) Ry(X) dX  

lz = ICZ J P(X) Rz(3.) dA. Equation 4.3
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where Kx, Ky and Kz are constants of proportionality and X is the 

wavelength. Equations 4.3 may be normalized with respect to the 

effective optical power according to:

x=W (Ix+Iy+Iz)
y=Iy/(IX+Iy + IZ)

z=Iz/(Ix+Iy+Iz) Equation 4.4

If the parameters x,y,z are calculated from a standard set of 

idealized detectors, a plot of x against y results in the CIE diagram 

which forms the basis of colour science. Although many spectra 

can be mapped onto a single point on the chromatic plane the 

degree of degeneracy is less than that of intensity sensors where 

spectra map onto points restricted to a line. Hence chromatic 

analysis permits discrimination between spectra which could not 

be distinguished by measuring the intensity alone. The 

normalization of x,y and z has another important implication for 

optical sensing, namely that chromatic detection techniques are 

independent of intensity. The inherent intensity compensation 

renders the chromatic sensor immune to changes in source 

intensity and fluctuations in transmission along the optical path. 

In this thesis experimentally obtained equivalents to x,y and z are 

normally referred to as G1961/Sum, PDl/Sum and PD2/Sum 

respectively.

These advantages are still apparent if only two detectors are 

used to address the region of spectral overlap but in this case it is 

not possible to distinguish between colours of different saturation 

since the CIE or chromatic regions collapse to the line x+y=l. In
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this simplified distimulus form (used in Chapter 8 ), equation 4.4 

reduces to
x = Ix/(Ix + Iy) y = Iy/(IX + Iy ) Equation 4.5

4.2.3 CHROMATIC RESPONSE TO WAVELENGTH SHIFTS

Consider a monochromatic source the wavelength of which 

can be scanned across the entire range of the visible spectrum. As 

the source wavelength is scanned the chromaticity traces out the 

monochromatic boundary outlined in figure in 4.6. If a proportion 

of white light is mixed with the source; i.e. the saturation reduced; 

and the process repeated the outline of this boundary is distorted 

significantly. As the proportion of white light is increased these 

lines of equal saturation contract into a set of concentric ovals 

(figure 4.7) centred on the white point (Billmeyer & Saltzmann 

1966).

There are several applications (thin film monitoring, fringe 

order measurements, photoelastic strain measurements) which 

show such large chromatic changes that practical measurements 

encounter several cycles of colour change. In such cases the 

sample chromaticity (x,y) on a tristimulus plot executes several 

circuits around the white point. As the optical path length through 

the sample increases the light saturation decreases resulting in the 

'washing out' of sample colour; hence the circuit path of the 

sample chromaticity spirals towards the white point as shown in 

figure 4.7.

Using wavelength dependent methods it is not possible to 

distinguish between colours 1  and 2  which have the same 

dominant wavelength (520nm) but different saturations. 

Tristimulus representation permits discrimination between these
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colours and so increases the range of a sensor beyond that 

determined by a single cycle thorough all possible wavelengths.

x

Figure 4.7 Shows the chromatic path of a source with changing 

saturation and wavelength.

4.2.4 CHROMATIC RESPONSE TO SOURCE MIXING.

When two lights with different dominant wavelengths are 

mixed the resulting mixture will have a dominant wavelength 

between those of its constituents. Unfortunately the variation of 

dominant wavelength with mixture is not in general a linear 

process. The resulting difficulty in calibration means that 

traditional forms of wavelength modulation do not easily yield 

the relative contributions of each constituent, to the composite 

dominant wavelength.

If however, the chromaticity of the constituents and the 

mixture are plotted on a tristimulus diagram a simple linear
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relationship emerges. Suppose two colours Ci and C2  have 
chromatic coordinates Y jxjyl and Y2 X2 y 2  with tristimulus values 

X jY jZ i and X2 Y 2 Z 2  as defined by the Yxy (CIE 1931) system. On 

mixing a composite colour C3  = Ci + C2  is formed with composite 

tristmulus values X3 Y 3 Z 3  defined by

X3 = X i + X2 Y3 = Y i + Y2 Z3 = Z j + Z2 Equation 4.6

hence substituting these equations into equation 4.1 we have

= ________ Xi +X 2 _________
X3 Xj + X2 + Y, + Y2 + Zi + Z2 

= ________ Yi + Y2_________
y3 X, + X2 + Yi + Y2 + Zi + Z2 Equation 4.7

If we assume that the intensity of a given colour is proportional to 

the sum of its tristimulus values:

11 a Xi + Yi + Zi Equation 4.8

12 oc X2 + Y2 + Z2

then substituting equations 4.8 into equations 4.1 & 4.7 we have

xi = X, x2  = 2 k
1 2

x3 =

Y3

Xi +X 2

Il + I2
Y 1 +Y 2
It + I2 Equation 4.9

so the composite coordinates X3  and y3  can be represented as

*3 =  Xi

Y 3 =  yi

I
it + I2

ii 1

li + i2J

+ x2 

+ y2

li + I2

i 2

li + I2 J Equation 4.10
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which are parametric equations for a straight line, dependent on 

the intensities Ij and I2 . Equations 4.10 show that the composite 

chromaticity C3  (X3 ,y 3 ) lies on a straight line connecting the two 

component chromaticities Ci (xi,yi) and C2  (X2 ,y2 )- As a result the 

relative contribution of each constituent chromaticity to the 

composite chromaticity can be obtained by using the ratios xj:x 2  or 

yi:y 2 -
The ability of chromatic systems to determine the 

composition of a mixture of lights, merely by ratios of the 

constituent chromaticities, is particularly valuable in a field like 

plasma monitoring. For instance the rate of etching achieved by a 

plasma consisting of a mixture of CF4  and oxygen is a sensitive 

function of the ratio of these two gases. Since the dominant 

wavelength and intensity are such complex functions of mixture, 

wavelength and intensity sensors are seldom useful. Commercial 

monitors are either slow, expensive and computer intensive 

spectrometers or line filter intensity monitors which are limited to 

monitoring the population of a single radical. A chromatic monitor 

would determine gas composition simply by dividing the 

chromatic separation between the pure gases (sj) by the chromatic 

separation between the mixture and pure gas (S2 ) as shown in 

chapter 6 .

It should be noted that this linear chromatic variation is 

only valid when the two sources do not interact (Billmeyer & 

Saltzmann 1966). In a plasma some interactions between emitting 

species is inevitable but as subsequent results show the degree of 

interaction can be small enough to be neglected. This linearity also 

fails when absorption and scattering become significant, as is often 

the case in liquids and solids. In such cases the simple relationship
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C 3  = Ci + C2  no longer holds and changes in hue are described by 

nonlinear (Kubelka-Munk) equations which can only be solved by 

approximation (Billmeyer & Saltzmann 1966). The effects of

absorption and scattering are thought to be the cause of the

nonlinear variation of oil chromaticity discussed in chapter 8 .

4.2.5 CHROMATIC RESPONSE TO MULTIPLE SOURCES.

The real advantage of using chromatic analysis becomes 

apparent when observing more complex systems involving two or 

three parameters. For instance the etch rates of the plasmas

described in chapter 6  were found to be dependent on three 

parameters; the gas mixture, the plasma power and the plasma

pressure. Suppose that the 'normal' levels of these parameters are

independently disturbed to the maximum possible extent and we

get three colours corresponding to anomalous mixture (Cmix),

anomalous power (Cpow), and anomalous pressure (Cpres)- In a real 

process however, these disturbances would occur simultaneously 

to give a composite chromatic fault (Cfault) the nature of which 

would be difficult to determine.

The colours Cmix, Cp0 w, Cpres and their additive mixture

Cfault are shown in figure 4.8. The purpose of the subsequent 

analysis is to calculate the intensity ratios Imix/Ip0w an d lmjx 

/Ipres which will show the relative contributions of mixture, 

power and pressure to the overall fault. Let Cmix-pow = Cmix + 

CPow and Cmix-pres = Cmix + Cpres as shown in figure 4.8. From 
equation 4.10 we have:

Imix /Ipow = s 1 /s 2  & Imix /Ipres = S0 /S3  Equation 4.11
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Applying the rules of additive colour mixing discussed in the 

previous section, Cmix-pow must lie on the line connecting C pQw 

and C mix. Similarly since Cfault = Cmix -Pow + Cpres it is apparent 
that C m i x- Pow also lies on the straight line connecting Cfaultand  

C Pres. Therefore C mix-pow can be found by calculating the point of 

intersection of these two lines.

Figure 4.8 Chromatic shift resolved into components.

Imix _ S[ _ sin P / (XfaulrXfTQw) ̂  +(yfault~ypow) ̂
Ipow S 2  sin a  V (Xmix-Xfeult) 2  +(ymix-yfault) 2  „  .

-------------- ---------------- — Equation 4.12
(Xfault~Xpres) +(yfault~ypres)
(Xmix-Xfault) 2  +(ymix-yfault) 2

In this way it is possible to calculate the relative contributions of 

each source Imix and Ipow to the composite chromaticity Cmix.pow. 

This process can be repeated and so the relative proportions of all 

three colours can be deduced from their individual chromaticities 

and the chromaticity of their mixture.
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5.1 INTRODUCTION

The first section of this chapter describes the construction of 

the three novel chromatic sensors designed for use in the plasma 

processing industry. Each sensor is described in terms of its 

component sources, fibres, detectors and circuitry and their 

overall configuration. The similarities between the sensors have 

been stressed and the major differences between the sensors 

(largely related to the signal recovery systems) have been 

illustrated. The electronics of the plasma and thin film monitor are 

described in some detail but the oil monitor which, in electronic 

terms is very similar to the plasma monitor, is only discussed 

briefly. Discussion of the optical oil probe design is deferred to 

Chapter 8 .

The second section describes the two plasma processing 

chambers monitored by the chromatic sensors and illustrates how 

the sensors are integrated to operate in a non-invasive manner. In 

each case it is significant that no alterations were required to 

accommodate the sensors since optical ports with 2  inch quartz 

windows were already fitted to accommodate spectrometers and 

ellipsometers.
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5.2 OPTICAL DIAGNOSTICS

5.2.1 CHROMATIC PLASMA MONITOR

To implement a plasma monitor based on chromaticity, a 

three channel photodiode amplifier was constructed. Optical access 

to the plasma emission was obtained by engineering quartz 

windows into the chamber walls; this optical signal was coupled 

into a glass fibre clamped onto the window by an aluminium 

faceplate. Care was taken to ensure that the cone of acceptance of 

the fibre contained the bulk of the plasma. A schematic of the 

arrangement is shown in figure 5.1:

Figure 5.1 A schematic of the chromatic plasma monitor.

Optical fibres: were chosen to maximize the collection of light 

from the plasma, which was a relatively weak source. The largest 

diameter fibres available; 1 mm polymer; were satisfactory for the 

infra-red and red channels but proved to have too great an 

attenuation in the blue region of the spectrum. The superior 

transmission characteristics of glass fibres (an order of magnitude
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better in the blue) were somewhat offset by their smaller 
diameter (400pm) but they still delivered almost twice the optical 

power of the polymer fibres, as measured by the blue detector. To 

eliminate the effect of inhomogenous plasma emission all three 

fibres shared the same SMA input ferrule. Since it was possible to 

fit four fibres into the ferrule a four-tailed fibre bundle was 

constructed with one redundant fibre for use in case of damage.

A photodiode triplet: consisting of a Hamamatsu G1961 (blue), a

Sharp PD 1 (green to red) and a Sharp PD2(red to infra-red) was

chosen for a combination of good responsivity, noise

characteristics and spectral range. The Sharp PD1 and PD2 are

packaged as a double layer photodiode (PD150 in figure 5.2)

consisting two overlaid p-n junctions sharing an n doped region:
l 2

O 3

l

PD1

----- O 2

PD2

o
3

Figure 5.2 Construction of the PD150 Double layer photodiode.

This construction induces a difference in the spectral responses of 

the two photodiodes since the light incident on the second is 

filtered on passing through the first. To allow significant 

illumination of the second photodiode the first has to be thinner 

than a typical single layer photodiode; this characteristic combined 

with the large area of the PD 150 limit the bandwidth to 2KHz. This
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limit was not considered a handicap since sampling rates of 1Hz 

were thought adequate for closed-loop control of plasmas. The 

convenience of recording a distimulus value using a single 

photodiode and fibre which influenced the original choice of the 

Sharp PD150 (Moghishi 1989) is of less significance in a 

tristimulus system which needs a third photodiode and hence a 

second fibre. However the photodiode was maintained to ensure 

sensor compatibility with commercial chromatic sensors based on 

the PD 150 (Lucas).

Detection Circuitry: converted the incident optical signal into an 

output voltage in the range 0-10V. The detector photocurrents 

were converted into voltages and amplified by an initial gain 

stage. The design shown in figure 5.3 was based on the 'low-level 

light sensor' circuit recommended in the Hamamatsu catalog 

(1989) and the components were also chosen according to those 

recommendations.

Figure 5.3 Circuit diagram of the low level light sensor
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A Burr-Brown OPA-111 precision FET amplifier was chosen for 

this stage because of its exceptional noise characteristics. Standard 

feedback resistors (22-200MQ) with a 0.25W dissipation and 5% 

tolerance were used to provide gain on the red and infra-red 

channels. Due to a combination of low plasma emission and poor 

detector sensitivity in the blue, that channel required a higher 

gain which was provided by a specialist (Eltec 1-5GQ) metal-glaze 

resistor with a 5% tolerance. Specifying such large gains reduced 

the amplifier bandwidth to 5Hz but since the specified sampling 

rate was 1 Hz the design proved satisfactory.

The amplified output from this gain stage was passed 

through an inverter/follower circuit and a second switchable gain 

stage (figure 5.4), allowing the external selection of an additional 

gain factor ( 1 - 1 0 0 ) by means of a panel mounted rotary switch.

Figure 5.4 Inverter/follower circuit and second switchable gain stage.

Again following Hamamatsu recommendations the amplified signal 

was fed into a biasing circuit (figure 5.5) which allowed the dark 

current to be offset. The degree of this bias could be externally
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controlled by varying the resistance of a 1 0  turn potentiometer 

mounted on the front panel of the monitor.

0-10V output 
sent to ADC

Figure 5.5 Dark current biasing circuit.

The system performance is characterised is table 5.1

Plasma Monitor Feature Plasma Monitor Response

Range 0-10V

Electrical Noise +/- 0.6mV

Long Term Drift +/- 0.2mV/hour

Temperature Sensitivity - l.lmV/K

Bandwidth 5Hz

Table 5.1 Summary of the the plasma monitor performance.

The use of high feedback resistances in the gain stage required a 

number of design precautions. Radio frequency pickup was 

minimized by enclosing the initial gain stage in a metal shield, 

which was itself enclosed in the metal instrument casing. Another 

precaution against pickup was the use of guarded wiring between 

the photodiodes and the feedback resistors and capacitor.
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5.2.2 CHROMATIC FILM-THICKNESS MONITOR

Although it shares many features with the plasma monitor 

the chromatic film-thickness monitor differs in a crucial respect. It 

relies on the modulation of an external source and as a result it 

must incorporate some form of signal recovery to prevent changes 

in the background plasma illumination adding a spurious and 

variable offset to the modulated signal. Details of the signal 

recovery methods are given after a brief overview of the system 

setup and components.

Optical access to the semiconductor wafer was obtained from 

a quartz window machined into the upper (grounded) electrode of 

the chamber, approximately 10cm above the wafer which rested 

on the powered electrode. This arrangement is shown in figure 5.6:

Figure 5.6 A schematic of the chromatic film-thickness monitor.
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Illumination from a stabilized white light source was channelled 

onto the wafer surface using a fibre bundle clamped onto the 

window by an aluminium plate. Normal reflection off the wafer 

surface was captured by a three-tailed fibre bundle situated 

adjacent to the illuminating bundle. Each tail carried the reflected 

optical signal to one photodiode of a triplet.

The optical sources: selected for the sensor were a white light 

source designed specifically for chromatic sensing (Lucas) and an 

ultrabright LED. The emitter in the white light source was a 

standard tungsten halogen lamp with modifications in its drive 

circuitry serving to improve both its lifetime and noise 

characteristics. Short term stability was maintained by precisely 

controlling the constancy of the drive current. Long term drift was 

reduced by using an alternating current to drive the lamp, which 

also extended the lifetime of the lamp filament. A further 

improvement in filament lifetime was achieved by ensuring a 

gradual increase in drive current on activation, which minimized 

the thermal stresses accompanying a surge current in a cold 

filament .

From the onset of the project the advantages of using LED 

sources were appreciated; particularly since the signal recovery 

system requires rapid pulsing of the source. However no LEDs of 

sufficient power were commercially available until the end of the 

project. When the 15cd Toshiba HLMP 8100 became available it 

was used to develop a single channel(intensity) thin-film monitor 

to demonstrate the viability of an LED based chromatic sensor.

Optical fibres: were chosen to maximize the illumination of the 

wafer and the collection of the reflected signal. Light from the
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source was guided onto the quartz window by an 8 mm fibre 

bundle with a core consisting of numerous, randomly arranged 

50|lm glass fibres. The collecting fibre also consisted of numerous, 

randomly arranged 50|4.m glass fibres; these were terminated by a 

single SMA ferrule at one end and four SMA ferrules at the other. 

These somewhat expensive components were used in anticipation 

of difficulties related to the low levels of reflected signal. Every 

effort was made to maximize optical efficiency since the 1kHz 

bandwidth required by this sensor restricted the available gain. 

Furthermore the high market value of a successful thin-film 

monitor makes such components more suitable here than in the 

plasma monitor. A final optical modification was the inclusion of a 

collimating sphere to ensure the illumination of the wafer only 

and not the surrounding electrode.

The photodiode triplet: was identical to the one used for the 

chromatic plasma monitor. Its broad spectral response, good 

responsivity and low noise were key factors as was the need to 

ensure sensor compatibility with commercial chromatic sensors 

based on the PD 150 (Lucas).

The signal recovery system: was designed to prevent changes in 

the background plasma emission adding noise to the chromatic 

signal reflected from the semiconductor wafer. The thin film 

monitor detected the chromatic signal using similar circuitry to 

the 'low-level light sensor' used in the plasma monitor. 

Subsequent signal recovery from the output of this stage was 

achieved by applying two distinct techniques both of which relied 

on the source, and hence signal, being pulsed at a precise
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frequency to differentiate it from broadband noise and constant 

background illumination. These techniques were subtraction and 

lock-in amplification.

(i) Lock-in amplification: is the elimination of signals not at a 

defined frequency, using a voltage multiplier in series with a low 

pass filter. Consider a system (figure 5.7) which measures the 
amplitude of an optical signal beam (as) chopped at a precise 

frequency (cos): whilst also generating an optical reference beam 

with an amplitude (ar) chopped at a precise frequency ((0 r). These 

beams are detected by two photodiodes Ps and Pr and the output 

photocurrents are converted into voltages Vs and Vr.

Signal beam

Referencebeam

Voltage Multiplier
Vi

Gain & I-Vh Vr

Figure 5.7 Schematic of a lock-in amplifier

When these voltages are fed into a voltage multiplier and then 

into a low pass filter the resulting voltage outputs VI and V2 can 

be calculated from the sinusoidal signal and reference voltages 

Vs = as cos (cost + (])s) 

and Vr =  ar COS (COrt+ <j)r)

The voltage Vj after the multiplier circuit is then:

Vl = Vs Vr
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=  as ar cos (cost + (])s) cos ((Or t + ())r) Equations 5.1

= (1/2) asar [cos{((0s+C0r)t + ((j)s + (J)r)} + C O s{((O s - C0r)t + (<t>s-<J>r)}]

which shows that the output of the multiplier circuit consists of a 

high frequency (COs+cOr) beat superposed on a low frequency (CDs 

-COr) beat both with an amplitude asar/2. When this signal passes 

through a low pass filter with a frequency response:

Equation 5.2

(where <*>o = 1/iRC is the resonant frequency )

high frequency components (C 0 s + (0 r> >  coo) are strongly attenuated 

so that component of the beat in equation 5.2 can be ignored:

V 2 COS [(CDs - COr)t + (<j>s -  <])r)]

Equation 5.3

Thus V 2  has a Lorentzian dependence on signal frequency 

assuming the reference frequency is kept constant. The peak 

value of V 2  is asar/2 and occurs when the signal frequency 

equals the reference frequency; incoming signals at all other 

frequencies are strongly attenuated. The full width at half 
maximum is C00 . Although this may resemble the response of an

ordinary bandpass filter there is a significant difference, when 
CD s=  CD r the time dependence disappears and V 2  becomes a

constant DC signal:

V 2 = (1/2) as ar cos (<|>s -  c|)r) Equations 5.4
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The (j) s-(j) r term is minimized by chopping the source and 

reference by the same wheel and residual differences by a phase 

shifter incorporated into the lock-in amplifier. Phase noise is still 

present in such a system but it is so small that it had no 

measurable effect on performance.

A lock-in amplifier operating in this mode was used in 

conjunction with the 'low-level light sensor' circuitry which 
provided the input signal Vs. The reference signal was generated

by an LED built into the chopper wheel housing supplied with the 

lock-in amplifier. Only two input channels were available which 

posed a minor difficulty since three intensity signals were 

required to record colour. To overcome this two pairs from the 

three intensity signals (G1961,PD1,PD2) were divided (using an 

analogue divider) to generate two hue values ( G1961/PD1 & 

PD1/PD2). Each hue was then used as an input signal. The output 
(V2) from the lock-in amplifier was recorded onto a PC via a 12-

bit ADC.

Good results (described in chapter 7) were achieved with 

this design but the high cost of the dual channel lock-in amplifier 

motivated an attempt to incorporate the signal recovery system 

into the circuit design.

(ii) Signal Subtraction: is perhaps the most obvious way of

removing quasi-static background noise from a pulsed signal. In 

theory this can be implemented (figure 5.8) by simply measuring 

the noise with the signal off and then subtracting this stored value 

from the total signal and noise. However the practical 

implementation of this method required a significant redesign in
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the sensor circuitry and for this reason its construction was 

deferred until the lock-in based sensor was successfully tested.

Figure 5.8. A schematic of the signal subtraction system.

The original 'low level light sensor' could have been used as the 

initial stage for this sensor design, but since it was designed for 

low bandwidth (5Hz) applications the range of available chopping 

frequencies would be very limited.

Figure 5.9 High bandwidth optical detection system.

The 1kHz chopping frequency which proved noise free on our 

plasma chamber might not be suitable for all plasma chambers so
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a slightly different 'high bandwidth light sensor' design was 

chosen from the Hamamatsu catalogue with the intention of 

making a broader range of reference frequencies available. The 

circuit diagram of this sensor is shown in figure 5.9. The output of 

this stage was fed into a standard Hamamatsu biasing circuit, 

shown in figure 5.10, to eliminate photodiode dark current:

+ 15V

Having zeroed the dark current the biasing circuit 

channelled the signal to a pair of sample and hold circuits. One 

sample and hold circuit was triggered to sample when the 

reference pulse from the chopper was high implying that the 

white light source was unobstructed. The value stored in this 

circuit is the sum of the signal and the background plasma 

emission. The other sample and hold circuit was triggered to 

sample when the reference pulse from the chopper was low 

implying that the white light source was obstructed. The value 

stored in this circuit is solely due to background plasma emission. 

When the latter value is subtracted from the former using a
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difference amplifier the resultant value is just the signal from the 

wafer without the background plasma emission.

The full chromatic thin-film sensor illustrated in figure 5.11, 

required three channels each consisting of the above circuits 

linked in sequence. As well as being cheaper to implement than 

the lock-in amplifier this system has the added advantage of 

being able to monitor the background emission as well, so it could 

be used both as a thin film monitor and as a plasma monitor.

This subtraction based thin film monitor would be a self 

contained electronic sensor but for the use of a tungsten halogen 

source and a mechanical chopper. Ideally both these components 

should be replaced by a electronically pulsed LEDs. A sufficiently 

powerful LED was found but it was only available at red
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wavelengths, although the manufacturers plan to supply amber 

and green LEDs of comparable power in the near future. With this 

in mind a single channel prototype of a pulsed LED driver circuit 

was constructed and the pulsed signals were used to drive the 

sample and hold circuits in the same way as the pulsed signals 

from the mechanical chopper. This source, in conjunction with the 

subtraction circuitry, formed an intensity sensor which was tested 

as a single channel prototype of an LED based chromatic sensor. 

The system performance is characterised is table 5.2

Film Monitor Feature Film Monitor Response

Range 0-10V

Circuit Noise +/- 0.8mV

Source Noise [White Light:LED] +/- 1.1 mV : +/- 1.7mV

Circuit Drift +/- 0.2mV/hour

Source Drift +/- 0.2mV/hour : +/-2.1mV/hour

Thermal Sensitivity of Circuit -0.7mV/K

Thermal Sensitivity of Source +0.4mV/K : +1.8mV/K

Bandwidth 5kHz : 5kHz

Table 5.2. Summary of the film monitor performance.

5.2.3 CHROMATIC OIL MONITOR

The chromatic oil monitor is a simplified form of the plasma 

monitor which uses just the Sharp PD 150 and two of the three 

available channels. In this reduced form the chromatic sensor 

measures a single hue PD1/PD2. Lacking the Hamamatsu G1961, it 

is in effect 'colour blind' in the blue region of the spectrum. This 

insensitivity in the blue is relatively unimportant since the oils 

examined showed very little transmission in the blue; because of
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this 1mm polymer fibre was considered but 400pm glass fibre 

was eventually chosen since it displayed better resistance to the 

relatively high temperatures that might be encountered in an oil 

pump. The light source was the same stabilized tungsten-halogen 

lamp used in the chromatic film thickness monitor. The detection 

circuitry was identical to that used in the chromatic plasma 

monitor, although the high source brightness and very short 

optical path length permitted the use of very much lower (22M£2) 

feedback resistors. A detailed description of probe design is given 

in chapter 8.

5.3 PLASMA PROCESSING SYSTEMS

5.3.1 DC PLASMA NITRIDING SYSTEM

Initial testing of the chromatic plasma sensor was carried out on a 

high current DC plasma nitriding chamber illustrated in figure 

5.12. The main chamber was a 24 litre stainless steel cylinder 

which acted as the anode; safety considerations dictated that the 

chamber be grounded. An axial spindle acted as the cathode, on 

which the titanium samples were supported. Power to hold the 

cathode at a negative potential was obtained from a switched- 

mode power supply capable of generating up to 3KV at 150mA 

although working plasmas could be generated with 0.8KV at 

15mA. A 5H inductor was connected in series with the power 

supply to store enough energy to sustain the high transient- 

current arcing that occurred at points of contamination.

Gas pressures were measured using an MKS 310 Baratron 

capacitance manometer which measures pressures up to
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1333.22Pa (ITorr), an MKS 220 Baratron for pressures up to 

atmospheric and an ion gauge for pump-down pressures around 

10"4 Pa. An MKS 270 gauge head unit was used as a driver for 

both the Baratron and an MKS 252 exhaust flow controller; this 

unit also provided a digital pressure readout. Flow rates were 

measured and regulated using MKS 1259 mass flow controllers 

which operated by recording the amount of energy required to 

sustain a fixed thermal gradient along the gas lines.

Chromatic characteristics of the emission spectrum were 

measured by recording the output voltages of three photodiodes 

on a PC via a 12-bit ADC card. These photodiodes were selected for 

their sensitivity and coverage of the appropriate spectral range. A 

combination of these diodes have been shown to discriminate 

0.04nm spectral shifts (Morse 1992). Plasma spectra were 

obtained by the concurrent use of a Hilger-Watts 0000 

spectrograph modified into a spectrometer by the addition of a 

stepper-m otor driven exit slit which illum inated a 

photomultiplier. Spectral resolutions of O.lnm were obtained but 

the slow scan rate of this instrument dictated a four minute scan 

periodicity. A Keithley Instruments 417 picoammeter was used to 

measure the photomultiplier output currents; these values were 

logged on a PC via an ADC card. Both sets of optical data were 

obtained through a set of glass fibre bundles with high 

transmission in the visible and near ultra-violet.
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5.3.2 RF PLASMA ETCHING SYSTEM

A parallel-plate etching system was the subject of the

majority of the experimental work presented in this thesis. Both 

the plasma and film-thickness sensors were used to monitor the 

etching characteristics of this system. Originally the system was 

used for commercial etching of silicon nitride and so it was 

considerably larger than required and came complete with 

integrated power supply, gas flow controllers and pressure 

monitors.

The etching chamber was a cylindrical stainless steel cavity 

with an electrode radius of 48 cm and an electrode separation of 

20 cm. An anodized aluminium electrode at the base of the

chamber functioned as the driven electrode whilst the rest of the

chamber formed the grounded electrode. Semiconductor samples 

were placed on this electrode for subsequent etching. The 

chromatic thin film sensor was used to monitor this process 

through an integral two inch quartz window whose aperture 

permitted a line of sight normal to the electrode surface. Three 

further quartz windows were available giving lines of sight 

parallel to the electrode surface and were thus ideal optical ports 

for the chromatic plasma monitor. The ports were located at the '3, 

6 and 9 o'clock positions'; only the last of these was used and the 

others were sealed to minimise background light.

As a commercial system (Leybold-Heraeus) the RF power 

supply was suitable for etching as many as fifty wafers at a time 

and so the peak power output was in the region of 3KW. The high 

cost of wafers limited their use to just one at a time so a lower
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power range (0-300W) was selected and even then the power 

applied rarely exceeded 70W. Fluctuations in plasma composition 

result in fluctuations in plasma impedance (Semura & Satoh 

1984); the resulting changes in the impedance matching mean that 

the ratio between the RF power absorbed by the plasma to that 

reflected back to the power supply can vary. To counteract this 

the power supply was fitted with a capacitative 'auto-tuning' 

system whose impedance was varied to smooth out fluctuations in 

plasma impedance. The effectiveness of the auto-tuning was 

checked by a Bird 210 RF power meter which was capable of 

measuring both power components.

Gas pressures were measured using capacitance manometers 

which measures pressures up to ITorr, an MKS 220 Baratron for 

pressures up to atmospheric and an ion gauge for pump-down 

pressures around 10-4 Pa. An MKS 270 gauge head unit was used 

as a driver for both the Baratron and an MKS 252 exhaust flow 

controller; this unit also provided a digital pressure readout. Flow 

rates were measured and regulated using MKS 1259 mass flow 

controllers which operated by recording the amount of energy 

required to sustain a fixed thermal gradient along the gas lines.

Chromatic characteristics of the plasma emission were 

measured by recording the output voltages from the plasma 

monitor on a PC via a 12-bit ADC card. These photodiodes were 

selected for their sensitivity and coverage of the appropriate 

spectral range. The RIE parallel-plate etching system and 

associated optical sensors are illustrated in figure 5.13.
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Figure 5.13 The RIE etching system and chromatic sensors
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6.1 INTRODUCTION

This chapter deals with the performance of the chromatic 

plasma monitor described in section 5.2. Initially the sensor was 

used to observe plasma chromaticity as a function of the plasma 

composition and discharge power in a DC nitriding plasma. When 

this sensor demonstrated the capability to discriminate between 

chromatic changes caused by fluctuations in plasma composition 

and power, an industrial semiconductor etching chamber was 

installed to test its performance in an area of immediate 

commercial interest to the project sponsors. The ability of the 

chromatic sensor to detect and discriminate between the 

chromatic changes caused by fluctuations in the plasma 

composition, discharge power and plasma pressure of a CF4 /O 2  

semiconductor etching plasma was then determined. Finally the 

sensor was used to monitor chromatic changes accompanying the 

etching process itself. The emphasis on this experiment was placed 

on the detection of the etching endpoint so that the etch could be 

stopped at the optimum time without the excessive over-etching 

or undercutting described in section 2.2.

Sensor performance was judged with reference to its 

sensitivity to chromatic changes caused by changes in the variable 

parameter. The chromatic noise levels that limited sensor 

resolution were also investigated. This performance was compared 

to 'intensity' monitoring, where intensity is assumed to be 

proportional to the sum of the photodiode output voltages 

G1961+PD1+PD2. The chromatic data obtained is displayed on a 

chromatic plane, as discussed in section 4.2. This form of
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presentation is shown to assist in the analysis of the chromatic 

data by yielding a set of 'contour maps' corresponding to the 

levels of various plasma parameters.

In each of the following experiments the emitted light was 

collected by a four tailed 1mm glass fibre bundle which 

channelled light onto three photodiodes G1961, PD1 and PD2 

which were a part of the chromatic sensor described in section 5.2. 

The output from this sensor was stored on an IBM/PC via an 

analogue to digital card (ADC). The ADC used for these 

experiments had a 12-bit voltage resolution corresponding to 

1/4096 or a 0.025% level of digitization noise. The fibre bundle 

was aligned so as to maximize the light intercepted from the 

plasma; it was then clamped to a quartz window on the chamber 

by an aluminium plate in order to ensure mechanical stability.

6.2 MONITORING DC NITRIDING PLASMAS

During a DC nitriding process, knowledge of plasma 

composition is particularly important for the detection of leaks 

(Hancock 1991). A typical leakage condition might be the gradual 

introduction of atmospheric nitrogen into the process chamber so 

this event was staged to test the chromatic monitor. Another 

critical variable is power discharged in a plasma, since this can 

determine the rate at which nitride deposition occurs. Both these 

parameters can be monitored by a few human experts who can 

observe and interpret the plasma colour (Hancock 1991). In 

consequence these processes were chosen as an initial test for the 

chromatic plasma monitor.
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Variations in plasma mixture and power were investigated 

in an effort to determine whether chromatic techniques were 

capable of distinguishing between the spectral changes caused by 

varying either parameter. If such discrimination is possible then a 

significant advantage over intensity sensing will have been 

demonstrated. Conventional spectra were examined (Morse 1992) 

to ensure that the three photodiodes had spectral responses 

appropriate to the changes in plasma emission.

6.2.1 PERFORMANCE IN DC PLASMA MONITORING

Plasma composition: Pure hydrogen was introduced into the

process chamber at a pressure of 1 Torr and a 20W plasma 

discharge initiated, the flow rate was kept at 40sccm (standard 

cubic centimetres per minute). Nitrogen was then introduced into 

the chamber in a sequence of controlled releases in which its flow 

rate was ramped by lOsccm with a corresponding decrease in 

hydrogen flow; thus increasing the relative concentration of 

nitrogen in steps of 20%. Each new plasma mix was maintained for 

one minute to allow the conditions to settle.

Large spectral changes were expected in the red region of 

the spectrum (Morse 1992) where the chromatic sensor should be 

sensitive. Visual inspection revealed that as the nitrogen 

concentration in the H2 /N 2  plasma was increased, its hue changed 

markedly from light blue to vivid pink. The intensity of the 

plasma emission also appeared to decrease as a function of 

hydrogen concentration. The observations relating to hue were 

confirmed by the chromatic sensor which showed the increase in 

the 'blue' component of chromaticity as function of increasing 

hydrogen concentration:
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Figure 6.1 The change in plasma chromaticity and intensity as a 

function of increasing hydrogen concentration.

The intensity response of the chromatic sensor was 

somewhat unexpected in that its dependence on increasing 

hydrogen concentration showed an initial increase followed by a 

decrease, as illustrated in figure 6.1. This behaviour was not 

detected by the eye but since the experimental procedure did not 

allow continuous inspection it may be explained by the 

inconsistencies in the dark adaptation of the human eye when 

subjected to fluctuations in background illumination.

Chromatic monitoring of plasma composition shows better 

linearity than intensity monitoring when studying changes in a
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mixture of hydrogen and nitrogen. The chromaticities of pure 

nitrogen or hydrogen do not lie on the same straight line occupied

by the chromaticities of their mixtures, the significance of this is 

discussed in the following section. Chromatic sensitivity to mixture 

as calculated from the linear region is 0.05 for an 80% change of 

hydrogen in nitrogen, the chromatic noise component of 0.00025 

on the 0.05 modulation corresponds to an ability to resolve (ratio 

of noise to modulation depth, Eckman 1966) 1% changes in the 

composition of a hydrogen/nitrogen mixture.

Discharge power: Nitrogen was introduced into the plasma

chamber at a flow rate of 40sccm. The power deposited by a 

constant current arc was ramped from 20W to 40W in 5W steps 

by appropriate increases in the arc voltage. The chromaticity of 

pure nitrogen was recorded with discharge powers of 20W and 40 

W; each new power level was maintained for one minute to allow 

the conditions to settle.

As before significant spectral changes were expected in the 

red region of the spectrum although the differences in spectral 

profile between pure nitrogen plasmas at 20W and 40W should be 

less marked than for varying plasma compositions (Morse 1992). 

Perhaps because changes in power did not result in the creation of 

new spectral lines, visual detection proved difficult; it was thought 

that the pink emission became visibly redder but this was difficult 

to confirm due to the changes in emission intensity.
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Figure 6.2 The change in chromaticity as a function of increasing 

power with the change in plasma intensity for comparison.

It is significant that the decrease in the 'blue' component of 

chromaticity is apparent from the output of the chromatic sensor 

(figure 6.2), demonstrating its advantage over an inexperienced 

observer. Figure 6.2 shows the intensity response of the 

chromatic sensor, the approximately linear increase with power is 

consistent with the published spectra (Morse 1992).

Chromatic monitoring of discharge power shows good 

linearity when analyzing changes in a mixture of hydrogen and 

nitrogen. The chromatic sensitivity to power is 0.0016 per Watt. 

The chromatic noise component of 0.00025 corresponds to a 

resolution of 0.3W, considerably better than any observer tested.
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6.2.2 DISCUSSION

A linear chromatic response to a change in plasma 

parameter has two implications; that the conditions for additive 

colour mixing are satisfied and that the shift in the plasma 

emission spectrum has a linear relationship with the varied 

parameter. Additive colour mixing is only valid if the plasma has 

minimal self-absorption and scattering. Linearity between a 

parameter and its resultant spectral shift may not be valid if a 

new emitting species is created in the plasma, or if excited species 

interact with each other (Billmeyer & Saltzmann 1966).

One possible mechanism for the observed linear chromatic 

response to power, is a shift in the black body radiation generated 

by electrical heating of the plasma. An increase in temperature is 

known to cause a linear decrease in the wavelength of the black 

body emission peak (Wiens displacement law). Although the peak 

wavelength shows a linear downshift with temperature, the 

accompanying change in spectral profile causes the chromaticity of 

black body radiation to describe a curve on the chromatic plane 

(Billmeyer & Saltzmann 1966). However the curvature is only 

noticeable over a large temperature range so the linear results are 

still consistent with this explanation. Attempts were made to 

confirm this idea by recording the plasma temperature using a 

thermocouple, but they proved unsuccessful because of repeated 

arcing, despite attempts to sheath the junction in quartz.
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Figure 6.3 Summary of experimental data on a chromatic plane

The linearity of chromatic response to changes in gas 

mixture holds over the range 20%H/80%N to 80%H/20%N but 

significant deviations are observed for the pure gases. Figure 6.1 

illustrates the anomalous changes in intensity and chromaticity 

that occur at the transition between pure gas and mixture. These 

changes indicate that the pure hydrogen and pure nitrogen 

plasmas interact to generate a plasma mixture with a spectrum 

that is not simply the sum of its constituents. It has been shown 

(Morse 1992) that N-H+ emission lines form a significant part of 

the emission continuum of a nitrogen/hydrogen plasma; since 

these lines depend on the existence of both gases this may explain 

the chromatic deviation shown by the pure gas plasmas.
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The chromatic responses to power and gas mixture trace out 

a contour map of the parameter value on the chromatic plane. If 

these contour lines were orthogonal it would be possible to 

measure both parameters independently simply by using the 

contour lines as a set of coordinate axes. Figure 6.3 illustrates the 

chromatic power and mixture responses; which have gradients 

-2.31 and -1.23 respectively when measured over their linear 

regions. The lack of orthogonality means that it is not possible to 

deduce the absolute power and mixture from an absolute 

chromaticity. However changes in both power and mixture would 

result in a chromatic shift with a gradient that is the weighted 

mean of the two extreme gradients. The value of the weightings 

might then yield the relative contributions of power and mixture 

fluctuations.

6.2.3 CONCLUSION

The chromatic sensor has been demonstrated to function as 

a real-time plasma diagnostic tool. Changes in plasma power and 

gas mixture have been shown to generate chromatic shifts of 

differing gradients. This result confirms that the chromatic sensor 

has the capability of discriminating between those changes in 

optical emission due to power fluctuations and those due to 

mixture fluctuations; which is beyond the capacity of intensity 

sensors. In addition the chromatic sensor can also monitor 

intensity, which is simply the sum of its three channels. This 

flexibility is achieved at little extra cost.

These experiments have also demonstrated the advantages 

of the chromatic sensor over the inexperienced human observer. 

The peak in intensity shown in figure 6.1 was not seen by any

page 102



Chapter 6
Chromatic  Plasma M on itor ing

observer. The significant chromatic shift shown in figure 6.2 was 

unnoticed visually, probably because it occurred smoothly over a 

broad spectral region. However, the chromatic sensor was able to 

detect this shift and exploit it to measure discharge power.

6.3 MONITORING RF ETCHING PLASMAS

Having demonstrated the use of chromatic sensing in plasma 

nitriding, commercial considerations resulted in attention being 

focused on semiconductor etching plasmas. Etching semiconductor 

wafers to fine tolerances normally requires the control and 

monitoring of four plasma characteristics: plasma composition, 

discharge power, plasma pressure and gas flow rate. Changes in 

the plasma composition cause discrete spectral changes, such as 

the appearance or disappearance of emission lines characteristic 

of the material causing the changes. These large spectral changes 

confined to specific wavelengths are easily detected by monitoring 

spectral lines. However changes in power, pressure and flow rate 

normally result in smaller spectral changes spread across the 

continuum of the spectrum (Kawata et al 1987).

These changes in the plasma emission continuum are 

normally measured using spectrometry. During this phase of 

experimentation a spectrometer was not available but the spectral 

changes in CF4 /O 2  plasmas have been reported in the literature 

(Kawata et al 1987). These reports raised expectations that the 

chromatic sensor would be capable of detecting the accompanying 

chromaticity and intensity changes. The following experiments are 

intended to investigate the possibility of using a chromatic sensor 

to measure both discrete and continuum changes.
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6.3.1 PERFORMANCE OF THE RF PLASMA MONITOR

Plasma composition: An industry standard mixture of etchants 
comprising 91.5% CF4  and 8.5% 02 was introduced into the process 

chamber at a pressure of 70 mTorr. A plasma was then initiated 

using 60W of RF electrical power at 13.56 MHz, whilst the gas flow 

rate was maintained at 40sccm. Nitrogen was then introduced into 

the chamber in a sequence of controlled releases in which its flow 

rate was ramped by 2sccm thus increasing the relative 

concentration of nitrogen to CF4 /O 2  in steps of 5%. Each new 

plasma mix was maintained for one minute to allow the conditions 

to settle.

Visual inspection of the plasma revealed little since the 

plasma retained a pale pink colour throughout the experiment; 

changes in the intensity of the plasma emission were also too 

small to detect visually. Some observers claimed to see a slight 

reddening with increasing CF4 /O 2  concentration and the 

accompanying increase in intensity however there was little 

consensus between them. The chromatic plasma monitor 

succeeded in detecting both the chromatic and intensity changes 

resulting from the alteration in plasma composition, the sensor 

output is shown in figure 6.4.
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Figure 6.4 The change in plasma chromaticity and intensity as a 

function of increasing CF4 /O 2  concentration.

Compared to the equivalent experiment with the H2 /N 2  

plasma, changes in the CF4 /O 2  fraction relative to the N2  fraction 

result in a more limited linear region. Initial introduction of up to 

20% nitrogen into a CF4 /O 2  plasma, gives little chromatic response. 

However, increasing the concentration of the introduced gas 

further results in a linear change in chromaticity, which 

eventually saturates as the gas concentration exceeds 80%. The 

significance of this saturation in chromatic response is discussed in 

the following section.

This nonlinear response makes the calculation of chromatic 

sensitivity somewhat arbitrary. The average sensitivity to mixture 

was calculated over the linear range yielding an overall chromatic 

change of 0.03 for a 1% change of nitrogen in CF4 /O 2 .

page 105



Chapter 6
Chromatic  Plasma Monitoring

The chromatic noise component of 0.00025 corresponds to an 
ability to resolve 1.7% of change of nitrogen in CF4 /O 2 . The 

intensity response of the chromatic sensor to increasing CF4 /O 2  

concentration has a somewhat higher (0 . 1 %) noise component than 

the chromaticity and saturates in only one direction.

Discharge power: An industry standard mixture of etchants
comprising 91.5% CF4  and 8.5% 02 was introduced into the process 

chamber at a pressure of 70mTorr. A plasma was then initiated 

using 50W of RF electrical power at 13.56 MHz, whilst the gas flow 

rate was maintained at 40sccm. The power deposited in the 

plasma was increased from 50W to 90W in steps of 2W. Each new 

power level was maintained for one minute to allow the conditions 

to settle.

As before visual inspection of the plasma resulted in 

conflicting opinions. Some observers thought that the pale pink 

colour of the plasma became deeper red as the power was 

increased but again there was little consistency between them or 

even between the same observer at different times. Intensity 

observations were somewhat more clear cut with most observers 

being able to distinguish between the highest and lowest power 

levels but showing little discrimination in the mid range. The 

chromatic plasma monitor was capable of detecting both the 

chromatic and intensity changes resulting from the increments in 

plasma power, the sensor output is shown in figure 6.5:
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Figure 6.5 The change in chromaticity as a function of increasing 

power with the change in plasma intensity for comparison.

The chromatic response of the CF4 /O 2  plasma to fluctuations 

in discharge power has the approximately linear form that 
characterized the behaviour of the H 2 /N 2  plasma. The intensity 

response of the chromatic sensor to power fluctuations in the 

plasma, mirrors the linearity of the chromatic response. T he 

chromatic sensitivity to power was calculated over the linear 

range, yielding an overall chromatic change of 0.0005 per Watt 

(0.02/40). The chromatic noise component of 0.00025 yields a 

sensor resolution of 2W.

Plasma pressure: An industry standard mixture of etchants

comprising 91.5% CF4  and 8.5% 02 was introduced into the process 

chamber at a pressure of 70mTorr. A plasma was then initiated 

using 50W of RF electrical power at 13.56 MHz, whilst the gas flow
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rate was maintained at 40sccm. The pressure at which the CF4 /O 2  

plasma was maintained was decreased from 70mTorr to 40mTorr 

in steps of 2mTorr.
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Figure 6.6 The change in chromaticity as a function of increasing 

pressure with the change in plasma intensity for comparison.

Each new pressure level was maintained for one minute to allow 

the conditions to settle. Visual inspection of the plasma was 

inconclusive with regard to both plasma colour and intensity but 

the chromatic plasma monitor was capable of detecting both the 

chromatic and intensity changes resulting from the changes in 

plasma pressure, the sensor output is shown above in figure 6.6.

The chromatic response of the CF4/O2 plasma to fluctuations 

in pressure shows strong linearity. The intensity response of the 

chromatic sensor to plasma pressure fluctuations, shows a

page 108



Chapter 6
Chromatic  Plasma M on itor ing

linearity similar to that of the chromatic response. The chromatic 

sensitivity to pressure was calculated over the entire range 

yielding an overall chromatic change of 0.03 for 1 mTorr. The 

chromatic noise component of 0.00025 yields a sensor resolution 

of 1.7mTorr.

6.3.2 DISCUSSION

The conditions necessary for linear chromatic response to a 

change in plasma parameter; the validity of additive colour mixing 

and the linearity between spectral shift and plasma variable; were 

refered to in section 6.2.2. Additive colour mixing is only valid if 

the plasma has minimal self-absorption and scattering. Linearity 

between a parameter and its resultant spectral shift may not be 

valid if a new emitting species is created in the plasma, or if 

excited species interact (Billmeyer & Saltzmann 1966).

The nonlinear dependence of chromaticity on mixture 

indicates that the pure CF4 /O 2  and pure nitrogen plasmas interact 

to generate a plasma mixture with a spectrum that is not simply 

the sum of its constituents. It has been shown that a significant 

part of the emission continuum in a CF4 /O 2 /N 2  plasma are 

generated by interactions between fluorine and oxygen radicals 

attacking the nitrogen molecule (Cockrill 1990). Since such form of 

chemical attack can only occur when both gases coexist in the 

plasma this may explain the chromatic deviation from linearity 

(figure 6.4) shown by the pure gas plasmas when compared to the 

chromaticity shown by their mixtures. If this inference is correct 

it would demonstrate the usefulness of a chromatic sensor for 

deducing qualitative trends in spectra without requiring complete 

spectral information.
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The linear chromatic response to power observed in H2 /N 2  

plasmas is repeated in CF4 /O 2 /N 2  plasmas. This was expected since 

the probable explanation; a shift in black body radiation generated 

by electrical heating of the plasma; is a physical effect 

independent of the chemical constitution of the plasma. Increases 

in temperature are known to cause linear decreases in the 

wavelength of the black body emission peak (Wiens displacement 

law). This downshift (or blueshift) in plasma spectral profile 

translates to an increase in G1961/Sum with increasing 

temperature and hence increasing discharge power; this variation 

is exactly what is shown in figure 6.5. Direct confirmation of this 

idea; by using a thermocouple to record plasma temperature; was 

not possible due to insulation difficulties. Figure 6.5 also serves to 

illustrate the self referencing advantages of a chromatic sensor. 

When the power was at 70W a plasma instability (created by the 

onset of rapid power changes) caused a 100% fluctuation in 

intensity which was accompanied by 10% chromatic fluctuation.

The linearity of the chromatic response to pressure is also 

striking. Aside from some plasma instabilities generated at 

70mTorr figure 6.6 illustrates this chromatic linearity. In contrast 

much larger fluctuations are suffered by the intensity and since 

the modulus of the chromatic and intensity gradients are very 

similar, this difference is not due to any pronounced differences 

between chromatic and intensity sensitivity. Without spectral 

information the origin of this linearity is difficult to isolate but the 

implication is that pressure changes in this range simply rescale 

and/or skew a spectrum without giving rise to any new features. 

The introduction of extra molecules into a plasma would be 

expected to increase the overall plasma intensity (rescaling)
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merely by increasing the number of emitters. Skewing a spectrum 

would require differential changes in intensity across all emitting 

lines; such differential changes are characteristic of equlibrium 

chemistry (Fonash 1985). If changes in plasma pressure result in a 

surfeit of some ions the equilibrium will be shifted resulting in a 

skew in the observed plasma spectrum. The confirmation of this 

idea must await a spectrometric study.

A major strength of chromatic monitoring is its capacity to 

distinguish between changes caused by different variables, the 

basis of which was discussed in section 4.2.5. Changes in two 

variables should manifest themselves as two straight lines of 

chromaticity with different gradients. Indeed if the variables are 

varied in a cyclic manner these lines of chromaticity should 

describe a ‘parallelogram of colours’; by analogy with 

parallelograms of force it should then be possible to resolve a 

chromatic change into its components.

The power in a CF4 /O 2  plasma was ramped from 54mTorr to 

70 mTorr and back again in increments of 2mTorr. Alternating 

between the increases and decreases in pressure the discharge 

power was ramped from 50W to 90W and back again in 2W 

increments. The chromatic changes in the resulting plasma 

emission were all linear as shown in figure 6.7. In the case of 

pressure changes the chromatic gradients were identical for high 

and low power plasmas. However the power changes at low and 

high pressures showed a marked difference in gradient. This 

difference means that discrimination between power and pressure 

effects are easy in high pressure plasmas and become more 

difficult as the pressure falls:
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Figure 6.7 Power and pressure changes on a chromatic plane

The power in a CF4 /O 2  plasma was ramped from 60W to 

100W and back again in increments of 2W. Alternating between 

the increases and decreases in power the plasma composition was 

ramped from 100% CF4 /O 2  to 100% nitrogen and back again in 5% 

increments. The breakdown of chromatic linearity as a function of 

mixture, discussed in the previous section, is apparent in figure 

6.8. In the case of mixture changes the chromatic gradients were 

identical for high and low power plasmas. As before the power 

changes at low and high mixtures are linear and show a marked 

difference in chromatic gradient making interpretation difficult. 

This interpretation is made more difficult by the characteristic 

departures from chromatic linearity at low gas concentrations.
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Figure 6.8 Power and mixture changes on a chromatic plane

6.3.3 CONCLUSION

The viability of real-time plasma diagnosis by chromatic 

techniques has been demonstrated. Power and pressure changes

were shown to cause linear shifts in chromaticity. Changes in 

chromaticity were found to be linear for mixture changes in the 

range 80%H2-20%N2 to 20%H2-80%N2, but significant deviations 

were observed outside this range. Changes in plasma power, 

pressure and composition have been shown to generate chromatic 

shifts of differing gradients. This raised the possibility of using 

chromatic monitoring to distinguish between changes caused by 

these variables. ,

Changes in two variables manifested themselves as two

straight lines of chromaticity with different gradients. The theory 

for resolving composite chromatic changes (section 4.2.5) caused 

by composite changes in variables, predicts that this can be

accomplished by resolving the total chromatic change into two 

chromatic vectors. Although the interpretation is slightly more
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difficult than this, chromatic monitoring was found to be 

significantly superior to intensity sensing.

When used in conjunction, the three photodiodes are capable 

of measuring the hue and saturation of a plasma emission 

spectrum, in addition to the intensity measured by traditional 

photodiode sensors. Hue and saturation can be mapped onto a 

chromatic plane, each point of which corresponds to a set of 

spectra. Although many spectra can be mapped onto a single point 

on the chromatic plane the degree of degeneracy is less than that 

of intensity sensors where spectra map onto points restricted to a 

line. Chromatic sensing is shown to retain the cost and sampling 

rate advantages of intensity sensors whilst demonstrating an 

ability to detect spectral shifts; more often associated with 

spectrometry.

6.4 MONITORING ETCHING ENDPOINTS

The preceding bare chamber observations serve to illustrate 

the principle of chromatic plasma monitoring. However a major 

market for such sensors is in the detection of etching endpoints; 

an application in which spectrometers are currently used (Cockrill 

1990), despite the complexity and expense. The detection of this 

endpoint allows the etch to be stopped before mask undercut or 

substrate damage can occur as discussed in section 2.2.

At the endpoint the rate of etchant depletion suddenly 

decreases as does the rate of substrate sputtering causing large 

changes in plasma composition. Since changes in composition also 

cause changes in plasma pressure and discharge power (Lochte- 

Holtgreven 1968), the results in the previous section indicate that
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the chromatic sensing of such endpoints is viable. This possibility 

was investigated in a series of experiments conducted using the 

same chromatic plasma sensor described above.

Initially the semiconductor etching facilities required were 

not available in the laboratory so the chromatic plasma monitor 

was installed on a commercial semiconductor plasma etch 
chamber (pP800 ) at GEC-MMT Caswell. At this site a spectrometer 

was also available to monitor changes at precise wavelengths. The 

pP800 was a plasma etch chamber operating primarily on 

chemical etching but recently interest has turned to RIE chambers 

relying on physical-chemical etching (section 2.3). In response to 

this the etching experiments were repeated on a newly installed 

RIE chamber. The objective of both experiments was to confirm 

that the chromatic plasma monitor was capable of detecting etch 

endpoints in addition to recording changes in plasma parameters.

6.4.1 MONITORING ETCH ENDPOINTS
Plasma Etching: The etching gas used in the pP800 was an 

industry standard mixture of 91.5% CF4  and 8.5% O2 . This etchant 

was introduced into the chamber at a rate of 70 seem until the 

pressure reached 300mT. A plasma was initiated with 30W of RF 

energy and the emission spectrum was recorded with no sample 

in the chamber. This procedure was repeated with a 5 inch silicon 

wafer (coated with 2400A of silicon nitride) present in the 

chamber. The silicon nitride layer was etched under these 

conditions and an emission spectrum was acquired during this 

etch. To highlight the differences between the spectra the second 

spectrum was subtracted from the first as shown in figure 6.9.
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Seventeen spectral lines (A-Q) characteristic of CF4 /O 2 , (Mogab 

1978) are shown. No change in Si or N2  lines were noticed.
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Figure 6.10 Chromatic changes during a plasma etch process
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Figure 6.11 A plasma etch represented on a chromatic plane

The chromatic changes accompanying these spectral changes are 

shown in figure 6.10. The ‘blue’ chromaticity represented G/Sum 

shows a sharp upward change at the onset of etching but barely 

shows any change at the end of etching (which was also monitored 

by spectroscopy). The ‘red’ chromaticity shows a sharp increase on
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the onset of etching but in contrast to the 'blue' it shows a small 

(0.004) decrease at the end of etching. Allied to a chromatic noise 

of 0.00025, this means that an endpoint can be detected to within 

1 part in 8 . Figure 6.11 displays these traces on a chromatic plane, 

the end of etching being represented by a curved line of 

chromaticity.

RIE Etching: The etching gas used in the RIE chamber was an 

industry standard mixture of 91.5% CF4  and 8.5% O2 . This etchant 

was introduced into the chamber at a rate of 40sccm until the 

pressure reached 70mT and plasma was initiated with 60W 

discharge of RF energy. The substrate was a 3 inch gallium 

arsenide wafer coated with 2400A of silicon. During the etch 

process the silicon nitride layer was etched whilst the gallium 

arsenide layer was left intact.

0 .45

s3
0.40

a
ft.

0.35

Figure 6.12 Chromatic changes during an RIE etch process
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The chromatic changes accompanying the end of etching are 

shown in figure 6.12. Both the ‘blue’ chromaticity represented 

G/Sum and the ‘red’ chromaticity represented by PDl/Sum show a 

sharp change at the onset of etching and a sharper change at the 

end of etching. These changes are significantly clearer than those 

shown by the plasma etching system. When this data is plotted on 

a chromatic plane as shown in figure 6.13 a straight line connects 

the initial plasma chromaticity with the final plasma chromaticity.

The chromatic change on etching is approximately 0.075, 

allied to a chromatic noise of 0.00025, this means that an endpoint 

can be detected to within 1 part in 150.

Figure 6.13 An RIE etch represented on a chromatic plane 

6.4.2 DISCUSSION

In the following experiments the etched substrate consists of 

an unpatterned silicon nitride layer covering a relatively 

impervious layer of gallium arsenide or silicon, whilst the etching 
gas was a mixture of CF4 and oxygen. During the etching process
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theCF4/ 0 2 plasma attacks the silicon nitride to release the gases 

fluorine, oxygen, nitrogen and SiOF2 (LFE 1975):

Si3N4 + 5[0]* + 8[F]* = 3SiOF2 + F2 + 0 2 + 2N2 Equation 6.1

These gases partially dissociate under electron impact ionization 

thus changing the composition of the plasma; on recombination 

they emit at characteristic wavelengths as described in section 

2.4.2. The resulting levels of optical emission from the plasma only 

lasts as long as the silicon nitride is etched. Once the etching is 

complete the supply of these gases ceases, resulting in the abrupt 

change in plasma emission detected in the above experiments. It 

is notable that the spectral changes accompanying the plasma etch 

(figure 6.9) showed only the depletion of the CF4/02plasma with 

little trace of the evolved nitrogen or silicon oxyfluoride, it is 

possible that these lines were masked in the plasma continuum 

but no convincing explanation can be given for this observation.

Despite the similarities in substrate and etchant, the plasma 

and RIE etching endpoints appear to have little in common. The 

absolute chromaticities are different and even the shape of the 

chromatic traces on the chromatic plane appear different. 

However it should be noted that these chromaticities are very 

different to those obtained by the simple changes in plasma 

parameters studied in the previous sections. On the chromatic 

plane neither endpoint trace is monotonic, unlike the traces 

obtained changing single plasma parameters, both the endpoint 

traces show a maximum and a minimum value.

During the large changes in plasma composition occurring at 

an endpoint the pressure and power deposited in a plasma change
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significantly too (Sugano 1985). The dissociation of etchant and 

substrate result in the evolution of new material which can cause 

transient changes in pressure; whilst the evolution of new 

material changes the electrical impedance of the plasma also 

altering the electrical power absorbed by it. It is interesting to 

speculate whether the chromatic maxima and minima observed 

correspond to a competition between these three changes in 

plasma parameters. However this cannot be answered until 

spectrometers with bandwidths comparable to the chromatic 

sensors become available.
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CHAPTER 7
CHROMATIC THIN-FILM 

MONITORING
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7.1 THIN FILM MONITORING

During the design of the chromatic plasma monitor it was 

noticed that the hues of semiconductor thin films showed a 

pronounced dependence on their thickness. Indeed the expert 

operators (Huggett 1992) informed us that they judged the 

thickness of thin films purely from their hue and that skilled 

operators could judge thickness to within 50A by this method. 

Since such fine tolerances in film thickness are critical in 

determining the quality of the finished IC, these discussions 

prompted a series of experiments to determine whether the 

chromatic sensing could be applied to the measurement of film 

thickness. Initially the objective was to automate the process of 

off-line visual inspection by using the chomatic plasma monitor to 

measure the film chromaticity. When the viability of this 

approach was confirmed, an attempt was made to modify the 

bandwidth the chromatic sensor to allow thickness measurements 

during processing.

7.1.1 COMMERCIAL THIN FILM MONITORING

When exceptionally fine tolerances are required, thin films 

are measured using ellipsometric or interferometric means 

(Chapter 4). However in most cases these methods prove 

prohibitively costly and time consuming so visual inspection is 

relied upon instead. The standardized visual inspection technique 

requires the thin film to be illuminated, normal to its surface, by a 

specified tungsten filament lamp. The perceived hue of the film is 

then compared to a list of hues on standard calibration chart
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shown in Table 7.1 (Applied Materials 1967). When a colour 

match is found the appropriate film thickness can be read off the 

chart.

CHROMATIC 
FRINGE ORDER

SILICON NITRIDE 
THICKNESS ()

SILICON NITRIDE 
FILM COLOUR

First 0-200 Silicon
First 200-400 Brown
First 400-550 Golden- Brown
First 550-730 Red
First 730-770 Deep Blue
First 770-930 Blue
First 930-1000 Pale Blue
First 1000-1100 Very Pale Blue
First 1100-1200 Silicon
First 1200-1300 Light Yellow
First 1300-1500 Yellow
First 1500-1800 Orange Red
First 1800-1900 Red
First 1900-2100 Dark Red
Second 2100-2300 Blue
Second 2300-2500 Blue-Green
Second 2500-2800 Light-Green
Second 2800-3000 Orange-Yellow
Second 3000-3300 Red

Table 7.1 Calibration chart of film hue against film thickness

Although very simple this process encounters some 

problems. It can be seen that a given hue can occur more that 

once in the chart. This recurrence (which is a result of changes in 

film thickness corresponding to an integral number of 

wavelengths) can create uncertainty as to which chromatic fringe
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order is being observed. In practice this is not a serious limitation 

since coarse estimates of film thickness (based on etch/deposition 

time) are almost always sufficiently accurate to define fringe 

order; the hue is then used to accurately determine film thickness 

within the defined fringe order.

A more serious limitation is subjectivity of the method and 

the resulting difficulty in ensuring repeatable results. By replacing 

the unknown and variable detectors in individual human eyes 

with a standard photodetector triplet, it was hoped to improve 

repeatability whilst replacing the vague descriptive calibration 

chart with a quantitative one relating film thickness to detector 

photocurrents.

7.2 THE INITIAL THIN-FILM SENSOR

In order to test the feasibility of a chromatic thin film 

sensor, twelve test samples were obtained from GEC MMT at 

Caswell. Each sample consisted of a 2 inch silicon wafer with a 

silicon oxide thin film, thermally deposited for good uniformity. 

The silicon oxide films varied in thickness from 50A to 2400A, 

spanning a range of great commercial interest.

The light source for these experiments was a stabilized 

tungsten filament lamp [Lucas 00513]. Each sample was 

illuminated normal to the surface by a 5mm glass fibre bundle 

placed at the focus of the source collimator. The reflected light was 

collected by a four tailed 1mm glass fibre bundle which 

channelled light onto three photodiodes G1961, PD1 and PD2. To 

reduce spurious reflections the samples were placed on a matt 

black ceramic tile 10cm away from the source and receiver fibres.
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The distance between wafer and fibres was chosen to allow the 

illumination of most of the wafer area (eliminating local non

uniformities in thickness) whilst minimizing spurious surface 

reflections from the supporting tile.

During attempts to optimize the setup it was found that the 

normal orientation of the source and receiver fibres resulted in 

significant optical losses. This was because the fibres were not 

observing identical regions on the wafer. The best optical 

efficiency was obtained by inclining each fibre at an angle of 15 

degrees to the normal so that both the 'cones of acceptance' 

converged, thus observing identical regions of the wafer. Most of 

the initial experiments were conducted with this geometry 

although a single test was also performed (with an inclination of 

60 degrees to the normal) to determine the viability of oblique 

measurements.

Each silicon wafer was placed over a circular template 

scored onto the ceramic tile, ensuring that each measurement was 

taken with a consistent position. The white light source was left on 

for 30 minutes to allow the filament to reach thermal equilibrium 

and hence a constant chromaticity. Finally the entire assembly 

was isolated from background light by enclosing it in a matt black 

plastic box.

The film chromaticity could have been recorded simply by 

monitoring the individual intensities and normalizing. However 

because of the limited number of available data acquisition 

channels the wafer chromaticity was recorded in terms of two 

hues i.e the ratios G1961/PD1 and PD1/PD2. The chromaticities x 

and y were extracted from these hues as discussed in Chapter 4.
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In order to reduce random errors each measurement was 

taken twice and then averaged. The repeated readings were taken 

once in order of ascending thickness and once in order of 

descending thickness to examine systematic errors within the 

sensor. Both sets of readings proved identical to within the optical 

noise limits of the system, demonstrating its good stability. 

Digitization errors of 0.00025 introduced by the 12-bit ADC were 

undetectable .

7.2.1. PERFORMANCE OF FILM THICKNESS SENSOR

The sensitivity can be gauged from figure 7.1 which shows 

an objective thickness calibration chart capable of replacing the 

subjective chart described in section 7.1.1. It consists of two hues 

plotted as a function of film thickness.

Figure 7.1 Chromatic calibration of oxide film thickness

Over the first 800A the chromaticity changes by approximately 

0.05 and since the chromatic noise of the system is 0.00025, this 

translates to a sensitivity of 1 part in 200 or 4A. Over the second
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800A the chromaticity changes by approximately 0.2, resulting in 

a sensitivity of lA.
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Figure 7.2 Film thicknesses on the chromatic plane

Figure 7.2 displays the same information on a tristimulus 

graph with the two chromaticities x and y plotted against each 

other. With this representation it is possible to see that the film 

chromaticities appear to describe an ellipse. Levels of chromatic 

drift were monitored over periods of 8 hours. Typically the 

observed levels were approximately 0.3% indicating that the 

stability was sufficient to make 15A resolution a practical 

possibility.

7.2.2. DISCUSSION.

Thin film theory, outlined in section 2.5.4, predicts that the 

reflectance for monochromatic wavelengths is a sinusoidal 

function of film thickness (equation 2.7). The normalized 

chromaticity curves, shown in figure 7.1, are oscillatory functions 

of film thickness. However, they appear to be slightly skewed
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when compared to pure sinusoids, perhaps suggesting a 

superposition of many slightly different sinusoids. The 

superposition would be consistent with the assertion made in 

section 4.2.3, that broadband changes in spectra can be 

represented by a shift in a single dominant wavelength. A possible 

explanation for the deviation from sinusoidal behaviour is that the 

wafers were externally calibrated, several months previously and 

at unknown times. They may have absorbed water vapour in 

proportion to their exposure to the atmosphere, significantly 

affecting their optical characteristics (Francis 1992). Noise and 

drift are not thought to be a factor in the 'distortion' since they are 

barely visible on the scale of the graph.

When the chromaticities are plotted against each other as 

shown in figure 7.2, they trace out an approximately oval shape. 

This shape is characteristic of large changes in hue with 

approximately constant saturation (figure 4.3). It should be noted 

that the locus of chromaticities is not smooth; the smaller 

thicknesses (0-690A) appear to show a linear change in 

chromaticity whilst the larger thicknesses trace out the oval. A 

possible explanation is that for small thickness the intrinsic colour 

of the material has a significant effect on overall colour, whilst for 

larger thicknesses the interference colour becomes dominant.

This experiment demonstrates the possibility of measuring 

film thickness to angstrom precision by chromatic means. As a 

result an effort was made to design a sensor of equal sensitivity 

capable of operating during a plasma etching or deposition 

process.
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7.3 ON-LINE MEASUREMENT OF S i0 2 DEPOSITION

Having demonstrated the possibility of replacing visual

inspection by a chromatic detector the next step was to examine

the advantages obtained by doing this. The resolution and

repeatability (both 20A) are slightly superior to those obtained by 

a skilled observer but automation may have another more

significant advantage. All the tests conducted so far have been off

line tests where measurements are taken after the end of 

processing. Although such measurements are satisfactory for the 

purposes of quality control, measurements taken during 

processing (on-line tests) would be far more attractive since they 

would offer the possibility of controlling a manufacturing process 

to optimize yield.

Visual inspection of a wafer during processing is out of the 

question since the processing plasma emits such a bright light that 

no human operator could accurately judge the colour of a sample. 

Background light would have the same effect on the chromatic 

sensor described above, but well established techniques exist to 

recover signal buried in high background noise.

One of the best known signal recovery techniques is lock-in 

amplification or phase sensitive detection. In this method the 

signal is chopped at a precise frequency and then mixed with a 

reference frequency. The resulting resonant peak serves as a 

band-pass filter (Section 5.2.2) so any background noise not at the 

chopping frequency is strongly attenuated.

In order to incorporate this signal recovery into the thin film 

sensor two modifications had to be made to the experimental
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setup described in section 5.2.1. Firstly a chopper wheel was 

placed between the lamp filament and the source fibre; a chopping 

frequency of 1kHz was selected since it was sufficiently high to 

avoid interference from the harmonics of mains and three phase 

ripple whilst being sufficiently low to avoid being affected by the 

relatively low bandwidth of the photodiodes. Secondly the voltage 

representing the sum of the film and background hues were fed in 

to a Bentham 214 lock-in amplifier and mixed with the 1kHz 

reference pulse used to drive the chopper wheel. The resulting DC 

voltage represents the hue of the film only and this voltage was 

stored in a computer via an ADC.

For the on-line monitoring of thin film deposition, the optics 

were fitted to a silicon oxide deposition chamber by kind 

permission of the departmental semiconductor group. Since the 

chamber consisted of a glass cylinder 20cm in diameter, the fibre 

to substrate distance had to be increased. This would have 

resulted in increased optical losses. To compensate for these losses 

the original 1mm receiver fibre was replaced by a specially 

prepared 3mm fibre bundle. Constraints of space forced the 

adoption of a 45 degree angle for the fibres with respect the 

substrate.

7.3.1. PERFORMANCE OF ON-LINE THICKNESS SENSOR

This equipment was used to monitor the progress of several 

oxide deposition runs each lasting approximately twenty minutes. 

During this period approximately 2000A of silicon oxide were 

deposited on the wafer surface. The exact thickness of the 

deposited film was found by interrupting the run on five occasions
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and removing the wafer to perform ellipsometry; the results are 

shown in figure 7.3:

Figure 7.3 Ellipsometric film thickness as a function of time.

Figure 7.4. Film chromaticity as a function of deposition time

Whilst deposition occurred two chromatic characteristics of the 

wafer were recorded as a function of time; the evolution of these 

chromaticities is shown in figure 7.4. These curves also appear to 

be periodic, although the thickness deposited was only sufficient
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to illustrate a quarter cycle. Figure 7.5 shows this data plotted on 

a chromatic plane.

G1961/SUM

Figure 7.5 Film thickness plotted on a chromatic plane.

7.3.2. DISCUSSION

One of the problems encountered during these experiments 

was the difficulty in obtaining on-line calibration for the sensor, 

since no such equipment was available. To overcome this a 20 

minute calibration run was interrupted at 5 minute intervals and 

the wafer removed to enable the measurement of film thickness 

by ellipsometry. The resultant plot of film thickness against time 

was shown in figure 7.3. Since the plot is approximately linear it 

would have been possible to calibrate the hue curves by 

interpolation. However some work performed in the department 

(Ahmed 1994) offered the opportunity to calibrate the sensor 

using neural networks. The neural network was trained to match 

the chromatic responses of the film sensor to the film thicknesses 

obtained from ellipsometry. The actual film thicknesses and the 

values calculated by the neural network showed excellent
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agreement, proving capable of measuring film thicknesses to 

within 20A as illustrated in figure 7.6:

Figure 7.6 Neural network calibration of the thin film sensor

It is of note that the trace on the chromatic plane (figure 

7.4) is almost linear, in marked contrast to the oval shape 

observed previously. The reason is that in this case the optical 

access to the wafer surface was at approximately 45 degrees in 

contrast to the right angles used previously. This difference in 

angle results in a difference in ‘phase lag’ between the 

chromaticities- in figure 7.1 the chromatic peaks are almost in 

phase whilst in figure 7.3 they are exactly out of phase. This 

change in shape from linear to elliptical in response to a phase 

shift is analogous to the behaviour of Lissajous figures (Hecht 

1975).

7.4 ON-LINE MEASUREMENT OF Si3N4 ETCHING
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The successful demonstration of on-line thin film monitoring 

encouraged the construction of a dedicated system for monitoring 

an accessible RIE system. Although the sensor is primarily 

intended to monitor film deposition (since these are difficult to 

monitor by plasma measurements); film etching can be regarded 

as a time reversed deposition process, so for the purpose of testing 

sensor performance this distinction is unimportant. Etching

endpoints can be detected by plasma measurements but the film 

monitor can yield the instantaneous etch rate which is not easy to 

obtain by other means. An advantage of using the RIE chamber 

was the availability of plasma monitoring as an independent 

method of corroborating endpoints determined by the film sensor.

Because the RIE chamber was commissioned with the film 

sensor in mind, a 2 inch quartz window was available allowing 

convenient observation of the wafer surface. The source and 

receiver fibre bundles accessed this window by using fibre 

connectors drilled into an aluminium faceplate. This arrangement 

allowed the fibres to be orientated normal to the wafer surface

and kept the wafer - fibre distance down to 12cm. A schematic of

this arrangement was shown in figure 5.13.

Whilst waiting for the installation of the RIE etching

chamber an attempt was made to redesign the film monitor with 

the aim of reducing its cost. Since approximately half the cost of 

the monitor was due to the use of a commercial lock-in amplifier, 

the attempt concentrated on eliminating it and incorporating a 

signal recovery system into the detection electronics instead. The 

first intention was to construct a basic lock-in amplifier, however 

before this somewhat ambitious step was taken it was decided
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that a simpler circuit should be tested. This circuit measures the 

total optical intensity arriving from both wafer and plasma when

the reference pulse is switched on but measures only the plasma 

intensity when the reference pulse is switched off. These two 

intensities are recorded as voltages on sample and hold circuits 

and the latter is subtracted from the former; this difference

represents the intensity arriving from the wafer. The light from 

the source was chopped at the reference frequency.

If the optical emissions from the plasma oscillate at the

reference frequency it is possible that this background noise could 

leak into the signal. The plasma emissions were observed in the

frequency domain using an oscilloscope and the frequency of lKHz 

appeared free of plasma oscillations. So this frequency was chosen 

for the reference pulse. The ability of the new design to discard 

background light levels was tested by adding a strong continuous 

beam of white light to the chopped white light arriving from an 

identical source. Without the signal recovery system in operation 

the continuous beam increased the photodetector voltage output 
(aintensity) by 120% (1.2V +/- 4mV); with the signal recovery 

system in operation no appreciable difference (+/-4mV) was 

observed between measurements taken with the continuous beam 

switched on and with it switched off.

7.4.1. PERFORMANCE OF ON-LINE THICKNESS SENSOR

This equipment was used to monitor the progress of several 

nitride etching runs each lasting approximately six minutes. 

During this period approximately 2400A of silicon nitride were 

etched off the wafer surface. Unfortunately no silicon nitride
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wafers with calibrated thickness were available, so it was 

necessary to produce them. A batch of 3 inch GaAs wafers with 

2400A of nitride was available, and a reproducible etch rate of 

400A/min was established to allow calibration. A silicon nitride 

wafer was etched for a period of 30 seconds whilst its 

chromaticity was recorded using the thin film sensor. After this 

period the wafer was removed from the chamber and the nitride 

film thickness was measured using ellipsometry. This process was 

repeated increasing the etch time of the wafers by 30 seconds 

each time until the sixth minute by which time the nitride layer 

had been completely removed. The resulting calibration plot of 

film chromaticity and film thickness as functions of etch time is 

shown in figure 7.7

Chapter 7
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Figure 7.7 Calibration of film chromaticity and film thickness
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Whilst etching occurred two chromaticity characteristics of the 

wafer were recorded as a function of time; the evolution of these 

chromaticities is shown in figure 7.8.

To check repeatability, such curves were recorded for 10 etching 

runs and the average chromaticities calculated for one second 

intervals. The averaged data was then placed in a look-up table 

(LUT) which linked chromaticity to film thickness assuming a 

linear etch rate. The experimentally measured film thickness from 

a single run was then plotted against the average value from the 

LUT. The resulting graph is shown in figure 7.9.
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Figure 7.9 Repeatability of the thin film sensor 

7.4.2. DISCUSSION.

The oscillatory behaviour of the film thickness curves 

shown in figures 7.7 & 7.8 are similar those previously shown in 

figures 7.1 & 7.4. However, they are much closer to the sinusoids 

predicted in equation 2.7 than either of the two previous results; 

showing no clipping or spurious peaks. Since the later experiments 

(at high sampling rates) show the closest agreement with theory 

there is some justification for dismissing the distortions on the 

previous results as artefacts due to inadequate sampling. It should 

be noted that the positive and negative gradients are different. 

This skew may be a result of the asymmetric spectral profile of 

the source since it disappears when an LED is used (Francis 1992).

The repeatability experiments described above yield the 

straight line in shown figure 7.9. The 20A repeatability obtained 

compares well to the 50A claimed by expert observers.
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G1961/Sum

Figure 7.10 Film chromaticity plotted on a chromatic plane.

When the chromaticities are plotted against each other as shown 

in figure 7.10 they trace out an approximately oval spiral. This 

shape is characteristic of large changes in hue with approximately 

constant saturation (figure 4.3). It is notable that the saturation of 

the film chromaticity increases as the film thickness increases; in 

accordance with the theory discussed in section 2.5.4. However 

there is an anomaly for very small thicknesses. Instead of 

continuing to increase the saturation shows a sudden reduction at 

very small thicknesses causing the chromatic trace to cross over 

itself in a manner not predicted by simple theory. A possible 

explanation is that for small thicknesses the intrinsic colour of the 

material has a significant effect on overall colour, whilst for larger 

thicknesses the interference colour becomes dominant. This effect 

makes interpretation slightly more difficult since at the point of 

crossover there are two possible thicknesses. However since
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etching is a progressive process an examination of the etching 

history allows the selection of the correct thickness.

7.5 THE LED BASED THIN-FILM MONITOR

The success of the above tests led to a serious appraisal of 

the sensor costs. The original system consisted of approximately 

£100 worth of electronics, a £1000 white light source and a £2000 

lock-in amplifier. Replacement of the lock-in amplifier by a signal 

recovery circuit eliminated a major part of the cost whilst barely 

increasing the cost of the electronics. Logically the next step was 

to replace the white light source and mechanical chopper by a

solid state source that could be chopped simply by pulsing the 

drive current.

However at the beginning of this project the brightest room 

temperature LEDs available (500mcd) were far too dim to use

with practical (10cm) path lengths. Toward the end of the project 

a new family of LEDs (InGaAsP) became available offering an 

order of magnitude improvement in brightness (lOcd) for a low 

price (£10). These LEDs were available at only one specific 

wavelength (670nm) so it was not possible to construct a

chromatic sensor from them. Nevertheless a single channel system 

was built in anticipation of amber and green LEDs which will 

shortly become available.

The semiconductor group in the department expressed 

interest in applying this sensor for the monitoring of oxide

deposition processes. In response, a prototype system was 

constructed for extensive testing by the group. The published 

results were promising (Francis 1992), confirming oscillatory
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variations in intensity similar to the oscillatory variations in 

chromaticity described in this chapter.
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8.1 INTRODUCTION

One of the major factors determining the performance and 

longevity of industrial machinery is the quality of its lubricating 

oil. Since the degradation of machine oil is a slow process, 

commonly taking months, it has become standard practice to 

replace the oil at regular intervals regardless of its condition. 

Obviously this procedure fails to allow for varying machine loads 

and so might lead to oil being replaced when still in good condition 

or more seriously lead to a delay in replacing poor quality oil.

The colour of pure oil normally ranges from clear yellow to 

deep amber, the impure oils are of a much deeper shade ranging 

from dark brown to black. As a result oil changes are frequently 

decided by an expert observer; however visual inspection 

constitutes an inefficient use of manpower and at best gives only a 

qualitative indication of oil condition. In an industrial 

environment, where any down-time may prove costly, an 

automatic oil-diagnostic system has obvious attractions.

Although a sensor to detect the oil content in water based on 

laser diffractometry has been reported (Snell & Pitt 1983) there is 

little indication in the literature of a general oil condition monitor. 

The advantages of optical sensing discussed in chapter 3 are 

relevant in a harsh environment such as an engine sump, 

particularly when the engine is used in the plasma processing 

industry where strong electromagnetic interference is prevalent.

A novel optical fibre sensor has been developed for the on

line monitoring of oil quality within industrial equipment. The 

monitoring is based on chromatic modulation because of the 

inherent self-referencing demonstrated by this technique. Initially

Chapter 8
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the sensor was designed for use on the vacuum pumps used to 

evacuate plasma chambers. Since the control of plasma pressure 

has a critical effect on plasma processes (Chapter 6) and the

processed material has a very high value, this niche appeared an 

ideal one. Of equal importance is that semiconductor foundries 

normally have many clusters of distributed pumps (Cockrill 1990) 

which are inconvenient to inspect. Furthermore some silicone oils 

(e.g. Fomblin) used in the semiconductor industry can cost several 

hundred pounds per litre, and since a pump may require several 

litres a practical sensor could recover its cost very rapidly.

8.2 SENSOR DESIGN

Preliminary experiments conducted with a simple 

transmissive system were satisfactory but since the degree of 

access to the oil sump can vary greatly from machine to machine, 

the probe was redesigned to operate in a reflective mode so as to 

be minimally invasive. A reflective probe eliminates the need for 

two access ports to the sump as well as avoiding the need to 

bridge the oil sump. Two forms of reflective probes were 

constructed: one using total internal reflection in a prism, and the 

other using a spherical lens and plane mirror combination.

The prismatic approach was an attempt to avoid the 

corrosion problems suffered by silvered surfaces. An equilateral 

prism was drilled longitudinally to provide a path of entry for the 

oil. Optical access to the oil was obtained by butting the emitter 

and receiver fibre to the side of the prism. Collimating lenses were 

used to reduce the divergence of the input and output beams. This 

prototype is shown in figure 8.1
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Emitter
fibre

Receiver
fibre

Figure 8.1 Schematic of the prototype oil probe.

The performance of this design was similar to that of the spherical 

lens and plane mirror assembly described below; however it was 

rejected because of its high cost and fragility when compared to 

the following design.

In the probe incorporating the plane mirror a collimating 

lens was used in order to reduce optical losses due to beam 

divergence. The lens should have as short a focal length as 

possible so as to reduce the probe length. The oil cavity should be 

illuminated by collimated light in order to eliminate variations in 

chromatic aberration caused by changes in the refractive index of 

the oil. This is best achieved by placing the emitter fibre at the 

focus of a biconvex lens; the emergent light is then parallel. A 

probe was made to this design and engineered to survive 

industrial conditions as illustrated in figure 8.2.
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PHOTODETECTOR BASED 
CHROMATICITY SENSOR
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NYLON SPACER 
MAINTAINS R/2
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FIBRE BUNDLE 
25 M LONG = an 'O' ring

Figure 8.2 Schematic of the oil condition probe
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The optical sensor shown above was encapsulated in a 3/8" 

BSP machine screw for protection and ease of access. Separation 

between the optical components was maintained by annular nylon 

spacers. Six holes each with a 3mm radius were drilled into the 

optical cavity, these were sufficiently large to provide good 

drainage for the optical cell without weakening the cell. A glass 

sphere of radius 5mm was placed 2.5mm from the fibre bundle 

and a glass window was placed between the sphere and the plane 

mirror to create the optical cell. A cavity length of 6mm was 

chosen for signal to noise considerations as described in the 

following section.

8.3 PERFORMANCE OF THE OIL SENSOR

The components of this design were sufficiently inexpensive 

and robust for a practical sensor; so the probe was fitted to the oil 

sump of an AEI Metrovac Type GS 10 rotary pump to investigate 

the sensor performance in an industrial environment.

8.3.1 SENSITIVITY TO OIL CONDITION.

Although the difference in hue between pure and impure 

oils is sometimes apparent to the naked eye, the eye is known to 

be very sensitive in discriminating between hues; hence it was 

necessary to ensure that a combination of commercially available 

photodetectors would be capable of discriminating between the 

pure and impure oil samples. Transmission spectra of three 

commercially significant oil samples; Edwards 17, Edwards 15 and 

Crylin 87 were recorded (figures 8.3a-c) whilst within the probe.
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Figure 8.3a Transmission spectra of pure and impure Edwards 17.

Figure 8.3b Transmission spectra of pure and impure Edwards 15.

Figure 8.3c Transmission spectra of pure and impure Crylin 87.
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The spectrum of the standard Lucas source was also recorded and

is shown for comparison. On examination of these spectra the

decision was taken to ignore the 'blue' photodiode and concentrate

on the red and infra-red photodiodes. These spectra were digitized

to allow a computer program (Russell et al 1990) to calculate the

distimulus chromaticity. These values were then compared with

the experimental chromaticity as shown in section 8.3.4. Pure and

impure samples of three industrial pump oils were examined for

their chromatic modulation depth, a parameter defined by:
Chromatieity of pure sample - Chromaticity o f impure sample x jqq 

Chromaticity o f  pure sample

Equation 8.1

(Impure oil being defined as the lowest quality for acceptable use) 

The three oils recommended as being of particular commercial 

interest were Edwards 15, Edwards 17 and Crylin 87; the 

chromaticities of pure and impure samples of these oils are shown 

in figure 8.4. Edwards 15 shows a chromatic modulation depth 

approximately 20% of signal, Edwards 17 shows a modulation 

depth 20% of signal but Crylin 87 shows a modulation depth of 

only 5%, although this is not surprising as both pure and impure 

Crylin 87 are clear to the eye. These experimental values correlate 

well with the computer predictions of a 22% modulation depth for 

Edwards 15, 24% for Edwards 17 and 7% for Crylin 87. These 

computer predictions were based on the iterative solution of the 

colour equations (4.3 & 4.4) using digitized spectra of the source, 

oil samples and photodiodes (Russell et al 1990).
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Figure 8.4 Comparison of the modulation for the three oils.

Chromatic noise levels of approximately 0.1% were 

encountered for the chromatic changes in the two Edwards oils. 

This information allows the calculation of sensor sensitivity, which 

is defined as the ratio of noise to modulation depth (Eckman 

1966). The sensitivity of the sensor to oil purity was 

approximately 0.001/0.2 or one part of impure oil in 200 parts of 

pure oil when applied to the Edwards oils. Higher noise levels of 

approximately 0.005 for Crylin 87 resulted in a lower sensitivity 

of 0.005/0.05 or one part of impure oil in ten parts of pure oil. 

Both these levels of sensitivity are better than those of most 

human inspectors (Cockrill 1990).

The choice of a 6mm cavity length for the oil probe is 

justified in figure 8.5, which illustrates the variation of sensor
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sensitivity with cavity length using Edwards 17 as the test oil. 

This graph shows sensitivity (defined as chromatic modulation 

depth/chromatic noise) reaching a maximum for cavity lengths of 

approximately 6mm.

C avity Length /  m m

Figure 8.5 Sensor sensitivity as a function of cavity length

Shorter cavity lengths reduce the modulation depth since 

insufficient spectral absorption occurs for large chromatic changes. 

Longer cavity lengths result in so much spectral absorption that 

noise becomes increasingly significant and serves to reduce the 

sensitivity. The optimum cavity length is specific to each oil. On 

learning that Edwards 17 was the oil of greatest commercial 

interest to the project sponsor (Baker 1990) the 6mm cavity 

length was chosen for the probe and all subsequent investigation 

were conducted using it as the sample oil.

8.3.2 STABILITY OF OIL CHROMATICITY.

Having established that it is possible to detect the difference 

between pure and impure oils, the next step was to examine the 

stability of the colour output. The chromatic stability of the white
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light source used to illuminate the oil is a critical factor 

determining the overall chromatic stability of the instrument. To 

minimize this limitation a specially designed, stabilized white light 

source (Lucas OSL-00513) with a chromatic drift of approximately 

0.001 and chromatic noise of 0.0005 was used.

In order to test the temperature stability of the probe, the 

sensor head was heated from room temperature to 120 °C whilst 

inside the pump containing pure Edwards 17. The temperature 

change caused a 0.5% chromatic drift on a 20% modulation depth 

whereas the intensity shows a fivefold drift over a comparable 

modulation depth.

Time / Hours

Figure 8.6 Comparative temperature stability of oil sensors.

Figure 8.6 shows the light intensity fluctuating strongly as the 

temperature rises whilst the colour remains remarkably constant,
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vindicating the preference for a chromatic sensor over an 

intensity sensor.

A further noise component may arise from mechanical 

changes in the probe. Chromaticity values from a probe in an 

operational (and hence vibrating) pump were compared to the 

values from the pump when switched off and no measurable 

differences were observed. Other factors causing discrepancies in 

oil chromaticity were related to the initial setup of the sensor and 

are dealt with in the following section.

8.3.3 REPEATABILITY OF OIL CHROMATICITY.

The repeatability of the chromatic signal obtained from 

Edwards 17 was checked by filling and draining the probe in two 

cycles as illustrated in figure 8.7. Oil colour showed a repeatability 

within 1% of the modulation depth, the air colour showed a far 

poorer repeatability of the order of 2%. The implications of this for 

the system viability as an oil level monitor are not as serious as 

they first appear since the chromaticity of air is so much greater 

than that of the oil a 2% drift would not result in confusion 

between the two.

This chromatic instability might be caused by the formation 

of oil films which exhibit thin film interference, so giving rise to 

large chromatic changes. These effects are most pronounced when 

observing the edges of an oil meniscus where light and dark 

interference fringes are visible to the naked eye. Since these films 

were created at an oil/air interface the additional chromatic 

instability created by them is only apparent when the oil drains 

from the probe, once drainage is complete the oil film would be 

too thin to significantly affect the chromaticity.
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Figure 8.7 The repeatability of air and oil chromaticities.

The effect of rotating the fibre bundle within the probe head 

was also examined. Initially a segmented fibre bundle (in which 

the fibres were arranged in quadrants) was employed in the 

arrangement shown in figure 8.2.. The bundle was rotated through 

a complete circle and the percentage of chromatic (PD1/PD2) 

change was recorded as shown on figure 8.8:

360
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Figure 8.8 Chromatic instability caused by fibre rotation.
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The changes were large (2%) and demonstrated that the system 

lacked rotational symmetry. When the segmented bundle was 

replaced by a randomised fibre bundle this source of chromatic 

variation was reduced to a level below that of source noise and 

was therefore undetectable.

8.3.4 LINEARITY OF OIL CHROMATICITY

The linearity of chromatic response was checked by

immersing the sensor in various mixtures of Edwards 17 oil. If 

pure oil is represented as 100% purity and impure oil by 0% 

purity, mixtures of 0%, 20%, 50%, 80% and 100% purity were

created and the resulting chromatic outputs recorded.

Subsequently mixtures of 33% and 66% were also used in order to 

highlight the emerging nonlinearity of response. Figure 8.9 is a 

graph showing the variation of chromatic output from Edwards 17 

oil as a function of purity. The line labelled experimental 

chromaticity displays values obtained using the distimulus sensor 

whereas the line labelled theoretical chromaticity displays values 

calculated from oil spectra. They demonstrate that the chromatic 

variation displays a pronounced sigmoid characteristic, as

predicted by theory (equation 8.4).

The integrals in equation 8.4 were solved using an iterative 

procedure implemented in a computer programme (Morse 1992). 

This programme was fed the digitized spectral responses of the 

white light source, oil samples and photodiode pair. It then 

numerically integrated the product of these spectra with respect 

to wavelength giving a chromaticity value. This procedure
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assumes additive colour mixing (Billmeyer & Saltzmann 1966) 

which may account for the discrepancy between the two curves.

PURITY OF EDWARDS 17/%

Figure 8.9 Chromaticity of Edwards 17 as a function of purity.

The nonlinearity of the sensor response results in a threshold 

purity of approximately 20% and a saturation level of 80% beyond 

which the sensitivity is low. This 'clipping' of the chromatic curve 

for extreme values of purity limits the range of maximum 

sensitivity to the central 60% of the oil purity range.
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8.4.1 DISCUSSION ON SENSOR SENSITIVITY.

The sensitivity of the oil monitor is dependent on its 

modulation depth and noise levels. Precautions against noise have 

been described in chapter 5 so in this section the emphasis will be 

on improving the modulation depth. Crylin 87 gave particular 

problems with regard to modulation depth since its greatest 

spectral change occurred in the green/yellow region of the 

spectrum (figure 8.3c) rather than the red region where the 

photodiode triplet had its maximum sensitivity. On figure 8.10 this 

spectral mismatch between detector and modulator is represented 

by a sensor response (line of chromatic shift) with a large angle of 
convergence (<(>) between the distimulus line and the line of

chromatic shift. Selection of photodetectors with appropriate 

spectral responses reduces this, thus increasing sensor resolution 
by a factor proportional to cos <\>.

Even for Crylin 87 the modulation depth and precision 

obtained are superior to human inspection (Cockrill 1990) and 

sufficient to trigger an alarm signal when oil quality becomes 

unacceptable. However guided by software simulations (Russell 

1990) it was possible to find a photodetector pair (Hamamatsu 

GM5 and G1742) that gave a 12% modulation depth for Crylin 87, 

with a commensurate improvement in sensitivity. This 

improvement was because the Hamamatsu detector pair were a 

better spectral match for Crylin 87. However as this oil is a 

relatively specialist oil no attempt was made to construct a 

specific sensor for it.
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Figure 8.10 Schematic of a sensor response on a CIE diagram.

8.4.2 DISCUSSION ON SENSOR LINEARITY.

Pure and impure oils have different chromaticities and on 

progressive mixing or progressive degradation of pure oil the 

chromaticity varies as a smooth function of oil purity. The 

nonlinearity of this variation is thought to be due to the effects of 

absorption and scattering (section 4.2.4). The chromatic response 

of the distimulus system can be estimated by approximating the 

spectral profiles of the photodetectors to Gaussian curves (with
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height A & width >.p, Moghishi 1990), when the spectral

sensitivity of the photodiodes, Rx and Ry (equation 4.3) become:

R x(X) = Axe ' bx(X" S l )2
2

Ry (A.) = Ay e 'by (X_Xp2) Equation 8.2

and upon substitution of these spectral profiles, first into equation

4.3 and subsequently into equation 4.5, we have

Kx f  P(X) A e ' bx(X~ Xp l )2 d X
x = ---------------------------------- ~ ^ “----- Eq. 8.3

Kx J P(X) A x e ' bx(X_Xp l ) d X  +  K y  J  P(X) A y e ' by (X_Xp 2 ) d X

As a further approximation, equation 8.3 can be simplified by 

characterising the spectrum P(A.) by a single dominant wavelength 

(A,d) in the region of spectral overlap:

x = (Constant)
K , A . t W p l > '

K I A , e ’b , < l d4 p l > ♦ Ky A y e ' M W *

Y Eq. 8.4

Appropriate values of responsivity(R), dominant wavelength(^d), 

detector bandwidth(A,p) and electronic gain (K) were substituted 

into equation 8.4 to yield the theoretical curve shown in figure 

8.9. This analysis of the chromatic variation as a function of 

wavelength A,d yields a sigmoid curve. Equation 8.4 only expresses 

the variation of chromaticity with a monochromatic signal but 

because broad spectral signals can be represented by changes in a 

single dominant wavelength as defined by the CIE colour system 

(Jones et al 1987); changes in this wavelength are equivalent to a 

monochromatic wavelength shift. Since the dominant wavelength
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A,d is a function of the oil purity (equation 8.4), the oil chromaticity 

is also a function oil purity as shown in figure 8.9.

Despite the approximations made in equations 8.2 and 8.4, 

the final equation shows a reasonable fit to the data considering 

that factors such as differential absorption and scattering have 

been ignored. In order to account for effects of differential 

absorption and scattering without access to the spectra of the 

mixtures, the equations for complex subtractive mixing would 

have to be applied. Since these equations commonly have no 

analytic solutions and demand considerable processing power 

(Billmeyer & Saltzmann 1966), the instrument was empirically 

calibrated.

It might be argued that for the purpose of instrument design 

a linear response characteristic would be preferable. However as 

the sensor described is intended as a warning system for an 

industrial end-user the low sensitivities for small deviations from 

complete oil purity might be seen as an advantage.

8.5 CONCLUSIONS

The on-line fibre optic oil condition monitor is capable of 

measuring the state of purity of machine oils in an industrial 

environment despite high temperatures and electromagnetic 

interference. The sensor is shown to exhibit long-term stability 

and is capable of operating up to a temperature of at least 120°C. 

Several industrial oils have been examined using the sensor; 

typical modulation depths of 20% were obtained with noise in the 

range of 0.1%. These levels of resolution and noise are sufficient 

for the sensor to predict the optimum time for a system oil
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change. They also enable the sensor to monitor oil leaks within a 

system since it can distinguish between the chromaticity of oil and 

air.

A direct comparison of the oil sensor performance with that 

of competing sensors is not possible in this case since no published 

accounts of comparable sensors have been found. The novelty of 

the oil sensor is one of its major attractions. Another attraction is 

the wide range of possible applications; automotive, aerospace and 

marine applications suggest themselves. However the monitoring 

of transformer oils in electricity substations seems particularly 

attractive (Guruprasad 1993) since their isolation makes visual 

inspection more difficult than for the other cases were human 

observers are commonly available.

Possible applications are not limited to oil monitoring. There 

are doubtless many liquid phase processes in the chemical 

industry where the reaction kinetics can be monitored by 

absorption spectroscopy; but which are not monitored because of 

the high cost of this technique. Many of these could probably be 

monitored inexpensively by a suitably tailored chromatic sensor.
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9.1 PERFORMANCE OF THE OPTICAL SENSORS

A review of plasma processing techniques has highlighted 

some of the problems encountered by the semiconductor industry, 

in their attempts to ensure high product quality. Three process 

monitoring characteristics were considered; the condition of the 

processing plasma, the thickness of dielectric thin films and the 

condition of the vacuum pump oils. These characteristics were 

linked by the fact that human experts were capable of monitoring 

them by observing their colour. This connection encouraged the 

investigation of electronic colour sensing as a generic technology 

for the plasma processing industry.

Formal concepts of colour and chromaticity were introduced 

and the variation of colour was studied as a function of spectral 

mixing and spectral shifts. It was found that additive spectral 

mixing resulted in linear chromatic shifts with a characteristic 

gradient for each pair of spectra; this allowed the chromatic sensor 

to distinguish between spectral changes which appear identical to 

an intensity sensor. When the wavelength of the incoming 

spectrum shifted the chromaticity was found to trace out a curve 

the radius of which was proportional to the chromatic saturation; 

this allowed the chromatic sensor to distinguish between 

chromatic orders which appear identical to the eye. These 

advantages coupled to its insensitivity to intensity fluctuations 

and efficient use of optical power encouraged the development of 

electronic sensors designed to operate on chromatic principles.

Practical implementation of chromatic sensing has been 

described and the performance of the sensor was evaluated in
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terms of sensitivity(%), stability(%) and repeatability(%). The 

commercial value of each sensor is best appreciated by direct 

comparison with competing technologies.

Semiconductor quality is known to depend on the physical 

and chemical condition of the processing plasma. Table 9.1 refers 

to the chromatic sensor when applied to plasma 

condition/endpoint monitoring and compares its performance to 

that of the two methods most commonly employed, optical 

spectrometry and visual inspection.

S e n so r

P a ra m eter

Chromatic

Sensing

Optical

Spectrometry

Visual

Inspection

Mixture

Sensitivity

1.7% change in

CF4 /O2  :N2

1% change in

CF4 /O2  :N2

10% change in

CF4 /O2  :N2

Power

Sensitivity

2W in CF4 /O2 1W in CF4 /O 2 3W in CF4 /O 2

Pressure

Sensitivity

1.7mTorr in

CF4 /O2

lmTorr in

CF4 /O2

5mTorr in

CF4 /O2

Optical

Sensitivity

lOnW 25|iW Variable

Noise 0.05% 0.01% Variable

Bandwidth 5Hz(upto 5kHz) 10Hz 1Hz

Table 9.1 A comparison of plasma condition sensors.

This table shows that chromatic sensing demonstrates a 

sensitivity to plasma mixture, power and pressure that is 

comparable to that shown by optical spectroscopy and 

significantly superior to visual inspection. However the optical
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sensitivity of the eye and chromatic sensor are significantly better 

than that of spectrometers since they require no dispersive 

elements. The chromatic plasma condition monitor can potentially 

have a far higher bandwidth than the alternatives, making it the 

preferred choice for on-line process control. It should be noted 

that the bandwidth of the most modern CCD based spectrometers 

can match those of the chromatic sensor but these are even more 

expensive than the spectrometer shown. Perhaps the most 

significant advantage of chromatic sensing is its relatively low cost 

of implementation.

S en so r

P a ra m eter

Chromatic

Sensing

Optical

Spectrometry

Visual

Inspection

Thickness

Sensitivity

2 À of Si3N4 2Á of SÌ3 N4 15À of SÌ3 N4

Optical

Sensitivity

1 On W 25pW Variable

Repeatability 2 0 À of Si3N4 20Á of SÌ3 N4 50Á of SÌ3 N4

Bandwidth 5Hz 10Hz 1Hz

Table 9.2 A comparison of film thickness sensors.

Constant thickness of dielectric films is one of the key 

quality parameters in semiconductor processing. The chromatic 

thin-film monitor is compared with the methods of optical 

spectrometry and visual inspection which are currently used in 

the semiconductor industry. This comparison is made in table 9.2, 

which illustrates that chromatic sensing and spectrometry share 

good sensitivity, stability and are capable of on-line application.
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The good optical sensitivity of visual and chromatic systems 

is less significant in this application than in the plasma monitor 

since the source intensity can be increased arbitrarily; as a result 

the only advantage of visual inspection is that it is ‘free’ although 

the salary of an expert operator may be significant. The choice 

between the performance spectrometry and chromatic sensing is 

less clear cut; as before the most significant advantage of 

chromatic sensing is its relatively low cost of implementation.

Unlike the previous sensing applications the field of oil 

condition monitoring has not resulted in the development of 

specific sensors as can be seen from the lack of published 

material. Although oil degradation is of commercial significance it 

normally occurs so slowly that periodic visual checks are sufficient 

to ensure that adequate quality is maintained. The period between 

observations can be several weeks but the large number of pumps 

employed in a semiconductor processing foundry ensure that this 

can still be a time consuming operation.

Sensor Parameter Chromatic Sensing Visual Inspection

Im purity

Sensitivity

0.1% of Edwards 17 5% of Edwards 17

Repeatability 0.1% of Edwards 17 3% of Edwards 17

Bandwidth 5 Hz Weekly

Table 9.3 Performance of the chromatic oil condition sensor.

The performance of a chromatic oil condition monitor is compared 

to visual inspection in table 9.3. The chromatic oil monitor 

demonstrates significant advantages over visual inspection in the
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areas of sensitivity, repeatability and bandwidth. These 

advantages in conjunction with the relatively low price indicate 

that the sensor is well suited to replacing visual inspection in 

applications where intermittent inspection may overlook critical 

faults.

9.2 SUGGESTIONS FOR FUTURE WORK

One notable advantage of chromatic modulation over 

spectrometry is the ease with which it can be adapted to spatial 

monitoring. The colour of each point on a plane can be measured 

simply by replacing the photodiode triplet by a trichromatic CCD 

array. Advances in CCD technology have reduced their cost to the 

point where the their application to industrial sensing has become 

viable. Recently it has been reported (Takikawa & Sakakibara 

1991) that CCD arrays provide valuable spatial information when 

used to monitor flames used in industrial combustion chambers. 

This technique may provide valuable information (Ahmed 1994) 

when applied to plasma monitoring, since spatial information on 

the chromaticity of a plasma discharge may lead to better control 

of etching uniformity over a large electrode. Most plasma monitors 

cannot be easily modified to yield spatial information so this 

possibility is worthy of further research.

Spatial maps of film thickness would also be of great interest 

since nonuniform film thickness is a major problem in 

semiconductor manufacture. Currently uniformity is quantified by 

the thickness gradient between two points; this value is used to 

judge wafer quality and is sometimes used to judge the suitability 

of the plasma processing parameters being used. A CCD generated
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contour map of film thickness would provide more detailed 

information on uniformity and might therefore result in 

improvements in process control. It might even be possible to 

provide a real time evolution of a film thickness contour and 

correlate this with changes in the spatial distribution of the 

processing plasma. But even if this is not possible the promise of 

improved wafer characterization is of sufficient interest to 

warrant further investigations.

Another area for future research is the selection of light 

sources. Advances in semiconductor sources are so rapid that they 

may soon replace tungsten filament lamp source used for the thin 

film and oil sensors. Ultrabright red LEDs are already available 

and their use has been described in chapter 7, but when 

ultrabright green and blue LEDs become available it may become 

possible to use a triplet of such LEDs as the source for a chromatic 

sensor. Their main advantage would be their low cost but since 

their emission linewidths are relatively narrow and fail to cover 

the entire visible spectrum their use in chromatic sensors must be 

viewed with caution.

One significant alteration should be made to the chromatic 

sensors described in this thesis before they become suitable for 

commercial production. The simple analogue circuitry described in 

chapter 5 should be replaced by more noise tolerant digital 

circuitry. Shortly after the completion of this thesis these 

modifications were made by Chell Instruments Ltd. (Edwards 

1993) from whom a commercial chromatic plasma monitor is 

currently available for purchase.
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P l a s m a  p r o c e s s e s  a r e  n o w  w i d e l y  u s e d  i n  

i n d u s t r y ,  e s p e c i a l l y  f o r  s u r f a c e  m o d i f i c a t i o n  

a n d  f o r  s e m i c o n d u c t o r  p r o c e s s i n g .  T h e  c o m p l e x  

n a t u r e  o f  t h e  p l a s m a  s t a t e  m a k e s  i t  d i f f i c u l t  

t o  a c c u r a t e l y  p r e d i c t  t h e  b e h a v i o u r  o f  a  

p l a s m a  p r o c e s s i n g  s y s t e m ,  l e a d i n g  t o  p r o b l e m s  

i n  s e t t i n g  u p  a  s t a b l e  p r o c e s s .  A l l  p l a s m a  

s y s t e m s  h a v e  t o  b e  i n d i v i d u a l l y  c h a r a c t e r i s e d  

t o  p r o d u c e  a  s y s t e m  s p e c i f i c  o p e r a t i n g  r e c i p e .

H a v i n g  e s t a b l i s h e d  a  s t a b l e  o p e r a t i n g  p o i n t ,  

f u r t h e r  p r o b l e m s  a r i s e  d u e  t o  v a r i a t i o n s  

b e t w e e n  r u n s .  M a n y  s e m i c o n d u c t o r  p r o c e s s e s  

a r e  s e n s i t i v e  t o  v a r i a t i o n s ,  l e a d i n g  t o  

c h a n g e s  i n  t h e  r e s u l t i n g  d e v i c e  

c h a r a c t e r i s t i c s .

A n u m b e r o f  t e c h n i q u e s  h a v e  b e e n  u s e d  t o  

m o n i t o r  a n d  c h a r a c t e r i s e  p l a s m a s .  T h e s e  

c o n v e n t i o n a l  m o n i t o r i n g  s y s t e m s  a r e  e i t h e r  

i n t r u s i v e  ( e g  t h e  L a n g m u ir  p r o b e )  o r  r e l y  o n  

s p e c t r o s c o p i c  a n a l y s i s  o f  t h e  p l a s m a ,  e i t h e r  

o p t i c a l  o r  m a s s  s p e c t r o m e t r y .  T h e  L a n g m u ir  

p r o b e s  c a n  g i v e  u s e f u l  i n f o r m a t i o n  o n  t h e  

s t a t e  o f  t h e  p la s m a  a n d  h a v e  b e e n  s u c c e s s f u l l y  

u s e d  i n  t h e  t r a n s f e r r a l  o f  p r o c e s s e s  b e tw e e n  

c h a m b e r s  [ 1 ] .  H o w e v e r , b e c a u s e  o f  t h e i r

i n t r u s i v e  n a t u r e ,  L a n g m u ir  p r o b e s  w o u ld  n o t  

b e  a c c e p t a b l e  a s  c o n t i n u o u s  m o n i t o r s ;  t h e  

p r o b e  t e n d s  t o  c a u s e  a  l o c a l  d i s t u r b a n c e  i n  

t h e  p la s m a  t h a t  a f f e c t s  u n i f o r m i t y  a c r o s s  t h e  

p r o c e s s i n g  s y s t e m .

O p t i c a l  a n d  M ass  s p e c t r o m e t r y  h a v e  b o t h  b e e n  

u s e d  t o  p r o v i d e  i n f o r m a t i o n  o n  p la s m a  

p r o c e s s e s  [ 2 ] ;  b o t h  t e c h n i q u e s  a r e  n o n  

i n v a s i v e  a n d  g i v e  i n f o r m a t i o n  o n  t h e  i o n i c  

c o n t e n t  o f  t h e  p l a s m a .  B o th  o f  t h e s e  

t e c h n i q u e s  c a n  b e  u s e d ,  o n  a  r u n  b y  r u n  b a s i s ,  

a n d  c a n  i n d i c a t e  v a r i a t i o n s .  H o w e v e r ,  t h e  

i n s t r u m e n t s  r e q u i r e d  f o r  t h e s e  t e c h n i q u e s  a r e  

e x p e n s i v e  a n d  p r o d u c e  d a t a  t h a t  i s  n o t  e a s i l y  

i n t e r p r e t e d .

I n  t h i s  c o n t r i b u t i o n  a  n o n - i n v a s i v e  m o n i t o r i n g  

s y s t e m  i s  d e s c r i b e d ,  b a s e d  u p o n  c h r o m a t i c  

m o d u l a t i o n .  T h i s  s y s t e m  m o n i t o r s  t h e  o p t i c a l  

e m i s s i o n s  o f  t h e  p l a s m a  a n d  p r o d u c e s  r a p i d  

o u t p u t  i n d i c a t i n g  t h e  c u r r e n t  s t a t e  o f  t h e  

p l a s m a .  T h e  o u t p u t  f r o m  t h i s  s y s t e m  c a n  b e  

u s e d  t o  i n d i c a t e  v a r i a t i o n s  f r o m  o n e  r u n  t o  

a n o t h e r  a n d  t o  i d e n t i f y  p r o b l e m s  w i t h i n  a  

r u n .

2  C h r o m a t i c  m o d u l a t i o n  b a s e d  c e n s o r s

C h r o m a t i c  s o d u l a t i o n  r e f e r s  t o  t h e  u t i l i s a t i o n  

o f  p o l y c h r o m a t i c  l i g h t  f o r  s e n s i n g  c h a n g e s  

w i t h i n  a  p h y s i c a l  s y s t e m .  C h r o m a t i c  s e n s o r s  

a r e  b a s e d  o n  a n  a r r a y  o f  p h o t o  d e t e c t o r s  w i t h  

o v e r l a p p i n g  w a v e l e n g t h  d e p e n d e n t  r e s p o n s e ' s  

c  ( 1 )  . T h e  o u t p u t  f ro m  e a c h  d e t e c t o r  w h en  u s e d  

t o  m o n i t o r  a n  o p t i c a l  s i g n a l  h a v i n g  a  s p e c t r a l  

p o w e r  d i s t r i b u t i o n  P ( l )  w i l l  b e

v f p ( i ) C ( X ) d X

F o r  m any o p t i c a l  s y s t e m s  t h e  m o n i t o r i n g  s y s t e m  

i s  o p t i m i s e d  u s i n g  t h r e e  d e t e c t o r s  w i t h  

r e s p o n s e s  c | ( l ) ,  Cy(l) and c^(A) g iv in g  th r e e  ou tp u ts

V , - f p ( X ) C t i X > d X  1
V r - f p ( X ) C r ( X ) d Xl
V x - f p { X ) C , i X ) d X

T h a a a  t b r a a

a c c o r d i n g  Co

o u t p u t s  c a n  b a  n o r m a l i s a d
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X * V g { v g * v r * v s ) -l 

y V r iVx*vr *vzi 

2“̂ ( VVVVVV ’l

T h e  r e s u l t i n g  p a r a m e t e r s '  x , y  a n d  z  f o r m  

c h r o m a t i c i t y  c o - o r d i n a t e s  w h i c h  q u a n t i f y  t h e  

s p e c t r a l  s i g n a t u r e  P ( l ) .  T h e  s t a t e  o f  a r t y  o r e  o f  

t h e  c h r a n a t i c i t y  c o - o r d i n a t e s  c a n  b e  o b t a i n e d  f r c m  a  

k n o w l e d g e  o f  t h e  o t h e r  t w o ,  h e n c e  o n e  o f  t h e  t e r m s  i s  

r e d u n d a n t .  I f  t h e  d e t e c t o r  r e s p o n s e ' s  c * ,  C y  a n d  c ,  

w e r e  m a d e  t o  c o r r e s p o n d  t o  t h o s e  o f  t h e  a o n e s  i n  t h e  

h u m a n  e y e  t h e n  t h e  r e l a t i n g  x ,  y  p l o t  f o r m a  t h e  C X E  

c h r o m a t i c l t y  d i a g r a m  w h i c h  i s  w e l l  k n o w n  i n  t h e  f i e l d  

o f  c o l o u r  s c i e n c e  [ 3 ] .  I n  t h i s  r e p r e s e n t a t i o n ,  

s a t u r a t e d  o r  p u r e  o o l o u r s  r e s i d e  a r o u n d  t h e  p e r i p h e r y  

o f  t h e  c h r a n a t i c i t y  c u r v e ,  w h e r e a s  o c a p o s i t e  s p e c t r a l  

s u y x i c u r e e  r e s i d e  w i t h i n  t h e  a r e a  e n c l o s e d  b y  t h e  

c h r o a a t i c i t y  b o u n d a r y .

T h e s e  c o n s i d e r a t i o n s  h a v e  i e p o r t a n c e  i n  

r e l a t i o n  t o  o p t i c a l  s e n s o r s .  F i r s t l y ,  t h e r e  

i s  t h e  i m p l i c a t i o n  t h a t  a v e n  c o m p l i c a t e d  

s p e c t r a l  s i g n a l s  c a n  b e  q u a n t i f i e d  i n  t e r m s  o f  

o n l y  tw o  p a r a m e t e r s '  x  a n d  y ,  a n y  c h a n g e  i n  

t h e  s p e c t r a l  s i g n a t u r e  c a n  t h e r e f o r e  b e  

q u a n t i f i e d  i n  t e r m s  o f  a  c h a n g e  i n  t h e s e  tw o  

p a r a m e t e r s .

A p r o p e r t y  o f  t h e  c h r o m â t i c i t y  c o - o r d i n a t e s  x ,  

y  a n d  z  i s  t h a t  t h e y  a r e  n o r m a l i s e d  w i t h  

r e s p e c t  t o  t h e  e f f e c t i v e  o p t i c a l  p o w e r  c o n t e n t

«vx> *cru> *ctu> ><«.

A s  a  r e s u l t  o f  t h i s  p r o p e r t y  a  c h r o m a t i c  

s e n s i n g  s y s t e m  i s  l e s s  s e n s i t i v e  t o  c h a n g e s  i n  

t h e  i n t e n s i t y  o f  t h e  l i g h t  b r o u g h t  a b o u t  b y  

c h a n g e s  i n  t h e  t r a n s m i s s i v i t y  o f  t h e  o p t i c a l  

p a t h .  H e n c e  c h a n g e s  i n  i n t e n s i t y  d u e  t o  a 

b u i l d  u p  o f  d e p o s i t  o n  a  p l a s m a  c h a m b e r  w i n d o w  

w o u l d  h a v e  l i t t l e  a f f e c t  o n  t h e  c h r o m a t i c  

s  i g n a 1 .

C h r o m a t i c  s e n s o r s  h a v e  b e e n  s u c c e s s f u l l y  

d e v e l o p e d  f o r  a  n u m b e r  o f  i n d u s t r i a l  a n d  

m e d i c a l  m o n i t o r i n g  a p p l i c a t i o n s  [ 4 , 5 ] .  i n  

t h i s  w o r k  t h e y  h a v e  b e e n  d e v e l o p e d  

s p e c i f i c a l l y  f o r  m o n i t o r i n g  p l a s m a  p r o c e s s e s .

T h e  s e n s i t i v i t y  o f  t h e  o p t i c a l  s y s t e m  i s  

c r i t i c a l l y  d e p e n d e n t  o n  t h e  c h o i c e  o f  

d e t e c t o r s  u s e d .  A s o f t w a r e  p a c k a g e  h a s  b e e n  

p r o d u c e d  t o  a i d  i n  t h e  d e v e l o p m e n t  o f  t h e  

c h r o m a t i c  s e n s o r s .

i  S i m u l a t i o n  s o f t w a r e

A s u i t e  o f  p r o g r a m s  h a v e  b e e n  p r o d u c e d ,  i n  ' C '  

a n d  a s s e m b l y  l a n g u a g e ,  f o r  DOS w o r k s t a t i o n s .  

T h e s e  p r o g r a m s  a l l o w  t h e  u s e r  t o  s p e c i f y  a n  

o p t i c a l  s i g n a l  a s  i n p u t  a n d  c h o o s e  f r o m  a  

s e l e c t i o n  o f  p h o t o  d e t e c t o r s .  T h e  s o f t w a r e  

c a l c u l a t e s  t h e  c h r o m a t i c i t y  c o - o r d i n a t e s  o f  

t h e  o p t i c a l  s i g n a l  u s i n g  t h e  s e l e c t e d  p h o t o  

d e t e c t o r s .  T h e  p u r e  c o l o u r  b o u n d a r y  f o r  t h e  

d e t e c t o r s  i s  d i s p l a y e d  g r a p h i c a l l y  a n d  t h e  

p o s i t i o n  o f  t h e  o p t i c a l  s i g n a l  w i t h i n  t h i s  

b o u n d a r y  i s  i n d i c a t e d .

T h e  s i m u l a t i o n  s o f t w a r e  c a n  b e  u s e d  t o  

q u a n t i f y  t h e  c h a n g e  i n  c h r o m a t i c i t y  c o 

o r d i n a t e s  o b s e r v e d  w h en  t h e  s p e c t r a l  c o n t e n t  

o f  a n  o p t i c a l  s i g n a l  c h a n g a s .  T h e  

s e n s i t i v i t y  o f  t h e  s e n s i n g  s y s t e m  t o  t h i s  

c h a n g e  c a n  b e  m a x im i s e d  b y  s e l e c t i n g  d i f f e r e n t

f i g u r e  1 D e m o n s t r a t e s  t h e  u s e  o f  s i m u l a t i o n  s o f t w a r e  i n  t h e
d e v e l o p m e n t  o f  c h r o m a t i c  s e n s o r s  f o r  p l a s m a  m o n i t o c m g .
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c o a o m a t i o n s  o f  p h o t o  d e t e c t o r s  a n d  c h o o s i n g  

t h e  s e t  g i v i n g  C h e  l a r g e s t  c h a n g e  i n  

c h r o n a c i c i c y  c o - o r d i n a t e s .

An e x a m p l e  o f  C h e  u s e  o f  t h i s  s o f t w a r e  m  t h e  

a e v e l o p m e n t  o f  s e n s o r s  f o r  p l a s n a  m o n i t o r i n g  

i s  s n c w n  m  f i g u r e  1 .  T h e  s p e c t r a l  e m i s s i o n  

a :  a p l a s m a  d e p e n d s  o n  a  v a r i e t y  o f  

p a r a m e t e r s ,  e s p e c i a l l y  t h e  m i x t u r e  o f  g a s e s  

w i t h i n  t h e  p l a s m a .  A n y  c h a n g e  i n  g a s  m i x t u r e ,  

d u e  t o  l e a x a g e  o r  v a r i a t i o n  i n  t h e  m a s s  f l o w  

c o n t r o l l e r ,  w i l l  p r o d u c e  a  n o t i c e a b l e  c n a n g e  

i n  c n r c n a t i c i t y  c o - o r d i n a t e s .  T h e  s p e c t r a l  

e m i s s i o n  o f  a  p l a s m a  c a n  b e  m o n i t o r e d  u s i n g  a 

s p e c t r o m e t e r  f o r  a  s e r i e s  o f  r u n s  w i t h  

d i f f e r e n t  c o n d i t i o n s .  T h e  s p e c t r a  f r o m  e a c h  

r u n  c a n  o e  i n p u t  i n t o  t h e  s o f t w a r e  p a c k a g e  a n d  

t h e  c h r o m a t i c i t y  c o - o r d i n a t e s  c a l c u l a t e d  f o r  

a  s e r i e s  o f  d e t e c t o r  s e t s .  T h e  a o s t  s e n s i t i v e  

d e t e c t o r  s e t  c a n  t h e n  b e  u s e d  i n  a  f u l l  

c h r o m a t i c  m o n i t o r i n g  s y s t e m .

T h e  c h r o m a t i c  m o n i t o r  h a s  s u c c e s s f u l l y  

i d e n t i f i e d  f a u l t s  i n  t h e s e  s y s t e m s  a n d  h a s  

b e e n  u s e d  t o  g i v e  i n f o r m a t i o n  a b o u t  t h e  s t a t e  

o f  t h e  p r o c e s s .

'•’• 'hen  u s e d  t o  m o n i t o r  t n e  s i l i c o n  o x i d a t i o n  

c h a m s e r ,  a r e s e a r c h ,  s y s t e m ,  t h e  o p t i c a l  o u t o u t  

v a r i e d  c y c l i c a l l y  w i t h  t i m e .  T h i s  c y c l i c a l  

v a r i a t i o n  p r o v e d  t o  b e  t h e  r e s u l t  o f  a  p o w e r  

s u p p l y  i r . s t a o i l i t y .

T h e  c h r o m a t i c  m o n i t o r  w a s  u s e d  t o  o b s e r v e  

v a r i a t i o n s  i n  t h e  o p t i c a l  e m i s s i o n s  c a u s e d  by 

v a r y i n g  t h e  p r o c e s s  p a r a m e t e r s .  T h e s e  

o o s e r v a t i o n s  w e r e  p e r f o r m e d  b o t h  o n  t h e  p l a s m a  

n i t r i d i . - . g  s y s t e m  a n d  o n  t h e  3 1 2  s y s t e m .  I n  

b o t h  c a s e s  s i g n i f i c a n t  c n a n g e s  i n  o p t i c a l  

e m i s s i o n  w e r e  o b s e r v e d .  F i g u r e  2 s h o w s  t h e  

v a r i a t i o n  i n  c n r o m a t i c i t y  w i t h  p r e s s u r e .  

S i m i l a r  r e s u l t s  c o u l d  b e  p l o t t e d  f o r  

v a r i a t i o n s  w i t h  p o w e r  a n o  g a s  m i x t u r e .

PD3/SUM
F i g u r e  2 T h e  v a r i a t i o n  i n  c r . r o m a t i c i t y  w i t h  p r e s s u r e .

A s e n s o r  b a s e d  on  c h r o m a t i c  m o d u la t i o n  h a s  

b e e n  d e v e lo p e d  f o r  m o n i to r in g  p r o c e s s i n g  

p la s m a s .  T he o p t i c a l  e m i s s i o n  o f  t h e  p la s m a  

i s  a c c e s s e d  th r o u g h  a  q u a r t :  v ie w  p o r t  u s i n g  

a n  o p t i c a l  f i b r e ,  a l l o w i n g  t h e  e l e c t r o n i c  

i n s t r u m e n t a t i o n  t o  b e  s i t u a t e d  aw ay fro m  t h e  

t  p r o c e s s i n g  c h a m b e r .  T h e  m o n i to r in g  s y s t e m  i s  

b a s e d  on  t h r e e  p h o to  d e t e c t o r s  c o v e r i n q  t h e  

v i s i b l e  s p e c t r u m  a n d  e x t a n d i r .g  i n t o  t h e  n e a r  

i n f r a r e d .  T h i s  s y s t e m  h a s  b e e n  u s e d  t o  

m o n i to r  a  n u m b e r o f  s e m i c o n d u c t o r  p r o c e s s i n g  

p l a s m a s ,  i n c l u d i n g ;  •  r e a c t i v e  i o n  e t c h i n g  

p r o c e s s  ( R I E ) , a  p la s m a  n i t r i d i n g  p r o c a s a  a n d  

a  s i l i c o n  t h e r m a l  o x i d a t i o n  p r o c a s a .

When e t c h i n g  a n  i n s u l a t i n g  l a y e r  o f f  a 

s e m i c o n d u c t o r  s u b s t r a t e  i t  i s  i m p o r t a n t  t o  

know  w hen t h e  e t c h  h a s  f i n i s h e d ,  t h u s  

p r e v e n t i n g  o v e r - e t c h i n g .  T h e  c h r o m a t i c  

m o n i to r  sh o w s a  c l e a r  c h a n g e  w hen t h e  end  

p o i n t  o f  t h e  e t c h  i s  r e a c h e d  ( f i g u r e  3 ) .  T he 

d a t a  p l o t t e d  i n  f i g u r e  3 a l s o  i n d i c a t e s  t h a t  

t h e r e  i s  a s i g n i f i c a n t  d e l a y  a f t e r  s w i t c h i n g  

o n  t h e  p la s m a  b e f o r e  e t c h i n g  b e g i n s .  T h i s  

d e l a y  i s  t h e  r e s u l t  o f  w a te r  c o n d e n s in g  o n  th e  

c h a m b e r  w a l l s  w h i l s t  t h e  c h a m b e r  i s  o p e n  f o r  

s a m p le  l o a d i n g .  T h i s  e f f e c t  c a n  b e  rem o v ed  by 

l o a d in g  t h e  s a m p le  th r o u g h  a  p o r t  w i th  th e  

c h a m b e r  f i l l e d  w i th  n i t r o g e n .  T h i s  e f f e c t  

i l l u m t r a t e m  t h e  a b i l i t y  o f  t h e  c h r o m e t i c  

s e n s o r  t o  g i v e  r a p i d  i n f o r m a t i o n  on 

i r r e g u l a r i t i e s  w i t h i n  t h e  p la s m a .
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F i g u r e  3 C h r o m a t  i c  m e n t o r s  n a v e  o e e n  u s e d  : j  d e t e c t  t . \ e  >:' .u«rt (E) 
a n a  e n d  p o i n t  ( £ . ? . )  o f  a n  e t c h i n g  p r o c e s s .

5 C o n c l u s i o n s

O p t i c a l  s e n s o r s  b a s e d  o n  c h r o m a t i c  m o d u l a t i o n  

h a v e  b e e n  s u c c e s s f u l l y  d e v e l o p e d  f o r  

m o n i t o r i n g  p l a s m a  e m i s s i o n s .  A  s o f t w a r e  

s i m u l a t i o n  p a c k a g e  h a s  b e e n  d e v e l o p e d  t o  a l l o w  

t h e s e  s e n s o r s  t o  b e  o p t i m i z e d  f o r  a n y  p l a s m a  

w h i c h  h a s  o p t i c a l  e m i s s i o n s  i n  t h e  v i s i b l e  a n d  

n e a r  i n f r a r e d  w a v e l e n g t h  r a n g e .

T h e  i n h e r e n t  s i m p l i c i t y  o f  t h e s e  s e n s o r s  

e n s u r e s  t h a c  c h a n g e s  o c c u r r i n g  i n  t h e  o p t i c a l  

e m i s s i o n s  o f  t h e  p l a s m a  c a n  b e  i d e n t i f i e d  

r a p i d l y ,  v e r  a  w id e  w a v e l e n g t h  r a n g e ,  g i v i n g  

a  s i g n i f i c a n t  a d v a n t a g e  o v e r  o p t i c a l  

s p e c t r o m e t e r  t e c h n i q u e s .  D e s p i t e  t h e i r  

s i m p l i c i t y  t h e y  a r e  c a p a b l e  o f  d i s c r i m i n a t i n g  

c h a n g e s  i n  o p t i c a l  s p e c t r a l  s i g n a t u r e s  a s  low  

a s  O .O lnm  i n  w a v e l e n g t h .
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A bstract. A nove l o p tic a l f ib re  sen sor has been deve loped  fo r on -lin e  m on ito rin g  of 
o il q u a lity  w ith in  in d u s tr ia l equ ipm en t. The m o n ito rin g  is based on ch ro m a tic  
m od u la tion  because  o f the Inhe ren t se lf-re fe re n c in g  dem onstra ted  by th is  techn ique . 
The sen so r is show n to  e x h ib it long -te rm  s ta b ility  and is cap ab le  of op e ra tin g  up to 
a te m pe ra tu re  o f 120 °C. S eve ra l in d u s tr ia l o ils  have been exam ined  using the 
sensor, and typ ica l m o d u la tio n  dep ths  of 2 0 %  w e re  ob ta ined  w ith  reso lu tions  In the 
range  of 0.1% . T h is  is s u ffic ie n t to reco rd  som e in te res tin g  phys ica l and chem ica l 
changes re la ted  to th e  re a c tio n  k in e tics  of o il deg rada tion . The sen sor is a lso  
capab le  o f de tec ting  o il le aks  w ith in  a system  s in ce  it can d is tin g u ish  be tw een the 
ch ro m a tic it ie s  o f o il and air.

1. Introduction

O n e  o f  th e  m a jo r  fa c to r s  d e te r m in in g  th e  p erfo rm a n ce  
a n d  lo n g e v ity  o f  in d u s tr ia l m a c h in e r y  is th e  q u a lity  o f  
its  lu b r ica tin g  o il. S in c e  th e  d e g r a d a tio n  o f  m a ch in e  o il 
is a  s lo w  p r o c e ss , c o m m o n ly  ta k in g  m o n th s , it has  
b e c o m e  s ta n d a rd  p r a c tic e  to  rep la ce  th e  o il  a t regu lar  
in terv a ls  reg a rd le ss  o f  its c o n d it io n . O b v io u s ly  th is  p ro 
ced u re  fa ils to  a llo w  fo r  v a r y in g  m a c h in e  lo a d s  a n d  so  
m ig h t lea d  to  o i l  b e in g  rep la ce d  w h en  still in  g o o d  
c o n d it io n  o r , m o r e  se r io u s ly , lea d  to  a d e la y  in  rep la c in g  
p o o r  q u a lity  o il. T h e  c o lo u r  o f  pu re o ils  n o r m a lly  ran ges  
from  c lear  y e llo w  to  d e e p  a m b er , im p u re  o ils  are o f  a  
m u ch  d eep er  s h a d e  ra n g in g  from  d ark  b r o w n  to  b la ck . 
V isu a l in s p e c tio n  c o n s t itu t e s  a n  in effic ien t u se  o f  m a n 
p o w er , a n d  a t b est  g iv e s  o n ly  a  q u a lita t iv e  in d ic a tio n  o f  
o il  c o n d it io n . In a n  in d u s tr ia l e n v ir o n m e n t, w h ere  a n y  
d o w n -t im e  m a y  p r o v e  c o s t ly , a n  a u to m a tic  o il-d ia g n o s t ic  
sy s te m  h as o b v io u s  a t tr a c tio n s .

A lth o u g h  a  s e n s o r  to  d e te c t  th e  o il c o n te n t  in  w ater  
b a se d  o n  la ser  d iffr a c to m e tr y  h a s  b een  rep o rted  [ l ]  
th ere  is little  in d ic a t io n  in  th e  litera tu re  o f  a  g en era l o il  

c o n d it io n  m o n ito r .
F ib r e -o p t ic  s e n s o r s  d e m o n s tr a te  a  n u m b er  o f  w ell-  

k n o w n  a d v a n ta g e s  o v e r  c o n v e n t io n a l e le c tr ic a l se n s in g  
tech n iq u es . T h e se  in c lu d e  th e ir  a b ility  to  o p e r a te  in  
h o st ile  e n v ir o n m e n ts  a n d  th e ir  im m u n ity  to  stra y  e lec tr ic  
a n d  m a g n e tic  fie ld s. S in c e  o p t ic a l fibre se n so r s  iso la te  
th e  e le c tr o n ic s  fro m  th e  p o in t  o f  d e te c t io n , th ey  m a y  be  
u sed  in  p o te n t ia lly  e x p lo s iv e  e n v ir o n m e n ts , w h ere  e le c 
tro n ic  se n so r s  m ig h t c o n s t itu te  a  h a zard .

S evera l m e th o d s  o f  o p t ic a l fibre se n s in g  h a v e  b een

co n s id e r e d  a s c a n d id a te s  for o il  m o n ito r in g . T h e se  
in c lu d e  in te n s ity  m o d u la t io n , in ter fero m etry , p o la r iz 
a t io n  m o d u la t io n , d iffra c to m etry , w a v e le n g th  m o d u 
la t io n  [ 2 , 3 ]  a n d  c h r o m a t ic  m o d u la t io n  [ 4 ] ,  T h e  
p rereq u is ites  for a n  in d u str ia l o il m o n ito r  are lo w  lo n g 
term  drift, tem p era tu re  s ta b ility , in e x p e n s iv e  in s tr u m e n 
ta t io n , h ig h  r e so lu tio n  a n d  h ig h  o p t ic a l e ff ic ien cy . F ew  
se n so r s  ca n  e x c e l in  a ll the a b o v e  c h a r a c te r is t ic s  but 
c h r o m a tic  se n s in g  w a s  fo u n d  to  e x h ib it  a  b a la n c e  o f  
p erfo rm a n ce  b est  su ite d  to  an  in d u str ia l o il m o n ito r .

2. Theory of chromatic modulation

C h r o m a tic  m o d u la t io n  refers to  th e  u t i l iz a t io n  o f  p o ly 
c h r o m a tic  lig h t for  se n s in g  c h a n g e s  in  a p h y s ic a l sy s tem . 
It relies u p o n  th e  d e te c t io n  o f  c h a n g e s  in  th e  to ta l  
sp ectra l p ro file  o f  an  o p t ic a l s ig n a l a n d  c a n  b e  c o n s id e r e d  
to  be a n  u n u su a l fo rm  o f  w a v e le n g th  m o d u la t io n .

T h e  c h r o m a tic  m o d u la t io n  te c h n iq u e  d e te c ts  a  
ch a n g e  in  a  m ea su ra n d  n o t by d e te c t in g  in te n s ity  c h a n g e s  
at p a rticu la r  w a v e le n g th s  b u t by m o n ito r in g  th e  su m  o f  
the c o n tr ib u t io n s  o f  re la tiv e  c h a n g e s  a t a ll w a v e le n g th s  
w ith in  a sp ec tra l p o w e r  d is tr ib u t io n . A s su c h  it is an  
in teg ra ted  fo rm  o f  sp e c tr a l m o n ito r in g  a s o p p o s e d  to  
the d ifferen tia l (d isp ersiv e ) n a tu re  o f  m o s t  w a v e le n g th  
m o d u la te d  sy s tem s.

C h r o m a tic  c h a n g e s  ca n  be m o n ito r e d  by u sin g  th ree  
p h o to d e te c to r s  w ith  o v e r la p p in g  sp e c tr a l p ro file s  R x(,l), 
R y(X) a n d  R Z(X). W h e n  a d d r e ss in g  an  o p t ic a l s ig n a l w ith  
sp ectra l p o w er  d is tr ib u t io n  P(X) th e  o u tp u t  cu rren ts  o f
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th e  p h o to d e te c to r s  w ill be

P(A)K.t (A) d/L

ly = Ky P(À)RyU) dA

P(À)RZ(Â) dA ( 1)

w h ere  K x , K y a n d  K : are  c o n s ta n ts  o f  p r o p o r tio n a lity  
a n d  A is the w a v e le n g th . E q u a tio n s  (1) m a y  b e  n o r m a liz e d  
w ith  resp ect to  th e  e ffec tiv e  o p tic a l p o w er  a c c o r d in g  to

x  =  I x / ( I x +  l y +  I : ) 

y  = / , / ( / ,  +  / ,  +  / , )

Z =  ¡ . / ( ¡ x +  Iy +  !;)■ (2)

In th is  s im p lif ied  d is t im u lu s  form , c h r o m a tic  m o d u 
la t io n  u tiliz e s  tw o  p h o to d e te c to r s  to  a d d ress  the reg io n  
o f  sp e c tr a l o v e r la p  a n d  e q u a t io n s  (2) red u ce  to

* = /,/(/, + ly) y = /,/(/, + /,). (3)
B e c a u se  o f  th e  lin ea r  r e la t io n sh ip  b e tw een  x  a n d  y, e ith er  
p a ra m eter  m a y  be u sed  to  rep resen t d is t im u lu s  c h r o m a -  
tic ity . T h e  sim p lified  r e sp o n se  o f  th e  d is t im u lu s  sy stem  
c a n  be e s t im a ted  b y  a p p r o x im a tin g  th e  sp ec tra l p rofiles  
o f  th e  p h o to d e te c to r s  to  G a u s s ia n  cu rv es, w h en  the  
sp e c tr a l se n s it iv it ie s  o f  th e  p h o to d io d e s , R x a n d  R y 
b e c o m e

R X(A) =  A x s ~ bAX~ Xt,,)2

R y W ^ A y C - ^ - ^ 1 (4)

a n d  u p o n  su b s titu tio n  o f  th ese  sp ectra l p rofiles, first in to  
eq u a tio n s  (1) an d  su b seq u e n tly  in to  e q u a tio n  (3), w e  h a v e  
T o  illu stra te  the o p e r a tio n  o f  the tech n iq u e , e q u a tio n  (5)

P ( / ) A xe bxii ipl,J dA

x  =

P{X)Ax e bxU Ap,)2 dA +  Ky P(Â)Aye M a - * pj>2 d;.

(5)

If the p a ra m eters x , y  a n d  z are c a lc u la te d  from  a 
s ta n d a rd  se t o f  id e a liz e d  d e te c to r s , a  p lo t  o f  x  a g a in s t y  
r esu lts  in  a  d ia g ra m  w h ic h  fo rm s th e  b a sis  o f  c o lo u r  
sc ie n c e , a cc o r d in g  to  a  c o n v e n t io n  a g reed  by the  
C o m m iss io n  In te r n a tio n a le  d e  l’E cla ira g e  (C IE ) [ 4 ] ,  A  
s im ila r  s lig h tly  d is to r te d  d ia g r a m  resu lts (figu re  1(a)) if  
a  n o n -s ta n d a r d  p h o to d e te c to r  tr ip le t is u sed . A n  en tire  
sp ec tru m  is rep resen ted  b y  a  s in g le  p o in t  o n  a  C IE  
d ia g r a m  a n d  a n y  c h a n g e s  in  h u e  ca n  be r e p resen ted  as  
c h a n g e s  in  th e  a n g le  9. I f  n o n -s ta n d a r d  d e te c to r s  are  
u sed  a  p a ra m eter  a n a lo g o u s  to  h u e  (referred  to  as  
c h r o m a tic ity )  ca n  b e  m ea su red . C o m m e r c ia l c o n s id e r 
a t io n s  d ic ta ted  th e  u se  o f  a  n o n -s ta n d a r d  d e te c to r  tr ip let, 
th e  sp ectra l p ro file s  o f  w h ic h  are sh o w n  in  fig u re  l(i>).

T h e  n o r m a liz a tio n  o f  x ,  y  a n d  z  h as a n  im p o r ta n t  
im p lic a tio n  for o p t ic a l se n s in g , n a m e ly  th a t  c h r o m a tic  
d e te c t io n  te c h n iq u e s  are  in d e p e n d e n t o f  in te n s ity . T h e  
in h eren t in te n s ity  c o m p e n s a t io n  ren d ers th e  c h r o m a tic  
se n so r  im m u n e  to  c h a n g e s  in  th e  in te n s ity  tra n sm itted  
th r o u g h  th e  o p t ic a l sy s te m  a lth o u g h  it r e m a in s  v u ln er 
a b le  to  c h a n g e s  in  th e  tr a n sm is s io n  sp e c tr u m  o f  th e  
o p t ic a l system .

T h is  a d v a n ta g e  is st ill a p p a r e n t if  o n ly  tw o  d e te c to r s  
are u sed  b u t in  th is  c a se  it is n o t  p o ss ib le  to  d is t in g u ish  
b etw een  c o lo u r s  o f  d ifferen t sa tu r a tio n  s in c e  th e  C IE  o r  
c h r o m a tic  reg io n s  c o lla p s e  to  th e  lin e  x  +  y =  1. If h u e  
is th e  feature o f  in terest th en  th is  s im p ler  d is t im u lu s  
te c h n iq u e  ca n  be u sed  in  p la ce  o f  the fu ll c h r o m a tic  
a p p r o a c h . S e le c t io n  o f  p h o to d e te c to r s  w ith  a p p r o p r ia te  
sp ec tra l r e sp o n ses  r ed u ces  th e  a n g le  o f  c o n v e r g e n c e  (<p) 
b etw een  th e  d is t im u lu s  lin e  (figure 1(a)) a n d  th e  lin e  o f  
c h r o m a tic  sh ift, th u s  in c r e a s in g  se n so r  r e so lu t io n  b y  a 
fa c to r  p r o p o r tio n a l to  c o s  cp.

ca n  be s im p lified  b y  c h a r a c te r iz in g  th e  sp ec tru m  P(A) by  
a s in g le  d o m in a n t w a v e le n g th  (Ad) in  th e  r eg io n  o f  
sp ec tra l overlap :

x  =  c o n s ta n t
Kr/lre-í’)cU<1-■lpl,2

K x A x e  MAd Apl)2 +  K y A y e ~ byaa~Xpl)1 '
(6)

T h is  a n a ly s is  o f  th e  c h r o m a t ic  v a r ia t io n  a s a fu n c t io n  o f  
w a v e le n g th  Ad y ie ld s  a  s ig m o id  cu rv e . E q u a t io n  (6) o n ly  
ex p resse s  th e  v a r ia t io n  o f  c h r o m a t ic ity  w ith  a  m o n o c h r o 
m a tic  s ig n a l b u t, s in c e  b r o a d  sp e c tr a l s ig n a ls  c a n  be  
rep resen ted  b y  c h a n g e s  in  a  s in g le  d o m in a n t  w a v e le n g th  
a s d efin ed  b y  th e  C IE  c o lo u r  sy s te m  [ 4 ] ,  c h a n g e s  in  th is  
w a v e le n g th  are e q u iv a le n t  to  a  sh ift in  th e  w a v e le n g th  
o f  a  m o n o c h r o m a tic  so u rce . S in ce  th e  d o m in a n t  w a v e 
len g th  is a  fu n c t io n  o f  th e  o il p u rity , e q u a t io n  (6) ca n  be 
u sed  to  relate  o il c h r o m a t ic ity  to  o il p u r ity  a s sh o w n  in  
figure 6  later.

D e sp ite  the a p p r o x im a tio n  m a d e  in  e q u a t io n s  (4), 
th e  final e q u a tio n  sh o w s  a  g o o d  fit to  th e  d a ta  c o n s id e r 
in g  th a t fa c to rs su ch  a s d ifferen tia l a b so r p t io n  an d  
sca tter in g  h a v e  b een  ig n o red . In o rd er  to  a c c o u n t  for  
effects o f  d ifferen tia l a b so r p t io n  a n d  sc a tte r in g , th e  e q u a 
tio n s  for c o m p le x  su b tr a c tiv e  m ix in g  w o u ld  be requ ired . 
S in ce  th ese  e q u a t io n s  c o m m o n ly  h a v e  n o  a n a ly t ica l  
so lu t io n s  a n d  d e m a n d  c o n s id e r a b le  p r o c e ss in g  p o w er
[ 5 ]  th ey  w ere n o t c o n s id e r e d  e ss e n tia l to  th e  d e sc r ip tio n  
o f  an  in stru m en t w h ich  is e m p ir ic a lly  ca lib ra ted .

3. Sensor design

P re lim in a ry  ex p e r im e n ts  c o n d u c te d  w ith  a  s im p le  tra n s
m iss iv e  sy s te m  w ere  sa t is fa c to r y  b u t s in c e  th e  d eg ree  o f
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Figure 1. (a) C IE c h ro m a tic ity  d ia g ra m , x  and y re p re s e n t 
n o rm a liz e d  p h o to d e te c to r ou tpu ts . (i>) N o rm a lize d  sp e c tra l 
resp on ses  fro m  the  ph o to d io d e  tr ip le t used in the  c h ro m a tic  
sensor.

access to  th e  o il  su m p  c a n  v a ry  g rea tly  fro m  m a c h in e  to  
m ach in e , th e  p r o b e  w a s  red esig n ed  to  o p e r a te  in  a  
reflective m o d e  s o  a s  to  be m in im a lly  in v a s iv e . A  reflec
tive  probe e lim in a te s  th e  n eed  fo r  tw o  a c c e ss  p o r ts  to  
th e  su m p  as w e ll a s  a v o id in g  th e  n eed  to  b r id g e  th e  o il  
sum p. T w o  fo r m s o f  re flec tiv e  p ro b e  w ere  co n stru c ted :  
o n e  u sin g  to ta l  in te r n a l re flec tio n  in  a  p r ism , a n d  
th e  o th er  u s in g  a  sp h e r ic a l le n s  a n d  p la n e  m irror  
c o m b in a tio n .

T h e p r ism a tic  a p p r o a c h  w a s a n  a tte m p t to  a v o id  the  
p rob lem s o f  s ilv e r e d  su rfa ces. A n  e q u ila te r a l p r ism  w a s  
drilled  lo n g itu d in a lly  to  p r o v id e  a  p a th  o f  en try  for  the

o il. O p tic a l a c c e ss  to  th e  o il w a s  o b ta in e d  by b u tt in g  
th e  em itte r  a n d  rece iv er  fibre to  th e  s id e  o f  th e  prism . 
C o llim a tin g  le n se s  w ere  u sed  to  red u ce  th e  d iv erg en ce  
o f  th e  in p u t a n d  o u tp u t  b ea m s. T h e  p er fo rm a n ce  o f  th is 
d e s ig n  w a s s im ila r  to  th a t  o f  th e  sp h e r ic a l len s  a n d  p la n e  
m irror  a sse m b ly , b u t it w a s  re jected  o n  th e  g r o u n d s  o f  
c o s t  a n d  p ro b e  size .

In th e  p ro b e  in c o r p o r a t in g  th e  p la n e  m irror, a  c o ll im 
a tin g  len s  w a s u sed  in  o r d e r  to  red u ce  b ea m  d iv erg en ce . 
In o rd er  to  be m in im a lly  in v a s iv e , th e  p r o b e  len g th  w as  
restr ic ted  by se le c t in g  a  le n s  w ith  a s sh o r t  a  fo ca l len gth  
a s p o ss ib le . T h e  sp h e r ic a l s o d a  g la ss  len s c h o se n  h ad  a
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fo ca l length  o f  ju s t  2 .5  m m . T h e  o il ca v ity  sh o u ld  be 
illu m in ated  by c o ll im a te d  lig h t in ord er to  e lim in a te  
ch ro m a tic  a b e r r a tio n  c a u se d  by the refractive in d ex  o f  
th e  oil. T h is  is b est  a c h ie v e d  by p la c in g  the e m itte r /  
receiver fibre a t th e  fo c u s  o f  a  b ic o n v e x  lens; the em erg en t  
lig h t is then  p a ra lle l. A fo u r -ta iled  s ilica  fibre b u n d le  
w a s used, ea ch  ta il h a v in g  1 m m  d ia m eter  a n d  the h ead  
4  m m  d iam eter.

A prob e w a s  m a d e  to  th is  d es ig n  an d  en g in eere d  to  
su rv ive in d u str ia l c o n d it io n s  (figure 2). T h e  o p tic a l  
sy stem  d escr ib ed  a b o v e  w a s e n c a p su la te d  in  a l "  B S P  
m a ch in e  screw  for p r o te c t io n  a n d  e a se  o f  a ccess . 
S ep a ra tio n  b e tw e e n  th e  o p t ic a l c o m p o n e n ts  w a s m a in 
ta in ed  by a n n u la r  n y lo n  sp a cers . S ix  h o le s  ea ch  o f  3 m m  
rad ius w ere d r illed  in to  th e  o p tic a l ca v ity , th ese  w ere  
su fficien t to  p r o v id e  g o o d  d ra in a g e  for th e  o p tic a l cell. 
A  glass sp h ere  o f  ra d iu s  5 m m  w as p la ced  2 .5 m m  from  
the fibre b u n d le  a n d  a  g la ss  w in d o w  w a s p la ced  b e tw een  
the sphere a n d  th e  p la n e  m irror  to  crea te  th e  o p tic a l  
cell. A ca v ity  le n g th  o f  6  m m  w a s fo u n d  to  g iv e  th e  
h ig h est s ig n a l : n o is e  ra tio .

A w h ite  lig h t so u r c e , w ith  th e  sp ectra l ch a ra c ter istic s  
sh o w n  in figure 3, w a s  u sed  to  c o u p le  120 /zW  o f  o p tic a l  
p o w er  in to  th e  se n so r . F o llo w in g  lo s se s  d u e  to  tra n s
m issio n , re flec tio n  a n d  c o u p lin g , 10 /zW  o f  o p tic a l p o w er  
w a s co n v erted  in to  a n  e le c tr ic a l s ig n a l b y  th e  p h o to 
d io d es  and  su b s e q u e n t ly  a m p lified  b y  a  s ta n d a r d  g a in  
sta g e  co n str u c te d  fro m  a tr a n s im p e d a n c e  a m p lifier . T h e  
resu ltin g  p h o to c u r r e n t w a s  reco rd ed  o n to  a  c o m p u te r  
v ia  a  12-bit a d c  a n d  su b s e q u e n t ly  p r o c e sse d  b y  so ftw a r e  
d escrib ed  e lse w h e r e  [ 6 ] .

T he p ro b e  w a s  fitted  to  th e  su m p  o f  a n  A E I M e tr o v a c  
T y p e  G S  10 r o ta r y  v a c u u m  p u m p  to  in v e s t ig a te  th e  
sen so r  p erfo rm a n ce .

4. Results

4.1. Modulation

A lth o u g h  th e  d ifferen ce  in  h u e  b e tw een  p u re a n d  im p u re  
o ils  is so m e tim e s  a p p a r e n t to  th e  n a k e d  e y e , th e  e y e  is

Figure 3. T ra n s m is s io n  s p e c tra  fo r  pu re  and im p u re  o ils .

k n o w n  to  b e  v ery  se n s it iv e  in  d is c r im in a tin g  b e tw e e n  
hues; h e n c e  it w a s  n e c e ssa r y  to  e n su r e  th a t a  c o m b in a t io n  
o f  c o m m e r c ia lly  a v a ila b le  p h o to d e te c to r s  w o u ld  be c a p 
a b le  o f  d is c r im in a tin g  b e tw e e n  th e  p u re a n d  im p u re  o il 
sa m p les . T r a n sm is s io n  sp e c tr a  o f  th e se  sa m p le s  w ere  
reco rd ed  w h ils t  w ith in  th e  p r o b e  (figu re 3) a n d  d ig it iz e d  
to  a llo w  a  c o m p u te r  p ro g ra m  [ 6 ]  to  c a lc u la te  the  
d is tim u lu s  c h r o m a t ic ity . T h e se  v a lu e s  w ere  th e n  c o m 
p a red  w ith  th e  e x p e r im e n ta l resu lts . O n  e x a m in a t io n  o f  
th e se  sp ectra , th e  d e c is io n  w a s  ta k e n  to  ig n o r e  the

NYLON SPACER 
MAINTAINS R /2  
(2 .6 m m ) spacing

GLASS SIX HOLES 
FOR OIL FLOW 

( R - 3  m m )

REAR SILVERED 
MIRROR

GLASS SPHERE

•  =  a n  'O ' rin g

PHOTODETECTOR BASEI 
CHROMATICITY SENSOR

Figure 2. S chem atic  d ia g ra m  of th e  o il co n d itio n  probe .
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b lu e  p h o to d io d e  a n d  c o n c e n tr a te  on  th e  red an d  ir 

p h o to d io d e s .
T h ree  in d u str ia l p u m p  o ils  w ere e x a m in e d  for their  

c h r o m a tic  m o d u la t io n  d ep th , a  p a ra m eter  d e fin ed  by

lig h t so u r c e  [ 7 ]  w ith  a  c h r o m a t ic  drift o f  a p p r o x im a te ly  

0 . 1 %  w a s  u sed .
In o rd er  to  test th e  tem p era tu re  s ta b ility  o f  th e  p ro b e , 

th e  se n s o r  h ea d  w a s  h e a te d  from  r o o m  tem p era tu re  to

c h r o m a tic ity  o f  pu re sa m p le  -  c h r o m a tic ity  o f  im p u re  sa m p le--------------------- ---------------------- --------------- X I OU /3
c h r o m a tic ity  o f  p u re  sa m p le

T h e se  o ils  w ere E d w a rd s 15, E d w ard s 17 a n d  C ry lin  87; 
th e  pure a n d  im p u re  o il ch r o m a tic it ie s  are sh o w n  in 
figure 4. E d w a rd s 15 sh o w s  a c h r o m a tic  m o d u la tio n  
d ep th  a p p r o x im a te ly  2 0 %  o f  s ig n a l, E d w a rd s 17 sh o w s  
a m o d u la tio n  d e p th  20 %  o f  s ig n a l but o n e  o f  th e  m o re  
sp e c ia lis t  o ils , C ry lin  87 , sh o w s  a m o d u la t io n  d e p th  o f  
o n ly  5% , a lth o u g h  th is  is n o t su rp r isin g  as b o th  pu re  
a n d  im p u re  sa m p le s  a re  c lea r  to  th e  ey e . T h e se  ex p e r 
im en ta l v a lu es  c o r r e la te  w e ll w ith  the c o m p u te r  p red ic 
t io n s  o f  a 26 %  m o d u la t io n  d ep th  for E d w a rd s 15, 24%  
for  E d w ard s 17 a n d  7%  for C ry lin  87 . T h e  d iscrep a n cy  
b etw een  the p r e d ic te d  a n d  m ea su red  v a lu e s  is in  part 
d u e  to  th e  s e n s it iv ity  o f  th e  p h o to d e te c to r s  in  ir reg io n s  
w h ere  sp ectra l in fo r m a tio n  w a s u n a v a ila b le  for  u se  in  
th e  s im u la t io n  so ftw a r e .

A  r e so lu tio n  o f  a p p r o x im a te ly  0 .1%  w a s  a tta in e d  for  
th e  c h r o m a tic  c h a n g e s  in  the tw o  E d w a rd s o ils , a n d  a 
r e so lu tio n  o f  a p p r o x im a te ly  0 .5 %  for C ry lin  87 . E v en  
fo r  C ry lin  87  th e  m o d u la t io n  d ep th  a n d  p r ec is io n  
o b ta in e d  are m o r e  th a n  su ffic ien t fo r  in d u str ia l o il  
m o n ito r in g . H o w e v e r , g u id ed  b y  so ftw a r e  s im u la t io n s
[ 6 ] ,  it w a s  p o s s ib le  to  find  a  p h o to d e te c to r  p a ir  th a t  
g a v e  a 12%  m o d u la t io n  d ep th  fo r  C ry lin  8 7 , w ith  a  
c o m m e n su r a te  im p r o v e m e n t in  r e so lu tio n .

4.2. Stability

H a v in g  e s ta b lis h e d  th a t it is p o ss ib le  to  d e te c t  the  
d ifferen ce  b e tw e e n  p u re  a n d  im p u re  o ils , th e  n ex t s tep  
w a s to  e x a m in e  th e  s ta b ility  o f  th e  c o lo u r  o u tp u t . T h e  
c h r o m a tic  s ta b ility  o f  th e  w h ite  lig h t so u r c e  u se d  to  
illu m in a te  th e  o il is a  cr it ica l fa cto r  d e te r m in in g  th e  
o v era ll c h r o m a t ic  s ta b ility  o f  the in stru m en t. T o  m in i
m ize  th is lim ita t io n  a  sp e c ia lly  d esig n ed , s ta b iliz e d  w h ite

1 2 0 ° C  w h ils t in s id e  th e  p u m p  c o n ta in in g  pure  
E d w a rd s 17. T h e  tem p era tu re  c h a n g e  c a u se d  a 0 .5 %  
c h r o m a tic  drift o n  a  20 %  m o d u la t io n  d e p th , w h erea s  
th e  in te n s ity  sh o w s  a  fiv e -fo ld  drift o v e r  a  c o m p a r a b le  
m o d u la tio n  d ep th . F ig u re  5 sh o w s  th e  lig h t in te n s ity  
flu c tu a tin g  s tr o n g ly  a s th e  tem p era tu re  rises, w h ils t th e  
c o lo u r  rem a in s rem a rk a b ly  c o n s ta n t , v in d ic a tin g  the  
preferen ce for a  c h r o m a t ic  se n so r  o v e r  an  in te n s ity  

sen so r .
A further n o is e  c o m p o n e n t  m a y  a r ise  fro m  m e c h a n 

ica l c h a n g e s  in  th e  p ro b e . C h r o m a tic ity  v a lu e s  from  a 
p ro b e  in  an  o p e r a t io n a l (a n d  h e n c e  v ib ra tin g ) p u m p  
w ere c o m p a r e d  w ith  v a lu e s  fro m  th e  p u m p  w h en  
sw itch ed  o ff  a n d  n o  m ea su r a b le  d ifferen ces w ere  
o b serv ed .

4.3. Repeatability

T h e re p e a ta b ility  o f  th e  c h r o m a tic  s ig n a l o b ta in e d  from  
E d w a rd s 15 w a s c h e c k e d  b y  fillin g  a n d  d r a in in g  the  
p ro b e  in  c y c le s . O il  c o lo u r  sh o w e d  r e p e a ta b ility  w ith in  
1%  o f  th e  m o d u la t io n  d e p th , a ir  c o lo u r  sh o w e d  a  far 
p o o r e r  r e p e a ta b ility  o f  th e  o rd er  o f  4 % . T h e  im p lic a t io n s  
o f  th is for th e  sy s te m  v ia b ility  a s  a n  o il  c o n d it io n  lev e l 
are n o t  a s  se r io u s  a s th ey  first a p p ea r  after  a  p er io d  o f  
5 m in  th e  d ifferen t a ir  c o lo u r s  ten d  to  c o n v e r g e  to  w ith in  
1 % o f  e a c h  o th er .

T h e  o r ig in  o f  th is  c h r o m a t ic  in s ta b ility  p r o v e d  to  be  
th e  fo r m a tio n  o f  o il  film s w h ich  e x h ib it  th in  film  in ter 
feren ce, s o  g iv in g  rise to  la rg e  c h r o m a t ic  c h a n g e s . T h e se  
effects are m o s t  p r o n o u n c e d  w h e n  o b se r v in g  th e  ed g e s  
o f  an  o il m e n isc u s  w h ere  lig h t a n d  d ark  in terferen ce  
fr in ges are v is ib le  to  th e  n a k e d  ey e . T h e  fo r m a tio n  o f  
th ese  film s m a y  e x p la in  w h y  the o il  c o lo u r  re p e a ta b ility  
is lim ited  to  1 % .

Figure 4. M o d u la tio n  dep th  fo r  th re e  pum p o ils  w ith  a ir  as 
a re fe rence .

Time / hrs

Figure 5. T e m p e ra tu re  s ta b ility  of a c h ro m a tic  sen so r 
com p are d  w ith  th a t of an in te n s ity  senso r.
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A fibre-optic oil condition monitor

T h e  effects  o f  r o ta t in g  the fibre b u n d le  w ith in  the  
p ro b e  h ead  w a s a ls o  ex a m in ed . In itia lly  a  se g m e n te d  
fibre b u n d le  w a s u sed , in  w h ich  the fibres w ere a rra n g ed  
in  q u a d ra n ts . T h e  b u n d le  w a s ro ta ted  th ro u g h  tw o  
c o m p le te  c irc les  a n d  th e  c h r o m a tic  c h a n g e s  record ed . 
T h e c h a n g e s  w ere  la rg e  (2 0 % ) an d  d e m o n s tr a te d  th a t  
the sy s te m  la c k e d  r o ta t io n a l sy m m etry . W h en  th is  
b u n d le  w a s rep la ced  b y  a  ra n d o m ized  fibre b u n d le  th is  
so u rce  o f  n o ise  w a s  red u ced  to  a  level b e lo w  th at o f  
so u r c e  n o ise .

4.4. Linearity

P u re an d  im p u re  o ils  h a v e  d ifferen t c h r o m a tic it ie s  an d  
o n  p ro g ress iv e  m ix in g  o r  p ro g ress iv e  d e g r a d a tio n  o f  
pure o il th e  c h r o m a t ic ity  varies as a  sm o o th  fu n c tio n  o f  
o il purity . W h en  tw o  c o lo u r e d  lig h ts  are m ix ed  (a d d itiv e  
c o lo u r  m ix in g ) th e  c h r o m a tic ity  is a  lin ea r  fu n c tio n  o f  
m ixture; h o w ev er , w h e n  tw o  o ils  are m ix ed  (su b tra c tiv e  
c o lo u r  m ix in g ) th e  s itu a t io n  is c o m p lic a te d  b y  se lf
a b so r p t io n  a n d  sc a tte r in g  w h ich  resu lt in  c h r o m a tic ity  
sh o w in g  a  s ig m o id  re sp o n se  to  c h a n g e s  in  m ix tu re . 
F ig u re  6  is a g ra p h  sh o w in g  th e  v a r ia t io n  o f  c h r o m a tic  
o u tp u t fro m  E d w a rd s 17 o il as a fu n c t io n  o f  p u rity , 
w h ere  p u re o il is rep resen ted  a s 100%  p u r ity  a n d  im p u re  
o il b y  0%  p u rity . T h e  lin e  la b e lled  ex p e r im e n ta l c h r o m a 
tic ity  d isp la y s  v a lu e s  o b ta in e d  u sin g  th e  d is tim u lu s  
se n so r  w h erea s  th e  lin e  la b e lle d  th e o r e tic a l c h r o m a tic ity  
d isp la y s  v a lu e s  c a lc u la te d  from  o il sp ectra . T h ey  d e m o n 
stra te  th at th e  c h r o m a t ic  v a r ia t io n  d isp la y s  a  p r o 
n o u n c e d  s ig m o id  c h a ra c ter is tic , as p red ic ted  b y  th eo ry  
(e q u a tio n  (6)). It m ig h t b e  a rg u ed  th a t, fo r  th e  p u rp o se  
o f  in s tru m en t d e s ig n , a  lin ea r  re sp o n se  ch a ra c ter istic  
w o u ld  be p referab le , b u t s in c e  th e  se n so r  d escr ib ed  is 
in ten d ed  a s a  w a r n in g  sy s te m  for an  in d u str ia l en d -u ser , 
th e  lo w  se n s it iv it ie s  fo r  sm a ll d e v ia t io n s  from  c o m p le te  
o il p u rity  m ig h t b e  se e n  a s a n  a d v a n ta g e .

5. Conclusions

T h e o n -l in e  f ib r e -o p tic  o il  c o n d it io n  m o n ito r  is c a p a b le  
o f  m ea su r in g  th e  s ta te  o f  p u rity  o f  m a ch in e  o ils  in  an  
in d u str ia l e n v ir o n m e n t. T h e  m o d e  o f  o p e r a t io n , c h r o 
m a tic  m o d u la tio n , m im ic s  th e  m e th o d  u sed  by m a in te n 
a n ce  te c h n ic ia n s  w h o  ju d g e  th e  a p p r o p r ia te  t im e  for an  
o il  ch a n g e  by o b se r v in g  th e  c o lo u r  o f  th e  o il. T h e  sen so r  
d isp la y s  su ffic ien t r e so lu tio n  a n d  s ta b ility  to  p red ic t the  
o p tim u m  tim e  for a  sy s te m  o il ch a n g e . F u r th e r m o r e  its 
s im p lic ity  a n d  r e la tiv e ly  lo w  c o s t  h as g en e r a te d  c o m m e r 
c ia l in terest in  a d d it io n  to  th e  o b v io u s  tra n sp o r t-re la ted  
a p p lic a tio n s . T h e  in s tr u m e n t a p p ea rs  to  h a v e  p o te n t ia l  
in m o n ito r in g  the d e g r a d a t io n  o f  tra n sfo rm er  o ils  w id e ly  
u sed  in  th e  e le c tr ic a l su p p ly  in d u stry  a n d  it m a y  h a v e

Figure 6. C h ro m a tic ity  o f E dw ards 17 as a fu n c tio n  of 
pu rity .

a p p lic a tio n s  in  m e a su r in g  ra tes o f  re a c tio n  in  liq u id s  o f  
in terest to  th e  c h e m ic a l in d u stry ; fu rth er w o r k  is e n v is 
a g ed  in  th e se  d ir e c t io n s .
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A n o ve l fib re -o p t ic  senso r has been des igned  to  fu n c t io n  as a re a l-tim e  p lasm a d ia g n o s tic  too l. P lasm a co m p o s itio n  
a n d  d ischarge p o w e r have been m o n ito re d  b y  re co rd in g  the  c h ro m a tic ity  o f  the  g lo w  discharge. The ch ro m a tic  
sensor operates in  a m an ne r a na lo go u s  to  the  h um an  eye a n d  cons is ts  o f  three p h o to d io d e s  w ith  o ve rla p p ing  
spectra l responses. W hen used  in  co n ju n c tio n , the  th ree  p h o to d io d e s  are capable  o f  m easu ring  the hue  a n d  
sa tu ra tion  o f  a p lasm a em iss ion  spectrum , in  a d d it io n  to  the  in te n s ity  m easured  b y  tra d it io n a l p h o to d io d e  sensors. 
H ue  a nd  sa tu ra tion  can be m ap p e d  o n to  a ch ro m a tic  p lane , each p o in t o f  w h ic h  co rresponds to  a set o f  spectra. 
A lth o u g h  m any spectra  can be m ap pe d  o n to  a s in g le  p o in t  on  the  ch ro m a tic  p lane, the  degree o f  degeneracy is  
less than  th a t o f  in te n s ity  sensors w here  spectra  m ap  in to  p o in ts  re s tr ic te d  to  a line. C h rom a tic  sens ing  is  sh o w n  
to  re ta in  the cos t a nd  sa m p lin g  rate  advantages o f  in te n s ity  sensors w h ils t d em on s tra tin g  an a b ility  to d e te c t 
spectra ! sh ifts, m ore  o fte n  a ssoc ia ted  w ith  spec trom e try .

1. Introduction

The implantation of nitrogen is an established commercial 
method for enhancing the surface hardness and corrosion resist
ance of finished metal components, advantages conferred by 
plasma nitriding as opposed to thermal nitriding arise from the 
nonequilibrium distribution of internal energy within the plasma, 
which results in electron temperatures typically two orders of 
magnitude greater than the ion temperature. This nonthermal 
energy distribution permits strongly endothermic reactions to 
occur and allows the formation of metastable or thermally 
unstable end products. In addition the increase in reaction rate 
at a given ‘temperature’ allows nitriding to occur at commercially 
viable rates without causing thermal damage to the workpiece'. 
Current practice is to set the plasma process parameters to empir
ically obtained ‘optimum’ values and maintain these values 
throughout a production run ; but such open-loop control 
systems are sensitive to disturbances in the process.

Since electrons and ions are the reactants in a plasma, closed- 
loop control of a nitriding process can be achieved by monitoring 
the density and temperature of these reactants. Such a control 
system can be implemented using the feedback from a Langmuir 
probe but as these probes distort the plasma potential, non- 
invasive diagnostic techniques are preferred. Mass spectrometers 
and optical spectrometers arc the standard research tools. How
ever these instruments are not only too bulky and expensive for 
production-line monitoring, they also lack the kilohertz sampling 
frequencies that may be required for closed-loop control. For 
inexpensive monitoring at high sampling rates an alternative 
optical diagnostic technique is necessary.

Several optical sensing techniques have been considered for 
plasma monitoring. These include interferometry, intensity 
modulation2, wavelength modulation3 and chromatic modu

lation4. Interferometry is capable of generating information on 
the spatial distribution of the plasma density but not capable of 
identifying emitting species. In addition the cost and complexity 
of the technique reduce its applicability in an industrial environ
ment. Intensity modulation can provide an estimate of the overall 
density of emitting species but it fails to discriminate between the 
emitting species. This technique can be tailored to monitor a 
specific process by the use of interference filters which transmit 
wavelengths that correspond to particular electronic transitions. 
However the technique is specific to one transition and requires 
modification to study a range of processes.

Chromatic modulation refers to the utilization of poly
chromatic light for sensing changes in a physical system. It relies 
upon the detection of changes in the total spectral profile of an 
optical signal and can be considered to be an integrated form of 
wavelength modulation. Potentially this technique can monitor 
the spectral shifts required for closed-loop control without the 
gathering and processing of superfluous data that adds cost and 
complexity to spectrometric methods.

2. Theory of chromatic modulation

The characteristic difference between chromatic detection and 
wavelength detection is that chromatic detection involves moni
toring spectral changes over a broad band of wavelengths, whilst 
wavelength detection involves monitoring only a limited number 
of specific wavelengths. The chromatic modulation technique 
detects a change in a measurand not by detecting intensity 
changes at particular wavelengths but by monitoring the sum of 
the contributions of relative changes at all wavelengths within a 
spectral power distribution. As such it is an integrated form of 
spectral monitoring as opposed to the differential (dispersive) 
nature of wavelength modulated systems.
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Chromatic changes can be monitored by using three photo
detectors with overlapping spectral profiles Wt(A), R,.(X), R: (X). 
When addressing an optical signal with spectral power dis
tribution /’(A) the output currents of the photodctcetors will be :

h = Kx P (X )R x (X) dx,

/,. = Ky P (X )R r (X) dà.

/.- = K-. P (X )R .(X )  dx. ( 1)

where Kx, Kv and K. are constants of proportionality and x is the 
wavelength. These equations (1) may be normalized with respect 
to the effective optical power according to :

.x =  / , / ( / ,  +  / ,  +  / . ) ,

y = lylUx + Iy + I:)'
: = /,/(/,+/, + /,). (2)

each point of which corresponds to a set of spectra. Although 
many spectra can be mapped onto a single point on the chromatic 
plane the degree of degeneracy is less than that of intensity 
sensors where spectra map onto points restricted to a line. Hence 
chromatic analysis permits discrimination between spectra which 
could not be distinguished by measuring the intensity alone. The 
normalization of .x, y  and z has another important implication 
for optical sensing, namely that chromatic detection techniques 
are independent of intensity. The inherent intensity com
pensation renders the chromatic sensor immune to changes in 
source intensity and fluctuations in transmission along the optical 
path.

Whilst the chromatic analysis of dyes requires the theory of 
complex subtractive mixing, self-luminant plasmas can be ana
lysed using the simpler theory of additive mixing. It has been 
showns that in the case of additive colour mixing the tristimulus 
values can be obtained by a simple linear superposition of the 
transmitted energy at each wavelength :

.x = £?(;.)*,(/),
X

y  ^ Y . P { X ) R y { k ) ,

If the parameters .x, y, z are calculated from a standard set of 
idealized detectors, a plot of .x against y results in the CIE diagram 
which forms the basis of colour science5 [Figure I (a)]. An entire 
spectrum is represented by a single point on a CIE diagram; any 
changes in hue can be represented as changes in the angle 0 whilst 
changes in saturation are represented by changes in r. The use of 
real detectors results in a similar diagram [dotted line on Figure 
1(a)] which is distorted because of the mismatch between their 
spectral responses [Figure 1(b)] and those of the idealized CIE 
detectors5; this is referred to as the chromatic plane.

Hue and saturation can be mapped onto a chromatic plane.

z  =  £ / > ( / ) * . ( / ) ,  (3 )
X

where .x, y, z refer to the partial sums over all wavelengths of the 
product of the energy P(>.) at each wavelength and the spectral 
response of the photodetcctor /?(/.). Equation (3) predicts that 
when two coloured lights are mixed in varying degrees, the result
ing points on the chromatic plane all lie on the same straight line.

Of course a spectrometer can provide the profile P(k) with a 
resolution limited only by the dispersive power of its optics. For 
many sensing applications this additional information is spurious

(b)

(a)

Wavelength (nm)
wMra! ^  chromaticity diagram : ,x and y represent normalized photodetector outputs ; r and 0 represent the saturation and hue. (b) Normalized 
spectral responses from the photodiode triplet used in the chromatic sensor.
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since it is processed to give a single value, which can be easily 
related to changes in a mcasurand. Thus chromatic modulation 
is an analogue spectral processing technique that transforms 
the 6899 data points, in each of the spectra taken below, into 
two data points representing the chromatic coordinates of that 
spectrum6. The extent of this spectral data compression makes 
chromatic sensing particularly attractive for on-line plasma 
monitoring.

3. Apparatus

The sensing technique was tested using a high current dc plasma 
chamber (Figure 2). The main chamber was a 24 litre stainless 
steel cylinder which acted as the anode; safety considerations 
dictated that the chamber be grounded. An axial spindle acted 
as the cathode, on which the titanium samples were supported. 
Power to hold the cathode at a negative potential was obtained 
from a switched-mode power supply capable of generating up to 
3 kV at 150 mA although working plasmas could be generated 
with 0.8 kV at 15 mA. A 5 H inductor was connected in series 
with the power supply to store enough energy to sustain the 
high transient-current arcing that occurred at points of con
tamination.

Gas pressures were measured using an MKS 310 Baratron 
capacitance manometer which measures pressures up to 1333.22 
Pa, an MKS 220 Baratron for pressures up to atmospheric and 
an ion gauge for pump-down pressures around 10~4 Pa. An 
MKS 270 gauge head unit was used as a driver for both the 
Baratron and an MKS 252 exhaust flow controller; this unit also 
provided a digital pressure readout. Flow rates were measured 
and regulated using MKS 1259 mass flow controllers which oper
ated by recording the amount of energy required to sustain a 
fixed thermal gradient along the gas lines.

Chromatic characteristics of the emission spectrum were mea
sured by recording the output voltages of three photodiodes on 
a PC via a 12-bit ADC card. These photodiodes were selected 
for their sensitivity and coverage of the appropriate spectral 
range. A combination of these diodes have been shown to dis
criminate 0.04 nm spectral shifts4. Plasma spectra were obtained 
by the concurrent use of a Hilgcr-Watts 0000 spectrograph modi
fied into a spectrometer by the addition of a stepper-motor driven 
exit slit which illuminated a photomultiplier. Spectral resolutions 
of 0.1 nm were obtained but the slow scan rate of this instrument 
dictated a four minute scan periodicity. A Keithley Instruments 
417 picoammeter was used to measure the photomultiplier output 
currents; these values were logged on a PC via an ADC card. 
Both sets of optical data were obtained through a set of glass 
fibre bundles with high transmission in the visible and near uv.

4. Experimental results

Knowledge of plasma composition is particularly important in 
the detection of leaks. A typical leakage condition might be the 
gradual introduction of atmospheric nitrogen into the process 
chamber so this event was staged to test the chromatic monitor. 
The power discharged in a plasma can determine the rate at 
which a deposition process occurs. These two parameters were 
investigated in an effort to determine whether chromatic tech
niques were capable of distinguishing between the spectral 
changes caused by varying either parameter. Conventional spec
tra were obtained to ensure that the three photodiodes had spec
tral responses appropriate to the changes in emission.

4.1. Plasma composition. Pure hydrogen was introduced into the 
process chamber at a pressure of 20 kPa and a 20 W plasma 
discharge was initiated, the flow rate was kept at 0.6667 cm3 s~ '. 
Nitrogen was then introduced into the chamber in a sequence of 
controlled releases in which its flow rate was ramped by 0.1667 
cm3 s " 1 with a corresponding decrease in hydrogen flow; thus 
increasing the relative concentration of nitrogen in steps of 20%. 
Figure 3 shows the spectra of pure hydrogen and pure nitrogen. 
Figure 4 shows the change in chromaticity as a function of 
increasing hydrogen concentration; the change in plasma inten
sity is shown for reference. When applied to the monitoring of 
gas mixture, the pure gas plasmas show significant deviations 
from linearity. The sensitivity to mixture as calculated from the 
linear region is 0.5 mV per 1% H in N with a 0.5 mV noise 
component corresponding to a resolution of 1% H in N.

Figure 3. Emission spectra o f pure hydrogen (lower trace) and nitrogen 
(upper trace).
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Figure 4. Plasma chromaticity and intensity as a function of hydrogen 
concentration.

4.2. Discharge power. Nitrogen was introduced into the plasma 
chamber at a flow rate of 0.6667 cm3 s~ ' and pressure of 20 kPa. 
The power deposited by a constant current was ramped from 20 
W to 40 W in 5 W steps by appropriate increases in voltage. 
Figure 5 shows the spectra of pure nitrogen plasmas at 20 W and 
40 W. Figure 6 shows the change in chromaticity as a function 
of increasing discharge power with the change in plasma intensity 
for reference. When applied to the monitoring of plasma power 
the chromatic sensor demonstrates a linear response. The sen
sitivity to power is 1.6 mV W "1 with a 0.5 mV noise component 
corresponding to a resolution of 0.3 W. It should be noted the 
responses for both nitrogen (1.6 mV W- ') and hydrogen (1.7 
mV W '') are very similar.

4.3. Flow rate. Pure nitrogen was introduced into the process 
chamber at a pressure of 20 kPa and a 20 W plasma discharge 
was initiated. The flow rate of nitrogen into the chamber was 
ramped from 0.6667 cm3 s -1 to 2 cm3 s ' 1 in steps of 0.1667

Figure 5. Emission spectra o f pure nitrogen at 20 W (lower trace) and 
40 W (upper trace).

cm3 s~ ', chromatic and spectral emission from the plasma was 
recorded. Neither the chromatic emission nor the spectral emis
sion demonstrated any dependence on flow rate.

5. Discussion

Figure 7 displays the experimental data on the chromatic plane.
A linear chromatic response to a change in plasma parameter 

has two implications; that the conditions for additive colour 
mixing are satisfied and that the parameter change causes a linear

Figure 7. Experimental data summarized on the chromatic plane.
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shift in the plasma emission spectrum. Additive colour mixing is 
only valid if the plasma has minimal self-absorption and scat
tering; an additional requirement is that the excited species are 
non-interacting. The advantage of chromatic self-referencing is 
emphasized in Figure 4 which shows that the intcnsitiy is a double 
valued function of mixture whereas the chromaticity is a single 
valued function.

One possible mechanism for the observed linear chromatic 
response to power is a shift in the black body radiation generated 
by electrical heating. An increase in temperature is known to 
cause a linear decrease in the wavelength of the black body 
emission peak (Wiens displacement law). Although the peak 
wavelength shows a linear downshift with temperature, the 
accompanying change in spectral profile causes the chromaticity 
of black body radiation to describe a curve on the chromatic 
plane5. However the curvature is only noticeable over a large 
temperature range so the linear results are still consistent with 
this explanation. Attempts were made to confirm this idea by 
recording the plasma temperature using a thermocouple, but they 
proved unsuccessful because of repeated arcing, despite attempts 
to sheath the junction in quartz.

The linearity of chromatic response to changes in gas mixture 
holds over the range 20% H/80% N to 80% H/20% N but 
significant deviations are observed for the pure gases. In this case 
the chromatic shift originates from the different intensities of the 
emission spectra of the two gases but the assumption that the 
excited species are non-interacting must be questioned. Figure 4 
illustrates the anomalous changes in intensity and chromaticity 
that occur at the transition between pure gas and mixture. These 
changes may indicate that hydrogen and nitrogen react to create 
excited radicals which contribute to the intensity and chroma
ticity of the plasma discharge.

The chromatic responses to power and mixture trace out a 
contour map of the parameter value on the chromatic plane. If 
these contour lines were orthogonal it would be possible to mea
sure both parameters independently simply by using the contour 
lines as a set of coordinate axes. Figure 7 illustrates the chromatic 
power and mixture responses the gradients of which are —2.31 
and — 1.23 respectively. The lack of orthogonality means that it 
is not possible to deduce the absolute power and mixture from 
an absolute chromaticity. However changes in both power and 
mixture would result in a chromatic shift with a gradient that is 
the weighted mean of the two extreme gradients. The value of
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the weightings then yield the relative contributions of power and 
mixture fluctuations.

6. Conclusion

The chromatic sensor has been shown to function as a real-time 
plasma diagnostic tool. Changes in plasma power and mixture 
have been shown to generate chromatic shifts of differing gradi
ents. This result confirms that the chromatic sensor has the capa
bility of discriminating between those changes in optical emission 
due to power fluctuations and those due to mixture fluctuations; 
something that is beyond the capability of intensity sensors. 
Chromatic modulation has been shown to function as an ana
logue spectral processing technique that transforms the thou
sands of data points in a spectrum into two data points repre
senting the chromatic coordinates of that spectrum. Whilst this 
data ‘compression’ discards much of the fine chemical detail 
the compressed data is sufficient to close the control loop. In 
conjunction with the cost and sampling rate advantages over 
spectrometric techniques7, these characteristics make chromatic 
sensing a viable diagnostic tool.
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Chromatic monitoring for the processing of 
materials with plasmas
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I n d e x in g  te rm s:  P la sm a s , M a te r ia l  p ro c e s s in g , M o n ito r in g

A bstract: A n o n - in v a s iv e  m o n ito r in g  sy stem  for  
m a te r ia l-p r o c e ss in g  p la sm a s  h a s  been  d e v e lo p e d  
b a sed  o n  c h r o m a t ic  m o d u la t io n . T h e  m o n ito r  
c o n s is ts  o f  tw o  p a r ts , o n e  fo r  m o n ito r in g  th e  e m is 
s io n  sp ectra  o f  p la s m a s  a n d  th e  seco n d  for m o n i
to r in g  th e  th ic k n e s s  o f  f ilm s o n  se m ic o n d u c to r s  
d u rin g  e tc h in g  o r  d e p o s it io n . T h ese  c h r o m a tic  
sy s tem s offer  s ig n if ic a n t  sp e e d  a d v a n ta g e s  o v er  
eq u iv a len t sp e c tr o s c o p ic  te ch n iq u es . B o th  sy s te m s  
h a v e  b een  te s te d  o n  a  v a r ie ty  o f  p la sm a  ch a m b ers  
an d  typ ica l r e su lts  fro m  b o th  sy s tem s are p r e se n t
ed . C h r o m a tic  m o n ito r in g  p r o v id e s  rap id  feed b a ck  
o n  the sta te  o f  a  p la s m a  a n d  o n  film  th ick n ess , 
p ro v id in g  th e  p o s s ib il i ty  fo r  rea l-tim e  m o n ito r in g  
a n d  co n tr o l o f  th e  p la s m a  sta te . F u rth er  e n h a n c e 
m en t o f  th e  c h r o m a t ic  te c h iq u e  a llo w s  tw o -  
d im e n sio n a l m o n ito r in g  o f  th e  p la sm a , p r o v id in g  
in fo rm a tio n  o n  its  u n ifo rm ity .

1 In trod uc tio n

P la sm a  p ro cesse s  a r e  n o w  w id e ly  u sed  in  in d u stry , e sp e c i
a lly  for  surface m o d if ic a t io n  a n d  for se m ic o n d u c to r  p r o 
c e ss in g , b u t th e  c o m p le x  n a tu re  o f  the p la sm a  s ta te  
m a k e s  it d ifficu lt t o  a c c u r a te ly  p red ic t the b e h a v io u r  o f  a 
p la sm a  p r o c e ss in g  sy s te m , le a d in g  to  p ro b lem s in  se t t in g  
u p  a sta b le  p ro cess . C u rren tly , p la sm a  sy stem s h a v e  to  b e  
in d iv id u a lly  c h a r a c te r ise d  to  p r o d u c e  a sy s te m -sp e c ific  
o p e r a tin g  recipe . H a v in g  e s ta b lis h e d  a sta b le  o p e r a tin g  
p o in t , further p r o b le m s  a r ise  d u e  to  v a r ia t io n s  b e tw e e n  
runs. M a n y  s e m ic o n d u c to r  p r o c e sse s  are  se n s it iv e  to  
v a r ia t io n s , a n d  th is  le a d s  to  c h a n g e s  in  th e  r e su ltin g  
d e v ic e  ch a ra c ter istic s .

A n u m b er  o f  te c h n iq u e s  h a v e  b een  u sed  to  m o n ito r  
a n d  ch a ra cter ise  p la sm a s . T h e se  c o n v e n tio n a l m o n ito r in g  
sy s te m s are e ith e r  in tr u s iv e , lik e  th e  L a n g m u ire  p r o b e  
[ 1 ] ,  o r  rely o n  sp e c tr o sc p ic  a n a ly s is  o f  the p la sm a , e ith er  
o p tic a l [ 1 ]  o r  m a s s  sp e c tr o m e tr y  [2 ] ,  T h e  L a n g m u ir  
p r o b e s  ca n  g iv e  u se fu l in fo r m a tio n  on  th e  s ta te  o f  th e  
p la sm a  an d  h a v e  b e e n  su c c e ss fu lly  u sed  in  th e  tran sferra i
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o f  p r o c e sse s  b e tw e e n  c h a m b ers  [ 3 ] .  H o w e v e r , b e c a u se  o f  
th e ir  in tru siv e  n a tu re , L a n g m u ir  p ro b es  w o u ld  n o t  be  
a c c e p ta b le  a s  c o n t in u o u s  m o n ito r s :  th e  p r o b e  te n d s  to  
ca u se  a  lo c a l d is tu rb a n ce  in  th e  p la sm a  th a t a ffec ts  u n i
fo rm ity  a cr o ss  th e  p r o c e ss in g  sy stem .

O p t ic a l a n d  m a ss  sp e c tr o m e tr y  h a v e  b o th  b een  u sed  
to  p r o v id e  a ra n g e  o f  d e ta ile d  d ia g n o s t ic  in fo r m a tio n  o n  
p la sm a  p r o c e sse s  [1 , 2 ] ;  b o th  ca n  b e  u sed  o n  a  ru n -b y -  
run  b a s is  a n d  ca n  in d ic a te  v a r ia t io n s  in  th e  p la sm a  
e n v ir o n m e n t. H o w e v e r , th e  in s tr u m e n ts  req u ired  for  
th e se  te c h n iq u e s  are e x p e n s iv e  a n d  p r o d u c e  e x c e ss iv e  
a m o u n ts  o f  d a ta  th a t are  n o t  ea s ily  in terp reted .

In  th is  p a p er  w e  d escr ib e  a  n o n in v a s iv e  m o n ito r in g  
sy s te m  b a sed  u p o n  c h r o m a tic  m o d u la t io n  [ 4 ] ,  O p tic a l  
sy s te m s  h a v e  b een  d e v e lo p e d  to  m ea su re  o p t ic a l e m is 
s io n s  fro m  th e  p la sm a  an d  to  m o n ito r  th e  c h r o m a tic ity  o f  
th in  in su la t in g  film s o n  a  s e m ic o n d u c to r  su b s tra te . T h e  
p la s m a -e m iss io n  m o n ito r  p r o d u c e s  a  ra p id  o u tp u t  w h ich  
in d ic a te s  th e  cu rren t sta te  o f  th e  p la sm a . T h e  th in -film  
m o n ito r  g iv e s  rap id  feed b a ck  o n  th e  in s ta n ta n e o u s  th ic k 
n ess  o f  a  film . T h e  o u tp u ts  fro m  th e se  sy s te m s  h a v e  b een  
u sed  a s  in p u ts  to  an  in te ll ig e n t  c o n tr o l sy s te m , w h ic h  ca n  
id en tify  v a r ia t io n s  b e tw e e n  ru n s, d ia g n o s e  p r o b le m s  a n d  
sen d  c o n tr o l a c t io n s  to  im p r o v e  th e  o p e r a tio n .

2 C hrom atic  sensing

2.1 Basic principles
C h r o m a tic  se n s in g  is th e  u tilisa t io n  o f  p o ly c h r o m a tic  
lig h t  fo r  se n s in g  c h a n g e s  w ith in  a  p h y s ic a l sy s te m  [5 ] .  
C h r o m a tic  d e te c t io n  in v o lv e s  an  array  o f  p h o to d e te c to r s  
w ith  o v e r la p p in g  w a v e le n g th -d e p e n d e n t r e sp o n s e s  C(A); 
a n  e x a m p le  o f  ty p ica l d e te c to r  r e la tiv e  r e sp o n s iv it ie s  u sed  
for  su c h  p u r p o se s  is  sh o w n  in  F ig . la .  T h e  o u tp u t  fro m  
e a c h  d e te c to r , w h e n  u sed  to  m o n ito r  an  o p t ic a l s ig n a l 
h a v in g  a  sp ectra l p o w er  d is tr ib u t io n  P(X), w ill b e

V  =  |  P(A)C(A) dX (1)

F o r  m a n y  a p p lic a tio n s  th e  o p tim u m  c o m b in a t io n  
in v o lv e s  th ree  d e tec to rs , w ith  r e sp o n se s  C x(X), C y(X) an d

T h e  a u th o r s  w ish  to  th a n k  C h e ll In s tru m en ts , 
G E C  M a r c o n i M a te r ia ls  T e c h n o lo g y  a n d  th e  D T I  
fo r  fu n d in g  th is  w o rk  a n d  for su p p ly in g  e s se n tia l  
in fo rm a tio n .
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C z(k). g iv in g  th ree  o u tp u ts :

K =

v. =

P(k)Cx(k) d k
l

P{k)Cv(k) dk1
P(k)Cz(k) dk (2)

chopper

b

Fig. 1 T r is t im u lu s  s y s te m s

a The responsivities of the detectors plotted relative to the peak responsivity of 
detector pd l
b The experimental arrangement around the plasma chamber 
Two tristimulus systems were used, one observing the film thickness through a 
viewport at the top of the chamber and the second observing the plasma through 
a side-mounted viewport

w h ic h  ca n  be lig h t- in te n s ity  n o rm a lised  a c c o r d in g  to

x =___ St___
(Vx + V y + V z)

Vy
> (V' +Vy+ K)

z = (Vx +V, + K) (3)
T h e  resu ltin g  p a r a m e te r s  x , y  a n d  z  form  c h r o m a tic ity  
c o o r d in a te s  w h ich  q u a n tify  th e  sp ectra l s ig n a tu r e  P(k).

T h e sta te  o f  a n y  o n e  o f  th e  c h ro m a tic ity  c o o r d in a te s  
ca n  be o b ta in e d  fro m  a  k n o w le d g e  o f  th e  o th e r  tw o , as

x  +  y  +  2 =  l .  If the d e te c to r  r e sp o n se s  cx . cy an d  c2 w ere  
m a d e to  co rresp o n d  to  th e  d e te c to r s  in a sta n d a rd  
h u m a n  o b serv er , as la id  d o w n  by th e  In te r n a tio n a l C o m 
m iss io n  on  I llu m in a tio n  (C IE ), th en  the re su ltin g  x . y  p lo t  
w o u ld  form  th e  C IE  c h r o m a tic ity  d ia g ra m , w h ich  is w ell 
k n o w n  an th e  field  o f  c o lo u r  sc ie n c e  [6 ] .  In th is  rep resen 
ta t io n , sa tu r a te d  o r  p u re c o lo u r s  resid e  a r o u n d  th e  p er i
p h ery  o f  th e  c h r o m a tic ity  cu rv e , w h erea s  c o m p o s ite  
sp ectra l s ig n a tu r e s  reside w ith in  th e  area e n c lo se d  by the  
ch r o m a tic ity  b o u n d a ry .

T h e se  c o n s id e r a tio n s  h a v e  im p o r ta n c e  in  re la t io n  to  
o p tic a l se n s in g  b eca u se  th e  im p lic a tio n  is th a t ev en  c o m 
p lica ted  sp ectra l s ig n a tu res  ca n  be q u a n tified  in  term s o f  
o n ly  tw o  p a ra m eters, x  and  y.  C h a n g e s  in th e  sp ectra l 
s ig n a tu re  ca n  th erefore  be q u a n tif ied  in  term s o f  a ch a n g e  
in th ese  tw o  p a ram eters.

A s th e  c h r o m a tic ity  c o o r d in a te s  x , y  an d  z  are  lig h t-  
in ten s ity  n o r m a lise d , a c h r o m a tic  se n s in g  sy s tem  is in h er 
e n tly  in se n s it iv e  to  in ten s ity  v a r ia t io n s  c a u se d  by c h a n g e s  
in th e  tra n sm iss iv ity  o f  th e  o p t ic a l p a th . F o r  in s ta n ce , 
c h a n g e s  in  in ten sity  d u e  to  a b u ild -u p  o f  d e p o s it  o n  a  
p la sm a  ch a m b er  w in d o w  w o u ld  h a v e  little  e ffect o n  the  
c h r o m a tic  s ig n a l, p r o v id e d  th e  d e p o s it  h a d  n o  sp e c tr u m 
m o d ify in g  p ro p er tie s  a n d  n o n e  o f  th e  p h o to d e te c to r  
sig n a ls  a p p r o a c h e d  th e  n o is e  th r e sh o ld . In d eed , it h as  
b een  d e m o n s tr a te d  [ 5 ]  th a t an  erro r  in  d o m in a n t  w a v e 
len gth  d e te r m in a tio n  o f  le ss  th a n  0 .0 0 0 1 3  n m  p er  p e r c e n t
a g e  c h a n g e  in  sig n a l in te n s ity  is  a c h ie v a b le  a b o v e  th e  
d e te c to r  n o is e  th resh o ld .

It sh o u ld  be n o te d  th a t c h r o m a tic  se n s in g  d iffers from  
c o lo r im e tr y  in  a n u m b er  o f  im p o r ta n t w a y s:

(a) U n lik e  c o lo r im e tr y , c h r o m a t ic  se n s in g  is  co n c e r n e d  
w ith  c h a n g e s  in  sp ectra l s ig n a tu r e s  ra th er  th a n  m o n ito r 
in g  o f  a b so lu te  c o lo u r  v a lu es .

(b) F o r  c h r o m a tic  se n s in g  th e  d e te c to r  r e sp o n s iv it ie s  
C x , C y a n d  C .  m a y  be v a r ied  to  m o d ify  th e  r e so lu tio n ,  
d y n a m ic  ran ge  a n d  sp ectra l lo c a t io n  o f  th e  d e te c t io n  
sy stem . T h e  re la t io n sh ip  b e tw e e n  r e sp o n s iv ity  c h a n g e s  
an d  th e  m ea su rem en t q u a n t if ic a t io n  w a s  in v e s t ig a te d  by  
B ea v a n  [ 5 ] ,  a n d  is r ep o r ted  b y  J o n e s  a n d  R u sse ll [ 4 ] ,  In  
co lo r im e tr ic  term s th e  im p lic a t io n  is th a t r e sp o n s iv ity  
c h a n g e s  m o d ify  th e  form  o f  th e  c h r o m a tic ity  d ia g ra m , o f  
w h ich  th e  C IE  d ia g ra m  is  b u t a  sp e c ia l ca se .

(c) T h e  ra n g e  a n d  r e so lu tio n  o f  a  c h r o m a tic  se n s in g  
sy stem  m a y  b e  varied  o n lin e  u s in g  so ftw a r e  to  c o n tr o l th e  
p r o c e ss in g  o f  s ig n a ls  from  e a c h  d e te c to r  [ 7 ] .  F o r  
in s ta n ce , w ith  a d is tim u lu s  sy s te m  th e  c h r o m a tic ity  m a y  
b e d efin ed  as th e  ra tio  o f  th e  p h o to d e te c to r  o u tp u ts . T h e  
lin ea r ity  o f  th e  o u tp u t c a n  b e  im p r o v e d  b y  u s in g  a 
d ifferen ce -o v er -su m  r e la t io n s h ip :

v =  G\ K -  *K\
K + fivj (4)

T h e  ra n g e  an d  r e so lu tio n  ca n  b e  a d ju s ted  b y  v a ry in g  G, a 
an d  /?. T h is  e n a b le s  th e  tr a ck in g  o r  d e ta ile d  lo c a t io n  o f  
sp ectra l s ig n a tu re  v a r ia t io n s  to  b e  im p le m e n te d  [8 ] ,  
S im ila r  a lg o r ith m s m a y  be u sed  w ith  tr is t im u lu s  sy stem s.

C h r o m a tic  se n s in g  h as b een  su c c e ss fu lly  d e v e lo p e d  for a 
n u m b er  o f  in d u str ia l a n d  m e d ic a l m o n ito r in g  a p p lic a 
t io n s  [9 , 1 0 ];  in th is p a p er  its u se  for m o n ito r in g  p la sm a  
p r o c e sse s  is co n sid ered .

2 .2  Plasma c h ro m a tic ity
T o  illu stra te  th e  c a p a b ilit ie s  o f  th e  tech n iq u e . F ig s. 2a 
an d  2 b  sh o w  th e  sp ectra  o f  tw o  d ifferen t g lo w  p la sm a s:  
p u re h y d r o g e n  an d  p u re n itro g en . W h e n  a d d ressed  c h r o 
m a tica lly  w ith  d e te c to r s  o f  a p p r o p r ia te  resp o n s iv it ie s ,
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g iv in g  the ch ro m a tic  e n v e lo p e  sh o w n  in F ig . 2c , the  
sp ectra  o f  F igs. 2a and  2b  m a y  be lo c a te d  at p o in ts  A and  
B, resp ectiv e ly . If th e  re la tiv e  c o n c e n tr a t io n s  o f  the

where m is an integer, n is the refractive index of the film
and 0 is the angle of incidence. The problems with such
an approach are that other spurious effects can cause

Fig. 2 C h r o m a tic ity  o f  p la s m a s  

a The optical emission spectrum of a pure hydrogen plasma 
b The emission spectrum of a pure nitrogen plasma
c A chromaticity diagram. Points A and B represent the chromaticity values for 
the spectra shown in a and b, respectively

in d iv id u a l sp ec ies  in  th e  p la sm a  are va ried , th e  p la sm a  
c h r o m a tic ity  varies a lo n g  a lo c u s  c o n n e c tin g  A  a n d  B. 
T h e  p recise  lo c u s  w ill b e  g o v e r n e d  b y  c o n d it io n s  w ith in  
th e  p la sm a , su ch  a s im p u r ity  lev e ls , g a s  f lo w s  a n d  th e  
e m is s io n s  p ro d u ced  b y  ra d ica ls  a n d  sp ec ie s  g e n era ted  in  
r e a c tio n s  b etw een  th e  g a ses . C h r o m a tic  se n s in g  p r o v id e s  
a  m e a n s  o f  tra ck in g  th e se  c h a n g e s  in  p la sm a  c o n d it io n s  
r e la t iv e ly  s im p ly , a n d  w ith  th e  p o te n t ia l fo r  very  h igh  
t im e  re so lu tio n . A s a  re su lt it is  a ttr a c tiv e  for  o n lin e  m o n 
ito r in g  o n  in d u str ia l p la sm a  p r o c e ss in g  sy stem s.

2 . 3  C h r o m a t ic i t y  o f  th in  s e m i c o n d u c t o r  f i lm s  
T h e  th ick n ess  d  o f  th in  film s m a y  be d e term in ed  in  p r in 
c ip le  if  the refractive  in d e x  o f  th e  film  is k n o w n , from  
c y c lic a l in ten sity  v a r ia t io n s  o f  a m o n o c h r o m a tic  lig h t  
so u r c e  (w a v e len g th  A) d u e  to  w ell k n o w n  in terferen ce  
e ffe c ts  [1 1 ]  g o v ern ed  by th e  c o n d it io n  for  d estru c tiv e  
in te r fe r e n c e :

c
Fig. 3 O u tp u t f r o m  th e  th in - fi lm  m o n ito r  d u r in g  a n  e tc h in g  ru n

a The voltage output from the three detectors ( r is C„, g is C, and b is C,) 
b The chromaticity and intensity variation calibrated against film thickness 
c The corresponding chromaticity variation

in te n s ity  v a r ia t io n s  th a t co n fu se  th e  th ic k n e ss  m o n ito r 
in g , a n d  th a t th e  c y c lic a l in te n s ity  v a r ia t io n s  m a k e  it  d iffi
cu lt to  e x tra c t an  a b so lu te  th ic k n e ss  v a lu e , a s  o p p o s e d  to  
r e la tiv e  ch a n g es .

H o w e v e r , b y  e x te n d in g  th e  th in -film  in ter feren ce  
a p p r o a c h  to  th e  u se  o f  p o ly c h r o m a tic  lig h t, su c h  d iffi
c u lt ie s  ca n  be o v e r c o m e  u s in g  c h r o m a t ic  d e te c t io n .  
U n d e r  su ch  c o n d it io n s  th e  o p tic a l p o w er  sp e c tr a l d is 
tr ib u tio n  o f  eq n . 1 b e c o m e s

nd  c o s  a =  —  2
(5) P(A) =  P 0(2) s in 2 (6)
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w here (■> =  (2 n//.\n(/.)d.  /  is the o p tic a l w a v e le n g th  n{/.) is 
the refractive in d ex  an d  cl is th e  p a th  len g th . T h u s, w h en  
th e  th ick n ess o f  a film  is m o n ito r e d  d u r in g  an e tc h in g  
run. w ith  three d e te c to r s  o f  d ifferen t re sp o n s iv it ie s  C\ . C v 
and  C .  (co v er in g  th e  w a v e le n g th  ran ge 3 0 0 -  1100 nm ). the  
s ig n a ls  record ed  a s a fu n c t io n  o f  tim e are o f  the form  
sh o w n  in F ig . 3a . F ig . 3 h  sh o w s  th e  c h r o m a tic  v a r ia t io n  
p lo tted  as a fu n c t io n  o f  th ick n ess . T r a n s la t in g  th ese  in to  
a tw o -d im e n sio n a l c h r o m a tic ity  p lo t le a d s  to  the v a r ia 
tio n  sh ow n  in F ig . 3c. E ach  p o in t on  th e  c h r o m a tic ity  
d iagram  can be m a p p e d  o n  to  a th ic k n e ss  va lu e . T h ere  is 
n o w  o n ly  o n e  a m b ig u o u s  p o in t an d . b y  u sin g  th e  g ra 
d ien ts  o f  the cu rv e , th is  a m b ig u ity  ca n  be reso lv ed .

3 System im plem entation

S y stem s based  o n  th e  a b o v e  c h r o m a tic  p r in c ip le  h a v e  
been  im p lem en ted  for  o n lin e  te s t in g  for b o th  p la sm a  c o n 
d it io n  and film  th ic k n e ss  d u r in g  the e tc h in g  o f  s ilic o n  
n itr id e  o f f  G a A s  su b s tr a te s  u s in g  a  rea ctiv e  io n  e tc h in g  
(R fE ) system . A n  a r r a n g e m e n t ty p ica l o f  th o se  u sed  for  
su ch  in v e s t ig a t io n s  is  sh o w n  in F ig . lb .

3.1  P lasm a  e m i s s i o n
P la sm a  e m is s io n  h a s  b een  m o n ito r e d  u s in g  a 
p h o to d io d e -b a se d  tr is t im u lu s  sy stem  c o v e r in g  a w a v e 
len gth  w in d o w  e x te n d in g  from  3 0 0  to  llO O n m . S u ita b le  
d etec to r  r e sp o n s iv it ie s , o f  th e  ty p e  sh o w n  in F ig . la ,  w ere  
ch o sen  u sin g  a  sp e c ia lly  c o n s t itu te d  C A D  p a c k a g e  [ 8 ]  
w h ich  en a b led  th e  d e te c t io n  sy s te m  to  be m a tc h e d  to  th e  
p la sm a  e m iss io n s . O p t ic a l a c c e ss  to  th e  p la sm a  w a s  
o b ta in e d  v ia  a  q u a r tz  v ie w in g  p o r t a n d  o p tic a l fibre  
tra n sm issio n  to  a llo w  th e  o p to e le c tr o n ic  p r o c e ss in g  to  be  
situ a ted  rem o te  fro m  th e  ra d io freq u en cy  e n v ir o n m e n t  
requ ired  for p la sm a  p r o d u c tio n .

3 . 2  T h in - f i lm  m o n i t o r i n g
T h e  film  th ic k n e s s -m o n ito r in g  sy stem  c o n s is ts  o f  a  s ta b le , 
u n p o la r ised  w h ite  lig h t so u r c e  (O p tic a l se n s in g  d e p a r t
m en t o f  L u c a s  E n g in e e r in g  S y stem s, P a rt N o .  
O S L 0 0 5 1 3 ), o p t ic a l fib res a n d  a  tr istim u lu s  c h r o m a tic  
d etec t io n  sy stem . O n e  fib re g u id e s  th e  lig h t o n  to  th e  su b 
stra te  and  th e  se c o n d  c o lle c ts  th e  re flec ted  lig h t an d  
g u id es  it b ack  to  th e  d e te c to r s . T h e  fib res are p la c e d  a t a  
p red eterm in ed  a n g le  to  th e  n o rm a l

T h e th ic k n e ss -m o n ito r in g  sy s te m  w a s  u sed  in  a  c a li
brated  rather th a n  an  a b so lu te  m e a su r e m e n t m o d e . T h is  
m ea n s that th e  sy s te m  o u tp u t  (film  th ick n ess  r e la t io n sh ip )  
w a s d eterm in ed  b e fo r e h a n d  u s in g  a  ser ies  o f  film s  
p reetch ed  to  d ifferen t th ic k n e sse s . A ty p ic a l c a lib r a tio n  
cu rv e  is sh o w n  in F ig . 3c, a n d  th is  p r o v id e s  film  th ic k n e ss  
v a lu es to  a r e so lu tio n  o f  + 0 .5  nm  u n d er  id ea l c o n d it io n s .  
T h e  ca lib ra ted  a p p r o a c h  a lso  a v o id s  c o m p lic a t io n s  
a sso c ia ted  w ith  lig h t p o la r isa t io n  e ffects , p r o v id e d  th e  
sy stem  c o n fig u r a tio n  rem a in s  fixed  a n d  th e  c a lib r a tio n  
ex a m p les  e s ta b lish e d .

T o  a llo w  in -s itu  m o n ito r in g  o f  film  g r o w th , in  th e  
p resen ce  o f  th e  p la sm a  e m iss io n  a s b a c k g r o u n d , th e  w h ite  
ligh t so u rce  w a s c h o p p e d  w ith  a r o ta t in g  sh u tter  a n d  th e  
o u tp u t from  th e  d e te c to r s  m ea su red  u s in g  a lo c k - in  
am plifier.

T h e m o n ito r in g  sy s te m  h a s b een  te s ted  o n  sev era l 
sy stem s, but m o s t  te s ts  h a v e  b een  p erfo rm ed  o n  an  R IE  
sy stem . T h e in p u t a n d  o u tp u t  fib res w ere  s itu a te d  o u ts id e  
a q u artz  w indow ' in  th e  u p p er  n o n p o w e r e d  e le c tr o d e  (F ig . 
1 b). A G a A s w afer  c o a te d  w ith  s ilic o n  n itr id e  w a s  p la ced  
under this w in d o w  a n d  th e  o u tp u t from  th e  d e te c to r  
m o n ito red .

4 Assessment of m onitoring  systems

T h e  tw o  m o n ito r in g  sy s te m s , for p la sm a  e m iss io n  and  
film  th ic k n e ss , h a v e  been  tes ted  o n  a n u m b er  o f  p la sm a  
p ro cess in g  sy s te m s , in c lu d in g  research  a n d  co m m e r c ia l  
system s.

4.1  T y p e s  o f  p la s m a  s y s t e m
T h e p la sm a -e m iss io n  m o n ito r  h a s  been  tested  on  a 
p la s m a -o x id a tio n  sy stem , a D C  p la sm a -n itr id in g  sy stem , 
a p la s m a -d e p o s it io n /e tc h in g  sy stem  and  a rea c tiv e  io n 
e tc h in g  sy stem . T h e  p la s m a -o x id a t io n  sy s te m  c o n s is te d  o f  
an  in d u c t iv e ly  c o u p le d  o x y g e n  p la sm a  e x c ite d  by an  
ex tern a l R F  c o il at a freq u en cy  o f  13 .56  M H z  at a p o w er  
o f  1 k W  an d  an  o x y g e n  p ressu re  o f  0 .1 5  T orr. O x id e  
g ro w th  w a s in d u ced  u sin g  a 100 V D C  b ia s to  an  Si 
w afer.

T h e  n itr id in g  sy stem  c o n s is te d  o f  a g lo w  in it ia te d  by  
u sin g  1 -3  k V  D C  v o lta g e s  a n d  w a s u se d  for  n itr id in g  
tita n iu m  d iscs . E x p e r im e n ts  w ere  p erfo rm ed  o v e r  a ran ge  
o f  p r o c e ss in g  c o n d it io n s  a n d  u s in g  a v a r ie ty  o f  g a s  m ix 
tures. P r o c e ss in g  p ressu re  w a s  in  th e  ra n g e  2 - 6  T . T h e  
sa m p le  w a s  m a in ta in e d  a t a  tem p era tu re  o f  2 7 0 °C . T h e  
d isch a rg e  cu rren t w a s m a in ta in e d  at 137 m A  b y  v a ry in g  
th e  a p p lied  v o lta g e .

T h e  R IE  sy s te m  c o n s is te d  o f  a  6 0  cm  d ia m eter  
ch a m b er  a n d  an  R F  su p p ly  a t 13 .56  M H z  freq u en cy . T h e  
sy stem  w a s u sed  for  e tc h in g  s ilic o n  n itr id e  la y ers o n  s e m i
c o n d u c to r  su b s tr a te s  u s in g  a C F 4/ 0 2 p la sm a . A  g a s  flo w  
o f  50  seem  w a s  u sed , c o n s is t in g  o f  18.3%  C F 4 , 1.7%  0 2 
a n d  80%  N 2 . T h e  c h a m b e r  p ressu re  w a s  m a in ta in e d  at 
7 0  m T  a n d  th e  p la sm a  w a s  m a in ta in e d  u s in g  a  p o w e r  o f  
60  W .

T h e  p la sm a  d e p o s it io n /e tc h in g  sy s tem  u sed  c o n s is te d  
o f  a  s ta n d a r d  P la sm a  T e c h n o lo g y  /rp 800  ru n n in g  a 
c u s to m  e tc h in g  p ro cess .

T h e  film  th ic k n e s s -m o n ito r in g  sy s te m  h a s  b een  tested  
o n  th e  p la s m a -o x id a t io n  a n d  th e  R IE  sy s te m s d escr ib ed  
a b o v e . T h e  s ig n a l le v e ls  o b ta in e d  from  th e  p h o to d io d e  
d e te c to r s  d u r in g  p la s m a -e m is s io n  te s ts  w ere  b e tw e e n  0.5  
an d  25  n A , w h ich  w ere  a b o v e  th e  d e te c to r  n o is e  level, 
w h ich  is ty p ic a lly  0.1 n A . D u r in g  th e  th in -film  m o n ito r 
in g  th e  s ig n a l stren g th  ca n  b e  a d ju s ted  v ia  th e  in te n s ity  o f  
th e  w h ite  lig h t so u r c e :  s ig n a ls  o f  th e  o rd er  o f  10 n A  w ere  
n o r m a lly  u tilised .

4 . 2  T y p ic a l  t e s t  r e s u l t s
A  ra n g e  o f  te st r e su lts  h a s  b een  o b ta in e d  w ith  th e  c h r o 
m a tic  m o n ito r s  u s in g  th e  v a r io u s  p la sm a  sy s tem s  
d escr ib ed  a b o v e . T h e  r e su lts  h a v e  sh o w n  th a t th e  m o n i
to r in g  sy s te m s o p e r a te  w e ll u n d er  th e  v a r io u s  c o n d it io n s  
e x is t in g  w ith in  th e  d ifferen t p la sm a  p r o c e ss in g  sy stem s. 
T h ese  resu lts  h a v e  co n fir m e d  th e  fo l lo w in g  p erfo rm a n ce  
ca p a b ilit ie s .

E x p e r im e n ta lly , for  th e  R IE  sy s te m  d e scr ib ed  a b o v e , 
th e  p la s m a -e m iss io n  m o n ito r  w a s  a b le  to  d is tin g u ish  
c h a n g e s  in  g a s  p ressu re  o f  2  m T , in  p la sm a  su s ta in in g  
p o w er  lev e ls  o f  1 W  an d  in  a g a s  m ix tu re  o f  0 .5% . F a u lty  
o p e r a tin g  c o n d it io n s  (e.g . v a r ia t io n s  in  th e  p la s m a -g a s  
m ix tu res  c a u se d  b y  a  fa u lty  g a s  reg u la to r , fa u lty  p la sm a 
e n e r g is in g  p o w e r  sy s te m s  a n d  fa u lty  v a c u u m  sy stem  
b e h a v io u r ) h a v e  b een  sh o w n  to  be ea s ily  d e tec ta b le .

E x a m p le s  o f  th e  re su lts  o b ta in e d  are sh o w n  in  F ig . 2c  
and  F ig . 4. F ig . 2 c  h a s  a lr e a d y  b een  d escr ib ed , an d  sh o w s  
h o w  th e  co rrect c o m p o s it io n  o f  the p la sm a  can  be  
c h e c k e d  v ia  th e  v a lu e s  o f  th e  c h r o m a tic ity  c o o r d in a te s  x  
an d  y.  F ig . 4  sh o w s  th e  c h r o m a tic ity  v a r ia t io n  d u r in g  an  
e tc h in g  run w'ith th e  R IE  sy s tem , u sin g  the stan d ard
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etching conditions described above. Clear and abrupt 
changes in chrom aticity arc apparent at both the begin
ning and end of the etch process, so enabling the etch

Fig. 4 O u tp u t fr o n t  th e  p la sm a  e m iss io n  m o n ito r . T h e  c h r o m a tic i ty  
c o o rd in a te s  x  a n d  y  a re  p lo t te d  in d iv id u a lly  a g a in s t tim e

t im e  fo r  a n  e tc h in g  p ro ce ss

period and end point to  be clearly identified. In this case 
the chromaticity changes are produced by the presence of 
the etching byproducts in the plasma, which affect the 
plasm a composition and optical emissions. Thus the 
plasma emission m onitor allows overetching to be 
avoided.

An example of the results obtained with the film- 
thickness m onitor was given in Fig. 3. The chrom aticity 
variation is a complex spiral, indicating that the chro
maticity progresses through a num ber of spectral signa
ture cycles. The cases shown in Fig. 3c corresponds to 
cycles of 1.5 orders, implying a thickness change of about
0.25 finl. For thicker films the chrom aticity varies 
through a greater num ber of fringe orders, leading to 
additional loops on the chrom aticity diagram.

For such chrom atic signals to  be of direct value for 
film-thickness m onitoring it is advantageous to deconvol
ute the chrom aticity spiral to give a linear calibration 
curve in terms of film thickness. Such calibration has 
been achieved by perform ing a num ber of partial etches 
of different final thicknesses. Accurate m easurement of 
these partially etched wafers allowed a calibration table 
of chromaticity against thickness to be produced. The 
lookup table algorithm  matches the chromaticity values 
read from the m onitor to the nearest values in the cali
bration table, to allow for the effect of noise. To produce 
a definitive thickness value at the crossover points in the 
chromaticity diagram , the lookup table algorithm  makes 
use of previous data  to determine the direction of change. 
These calibration data  allow real-time m onitoring of the 
thickness during the etching process. A typical example 
of such a result is shown in Fig. 5. The thickness data 
from the thin-film m onitor have been used to confirm the

end-point data obtained using the plasma-emission 
m onitor (e.g. Fig. 4).

Initial etching runs with the RIF: system were diag
nosed with the plasma-emission m onitor to be of variable

Fig. 6 U s e  o f  c h r o m a c ity  in p la sm a  c o n tro l

a Chromaiicity variation with time and position across a section of the plasma, as 
seen through a 5 cm viewport
b The chromaticity surface as a function of plasma composition (as governed by 
the input gas mixture) and power

duration. Sim ultaneous m onitoring with both plasm a- 
emission and film-thickness systems indicated tha t the 
correlation between the commencement of etching and 
the plasma-emission response was good. These results 
assisted in identifying the variability in etch commence
ment as being associated with condensation induced on 
the cham ber walls during sample loading.

5 Conclusions

Despite its inherent simplicity, chrom atic m onitoring 
enables changes in spectral signatures to be rapidly iden
tified over a wide wavelength range. To allow flexibility, 
the m onitoring systems are usually coupled to the 
cham ber via a quartz viewport; fibre feedthroughs can be 
used if no viewport is available.

The chrom atic systems can comfortably discriminate 
wavelength changes as low as 0.01 nm [5], In terms of 
measured param eters, the plasma m onitor can discrim in
ate changes of 0.5% in the gas composition. 2 m T in
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pressure and  1 W  o f  p o w er . T h e  r e so lu tio n  o f  th e  th in -  
film  m o n ito r  is c u r r e n tly  lim ited  m o re  b y  th e  c a lib ra tio n  
proced u res th a n  b y  th e  r e so lv in g  p o w er  o f  th e  o p tic s . 
W o rst-ca se  film  th ic k n e ss  e s t im a te s  o f  ±  2 nm  h a v e  b een  
a ch iev ed , w ith  e s t im a te s  o f  ± 0 .5  nm  p o ss ib le  o v er  m o st  
o f  the th ick n ess  ra n g e .

T h ere  are tw o  fu rth er im p o r ta n t im p lic a tio n s  w h ich  
en su e  from  su ch  c h r o m a t ic ity  m o n ito r in g .

(a) T w o -d im e n s io n a l m o n ito r in g  o f  p la sm a  a n d  film  
th ick n ess is e a s i ly  a c c o m m o d a te d  th ro u g h  th e  u se  o f  an  
array o f  tr is t im u lu s  p h o to d e te c to r s , su ch  a s a C C D  array. 
S u d i an array c o n s is t s  o f  7 6 8  x  5 1 2  p ix e ls , p r o v id in g  a 
sp atia l r e so lu tio n  o f  a p p r o x im a te ly  20  /um. F ig . 6 a sh o w s  
an ex a m p le  o f  th e  r e su lts  o f  su ch  tw o -d im e n s io n a l m o n i
to r in g  o f  p la sm a  e m is s io n  c h r o m a tic ity , w h ich  e n a b le s  
the u n ifo rm ity  o f  th e  p la sm a  c o n d it io n s  ( im p o r ta n t for  a 
uniform  etch ) to  b e  c h eck ed .

(b) C h r o m a tic  m o n ito r in g  fo rm s a c o n v e n ie n t  and  
natural part o f  an  in te ll ig e n t  k n o w le d g e -b a se d  sy stem  
(IK B S ) b e c a u se  o f  its  a b ility  to  c o m p r e s s  ex p e r im e n ta l  
in fo rm a tio n  w ith o u t  sa cr ific in g  d isc r im in a tio n . T h e  
o u tp u t from  su c h  sy s te m s  m a y  be u sed  to  d efin e  v o lu m e s  
in m u lt id im e n s io n a l sp a c e , w ith in  w h ich  p la sm a  p r o 
cess in g  sy s te m s n eed  to  o p e r a te  to  en su re  an  o p tim u m  
yield  o f  p r o c e sse d  m a ter ia l. A s  an  e x a m p le  o f  th is  c a p a 
b ility , w e  p r e se n t re su lts  in  th r e e -d im e n s io n a l sp a ce  
w h ich  d efin e  th e  c h r o m a t ic ity  su rface a s a fu n c t io n  o f  
p la sm a  c o m p o s it io n  a n d  ra d io freq u en cy  p o w e r  su s ta in 
in g  the p la sm a  (F ig . 6b).

A n  IK B S  b a sed  u p o n  su c h  c h r o m a t ic  in p u ts  h a s  a lrea d y  
b een  a ssem b led  [ 1 2 ] .  T h is  sy s te m  c o m p a r e s  th e  c h r o 
m a tic  in p u ts  w ith  a  c h r o m a t ic  m o d e l y ie ld in g  o p tim a l  
y ield . D e v ia t io n s  b e tw e e n  th e  m o d e l a n d  th e  m o n ito r e d

in p u ts  resu lts  in  th e  IK B S  is su in g  a d ju s tm e n t in s tr u c tio n s  
a b o u t th e  p r o c e ss  v a r ia b les  to  b r in g  the p r o c e ss  b ack  on  
target. E x p er ien ce  w ith  th is  sy stem  to  d a te  in d ic a te s  its 
p er fo rm a n ce  t o  b e  e x tr e m e ly  reliab le .
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A bstrac t. A thin film  m easuring system  fo r the online m on itoring o f sem iconducto r film s 
during processing w ith a radio frequency plasm a is described. The m ethod is based upon 
the use o f chrom atic processing o f po lychrom atic in terference signals produced by the 
thin sem iconductor film  when illum inated w ith white light. A  descrip tion  is given o f the 
in terpre ta tion o f the po lych rom atic  signals produced by in te rfe rence e ffec ts  and som e 
typ ica l experimental results are presented to  illustrate the capab ilities o f the technique. 
The approach utilizes cost e ffec tive  instrum entation w ith acceptab le  tim e response fo r 
real tim e process contro l via op tica l fib re  transm ission. It is cu rren tly  being incorporated 
as p a rt o f an in te lligent know ledge based system fo r such process contro l.

1. Introduction

A h iera rc h ia l a p p ro a ch  to  th e  m o n ito r in g  o f  e lec tr ica l 
p la sm a  sy s te m s used  for th e  p r o c e ss in g  o f  s e m ic o n d u c to r  
m a ter ia ls  is sh o w in g  p r o m ise  for  im p r o v in g  sa m p le  y ie ld . 
T w o  c o m p o n e n ts  o f  th is  sy s tem  w h ich  are e sse n tia l to  
c lo se  th e  m o n ito r in g  lo o p  rely  u p o n  rem o te ly  a d d ress in g  
the p la sm a  e m iss io n  a n d  th e  m a ter ia l film  b e in g  p r o 
cessed  b y  o p tica l m e th o d s .

W ith  regard to  th e  o p t ic a l m o n ito r in g , th e  req u ire 
m en t is n o t  so  m u ch  for m e a su r in g  fu n d a m en ta l p la sm a  
and su b s tra te  p ro p erties , b u t ra th er for id en tify in g  u n sa t
is fa c to ry  o p era tin g  c o n d it io n s  fo llo w e d  b y  an  in d ic a tio n  
o f  th e ir  ca u se  so  th a t a p p r o p r ia te  c o n tr o l a c t io n  ca n  b e  
ra p id ly  im p lem en ted . A n  im p lic a tio n  o f  su ch  req u ire 
m en ts  is  th a t e c o n o m ic  o p t ic a l in fo rm a tio n  a c q u is it io n  
an d  in stru m en t c o m m o n a lity  a n d  flex ib ility  are  p a r a 
m o u n t in  ord er to  p reserv e  a c c e p ta b le  o n lin e  c o n tr o l  
resp o n se  and  to  en su re  in d u str ia l c o m p a tib ility .

A n  o p tic a l te c h n iq u e  w h ic h  m ee ts  th ese  req u irem en ts  
re lies  u p o n  th e  c h r o m a tic  m o n ito r in g  o f  sp ectra l s ig n a 
tu res (J o n e s  and  R u sse ll 1 9 9 3 ). T h e  b a sis  o f  th e  a p p r o a c h  
in v o lv e s  id en tify in g  a sp ec tra l s ig n a tu re  by u s in g  a 
n u m b e r  N  p h o to d e te c to r s , ea ch  h a v in g  a  d ifferen t w a v e 
len g th  re sp o n s iv ity , for lo c a t in g  th e  sp ectra l s ig n a tu r e  in  
an  (7V-1 ) d im e n sio n a l c h r o m a t ic  sp a ce . S p ectra l s ig n a tu re  
v a r ia t io n s  are th en  id e n t if ia b le  a s  c h a n g e s  in  th e  ( N - 1) 
c o o r d in a te s  o f  th e  s ig n a tu r e  in  c h r o m a tic  sp a c e  a n d  th e  
n a tu re  o f  th ese  c h a n g e s  m a y  be co rre la ted  w ith  d iffer
en t ca u ses .

T h e  a p p ro a ch  h a s  b een  u sed  to  track c h a n g e s  in 
b o th  th e  p la sm a  a n d  su b s tr a te  c o n d it io n s  an d  h a s  b een  
su c c e ss fu lly  in c o r p o r a te d  as part o f  an  in te llig en t k n o w l
e d g e  b ased  sy stem  for c o n tr o llin g  p r o c e ss in g  p la sm a . 
F ig u re  1 in d ica te s  th e  m o n ito r in g  req u irem en ts o f  a
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ty p ica l p la sm a  p r o c e ss in g  sy stem . C o n v e n t io n a l c o n tr o l  
sy s te m s m a in ta in  th e  p ressu re, f lo w  rate  o f  rea c tiv e  g a se s  
a n d  ra d io  fr e q u e n c y  (r f ) p o w e r  at p re-se t lev e ls . O p t ic a l  
m e a su r e m e n t o f  th e  p la sm a  e m iss io n s  ca n  be p erfo rm ed  
th r o u g h  a  s id e  m o u n te d  v iew  p o rt a n d  o b se r v a t io n  o f  
th e  m a ter ia l film  th ro u g h  a v ie w p o r t in  th e  to p  e le c tr o d e . 
T h is  p a p er  is  restr icted  to  th e  d e sc r ip tio n  o f  th e  c h r o 
m a tic  te c h n iq u e  a s a p p lied  to  m o n ito r in g  th e  su b s tr a te  
th ic k n e ss  v ia  w h ite  lig h t in terferom etry .

2. Theory

2.1. Optical interference in the wavelength domain

T h e  in situ  m e a su r e m e n t o f  th in  film s w ith in  a  p r o c e s s in g  
p la sm a  is c o n v e n t io n a lly  p erfo rm ed  u sin g  e ll ip s o m e tr ic  
(see  e.g . H a z e b r o e k  a n d  V isser  1 9 8 3 ) o r  la ser  in te r fe r o 
m etr ic  (Y u  et al  19 9 2 ) tech n iq u es . T h e se  m o n o c h r o m a t ic  
te c h n iq u e s  g iv e  g o o d  r e so lu tio n  b u t in te r p r e ta tio n  o f  th e  
resu lts  ca n  be d ifficu lt, req u ir in g  in te n s iv e  c o m p u t in g  
p o w er . In  th is  w o rk  an  a ltern a tiv e  so lu t io n  is  d e sc r ib e d  
b a sed  o n  w h ite  lig h t in ter fero m etry . A th e o r e t ic a l  
d e sc r ip tio n  o f  w h ite  lig h t in ter feren ce  in  th in  film s h a s  
b een  g iv en  b y  M u s ilo v a  an d  O h lid a l (1 9 9 0 ) . H e r e  w e  
a d a p t th e  th e o r e t ic a l a p p ro a ch  for  in c o r p o r a t io n  in to  a  

c h r o m a tic ity  a n a ly s is .
F o r  a s in g le  la y er  film  o f  a  n o n -a b s o r b in g  m e d iu m ,  

a s sh o w n  in figu re 2(a), the a m p litu d e  o f  th e  re flec ted  
lig h t is  g iv en  by (see  e.g . H e a v e n s  (1 9 6 5 ) )

w h ere  r, an d  r2 are th e  F resn el re flec tio n  c o e ff ic ie n ts  a t 
th e  first a n d  se c o n d  in terfa ce  re sp ec tiv e ly  a n d  <5 is th e
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Figure 1. Schem atic diagram  o f the m on itoring requirem ents for a plasma processing 
system. P, to  P„ represent the partia l pressure o f the reactive gases, m , to  mn are the 
m easured flow  rates. m„ represents the measured cham ber pressure.

p h a se  difference in tr o d u c e d  to  th e  ligh t tra v ers in g  the  
film , w h ich  is g iv e n  by

2 n
ô =  — n id co s  <j> (2 )

Ay

n { is the refractive in d ex  o f  th e  film , d  is th e  th ick n ess  
o f  the film , if> is th e  a n g le  o f  refraction , an d  X is the  
w a v e len g th  o f  th e  in c id e n t lig h t.

In  cases w h ere  th e se  re flec tio n  co e ff ic ie n ts  are sm a ll 
co m p a red  w ith  u n ity  th is  e q u a t io n  red u ces to

R  =  r l + r 1e ~ 2 i i . (3 )

A ssu m in g  th a t th e  p a th  d ifferen ce  nd  is le ss  th a n  the  
co h eren ce  len g th  o f  th e  lig h t, th e  in te n s ity  P  o f  th e  
reflected  ligh t fro m  su ch  a  sy s te m  is  a p p r o x im a te ly  th a t  
p ro d u ced  b y  th e  in ter feren ce  o f  tw o  lig h t b e a m s o f  
in ten sity  a n d  P 2.

P = P1 + P2 + 2 V (P ^ ]cos2<5 (4)

w h ere  P j =  r j  a n d  P 2 =  r\.
T he va lu es o f  th e  F resn el re flec tio n  c o e ff ic ie n ts , a n d  

h en ce  the in te n s ity  o f  th e  re flec ted  b ea m s, d e p e n d  o n  
th e  p o la r iza tio n  o f  th e  in c id e n t lig h t a n d  o n  th e  a n g le  
o f  incidence. A t n o r m a l in c id e n c e  p o la r iz a tio n  h a s  n o  
effect o n  the re flec tio n  c o e ff ic ie n ts  w h ich  a re  g iv e n  b y

no~ni ”t-"2r i = — ;—  r2 =  — -—  (5)
n0 +  n  ! ni + «2

w h ere  n0 and  n l a re  th e  refractive  in d ice s  e ith e r  s id e  o f  
th e  first in terface  a n d  n u  n 2 are  th e  refra ctiv e  in d ic e s  
e ith er  sid e  o f  th e  se c o n d  in terfa ce . T h e  re flec ted  in te n s i
ties , for in c id en t lig h t o f  u n it in ten s ity , a re  g iv e n  b y  r , 
a n d  r\. T h e  resu lts  p resen ted  h ere  are for  a  sy s te m  u sin g  
u n p o la r ized  lig h t a t n o rm a l in c id en ce . T h e  sy s te m  h as, 
h o w ev er , a lso  b e e n  u sed  su c c e ss fu lly  w ith  h ig h e r  a n g le s  
o f  incidence.

A g ra p h ica l r e p r e se n ta tio n  o f  e q u a tio n  ( 4 )  s h o w s  the  
w ell k n o w n  p e r io d ic  v a r ia t io n  o f  in te n s ity  w h ic h  c o n s t i 
tu te s  th e  fo r m a tio n  o f  in ter feren ce  fr in g es (cu rv e  
figure 2 (b )). T h e  d e p th  o f  m o d u la t io n  d e p e n d s  o f  c o u r se  
o n  the relative  in te n s it ie s  o f  th e  tw o  b ea m s P , ,  P 2.

E q u a tio n  (4 )  a p p lie s  to  th e  in ter feren ce  o f  lig h t  
reflected  from  the fron t a n d  b ack  o f  a  th in  film  
(fig u re  2(a)) p ro v id ed  th e  o p tic a l p a th  len g th  nd  is less  
th a n  th e  c o h e r e n c e  len g th  o f  th e  o p tic a l so u r c e  an d  w ith  
p o la r iz a tio n  an d  m u ltip le  re flec tio n  effects n eg lec ted . 
F u rth erm o re , a c c o r d in g  to  e q u a t io n  (4 ) , th e  p e r io d ic ity  
o f  the fr in ges w ith  resp ect to  o p t ic a l p a th  len g th  in crea ses  
w ith  th e  o p tic a l w a v e le n g th  a so th a t th e  g r a p h ica l 
r e p r e se n ta tio n  o f  th e  in ter feren ce  a t p r o g r e ss iv e ly  lo n g e r  
w a v e le n g th s  (a2, a3) a p p ea rs  as sh o w n  in figure 2(b)  
(cu rv es a2, a3). T h e  im p lic a tio n  o f  th is  r e p r e se n ta tio n  is 
th a t th ere  is a  p h a se  d ifferen ce  b e tw e e n  fr in g es a t d iffer
en t w a v e le n g th s . C o n se q u e n tly  if  a  tr a n s fo r m a tio n  is 
m a d e  to  v iew  th e  in terferen ce  o f  p o ly c h r o m a tic  lig h t at 
a ser ies  o f  d iscre te  o p tic a l p a th  le n g th s  in  th e  w a v e le n g th  
d o m a in  th en  th e  sp ectra l s ig n a tu r e  v a r ia t io n s  (sh o w n  as  
sh a d e d  reg io n s  in figure 2 (c)) are o b se r v e d . T h e  p attern  
c o r r e sp o n d in g  to  th e  sp ec tra l s ig n a tu r e  v a r ia t io n s  is 
c o m p o s e d  o f  a  series o f  v a r ia t io n s  w ith  w a v e le n g th  

d e p e n d e n t p er io d ic it ie s .

2.2. Polychromatic interference in chromatic space

T h e  sp ec tra l s ig n a tu res  o f  th e  form  sh o w n  in figure 2(c) 
p r o d u c e d  by p o ly c h r o m a tic  in ter feren ce  m a y  be  
a d d ressed  v ia  c h r o m a tic  m o n ito r in g  m e th o d s . T h e  
c h r o m a tic ity  o f  an  e le c tr o m a g n e tic  fie ld  c a n  in  g en era l 
be d e fin ed  by ( N - l ) p a ra m eters  o f  th e  fo rm  (S m ith  et ul 
1992)

fP(A)R„(A)dA
x*=~n-------------  (6)

XJPW^WdA
H = l

w h ere  P ( a ) =  e le c tr o m a g n e tic  fie ld  p o w e r

P )1(A) =  re sp o n s iv ity  o f  th e  p h o to d e te c to r  ¡.i 

i„ -J P (A )K „ (A )d *

=  o u tp u t s ig n a l from  d e te c to r  ^

I  jPWPw(A)d A (7)
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incident
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Figure 2. (a) Light incident on a thin film undergoes multiple reflections which produce 
interference effects, [b) Interference fringes at three wavelengths (A,, a2, a3) for increasing optical 
thickness of a thin film, (c) The interference of polychromatic light at a series of discrete optical 
path lengths.

=  Intensity of the electromagnetic wave 

As a consequence of equation (6)

£ x „  =  l 0 < x „ « S l. (8)
d = i

In practice, N  =  3 provides an optimum arrangem ent for

m ost purposes whilst N =  2 is a good com prom ise for 
m any purposes.

In order to appreciate the im plications of equation 
(6) we consider the case N =  3. It follows from equation 
(8) that a two-dimensional chrom aticity space is defined 
by x ,, x2 (at any point in this chrom aticity space the 
state of the third variable x 3 is totally defined by a
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k n o w le d g e  o f  th e  v a lu e s  o f  x „  x 2 a c c o r d in g  to  e q u a tio n  
(8 ) ) .  If, for e x a m p le , th ree  d e te c to r  r e sp o n s iv it ie s  o f  
th e  form  sh o w n  in figure 3(a) are u sed  th en  the  
resu ltin g  o p e r a tin g  c h r o m a t ic  b o u n d a r y  w ith in  th is  tw o -  
d im e n s io n a l sp a c e  a p p ea rs  as sh o w n  in  figure 3(b). 
P u r e ly  m o n o c h r o m a tic  s ig n a ls  lie  a lo n g  th e  cu rv ed  
b o u n d a r y  o f  figure 3(b)  (so  th a t th is  b o u n d a r y  p r o v id e s  
a  w a v e le n g th  sca le ) w h ils t  d ep a r tu res  from  m o n o c h r o 
m a tic ity  are reg istered  b y  in crea s in g  d is p la c e m e n ts  from  
th e  b o u n d a ry  to w a r d s  the cen tre  o f  th e  e n c lo s e d  sp a ce .

T h e  im p lic a tio n  is th a t a  sp ec tra l s ig n a tu r e  m a y  be  
q u a n tified  in  term s o f  tw o  c o o r d in a te s  Xj, x 2 so  th a t  
c h a n g e s  in  sp ectra l s ig n a tu r e s  m a y  be tra ced  as a  lo c u s  
in  th e  ch r o m a tic ity  sp a ce . T h e  n a tu re  o f  th e  c h a n g e  m a y

th en  b e  d e fin ed  in  term s o f  the c o n s id e r a tio n s  g iv en  

a b o v e .
T h e  sp e c tr a l s ig n a tu r e  v a r ia t io n s  p ro d u ced  by p o ly 

c h r o m a tic  in ter feren ce  (figu re  2(c)) m a y  be in c o r p o r a te d  
in to  the c h r o m a t ic  d e sc r ip tio n  by su b s titu tin g  for  P(A) 
in  e q u a tio n  (6 )  b y  P  g iv en  by e q u a tio n  (4 ) . T h u s  the  
c h r o m a tic  v a r ia t io n s  p r o d u c e d  b y  c h a n g e s  in  o p tic a l  
p a th  len g th  (nd)  m a y  th en  be d e term in ed  from  the  
resu ltin g  r e la t io n sh ip  b y  n u m erica l c o m p u ta t io n  to  y ie ld  
for  N  =  3 v a lu e s  o f  x t, x 2 as a  fu n ctio n  o f  o p t ic a l p a th  
len g th . A ty p ic a l e x a m p le  o f  the resu lts  o f  su ch  a  
c a lc u la t io n  is sh o w n  in  figure 4. T h e se  resu lts  a ssu m e  
th a t th e  refractive  in d ex  is in d ep en d en t o f  w a v e le n g th , a 
v a lid  a s s u m p tio n  for  th e  m a ter ia ls  u sed  in  th is  w o rk .

Figure 3. The three de tec to r responses show n in (a) p roduce the ch rom atic ity  d iagram  shown in 
(b). Using these de tectors, w h ite  ligh t has coo rd ina tes (0.3,0.3) as ind icated in (b). A coloured 
source may have coo rd ina tes (x,, x j .  The dom inant wavelength o f th is  source is shown in (b). The 
satura tion o f the source is ca lcu la ted from  the ra tio  o f the lengths a/b.
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F igure 4. The helical locus represents the in te rfe rence colours 
seen in thin film s.

Such  c a lc u la tio n s  reflect th e  p er io d ic ity  o f  th e  sp ectra l 
sign atu re c h a n g e s  a s a  h e lica l lo c u s  in  c h r o m a t ic  sp a c e  
w ith  the in ter feren ce  fr inge o rd er  g iv en  b y  th e  ex tr e m itie s  
o f  the lo o p s  o f  th e  h elix .

I f  the r e sp o n s iv it ie s  o f  th e  p h o to d e te c to r s  (R ^ X ) )  are  
m a d e to  c o in c id e  w ith  th o se  o f  th e  h u m a n  e y e , th e  
h elica l lo c u s  o f  fig u re  4  rep resen ts  th e  w e ll k n o w n  in te r 
ference c o lo u r s  se e n  in  th in  film s (L ip s o n  a n d  L ip so n  
1991). H o w e v e r  th e  b ro a d er  im p lic a tio n s  o f  fu ll c h r o 
m atic  m o n ito r in g  are th a t th e  c h r o m a tic  ra n g e  a n d  
reso lu tio n  m a y  b e  o p tim iz e d  for  p a rticu la r  a p p lic a t io n s  
by c h o o s in g  an  a p p r o p r ia te  c o m b in a t io n  o f  d e te c to r  
resp o n siv it ie s  (see  e.g . J o n e s  and  R u sse ll 1 9 9 3 ). 
F u rth erm ore , if  a d d it io n a l w e ig h tin g  fa c to rs  are  in tr o 
d uced  v ia  e le c tr o n ic  s ig n a l p r o c e ss in g  th e  c h r o m a tic ity  
co o rd in a tes  m a y  b e  w r itten  a s (J o n e s  (1 9 9 1 )) .

( / 1  + I2  + I3 ) ( 9 )

B [ * > Ï 2 - ( 'l  +  '2  +  »3)]
x 2 = ------- .. , . , . .-------  (1 0 )(<1 + ,2 + ,3)

w here is d e fin ed  b y  e q u a tio n s  (4 )  an d  (7 )  a n d  A , B , a, 
b are w e ig h tin g  fa c to rs  w h ich  m a y  be c o n tr o lle d  e ith er  
in softw are  o r  h a rd w a re  (am p lifier  g a in s). T h e  im p li
ca tio n  o f  su c h  a p r o ced u re  is th a t the c h r o m a t ic  area  
ad d ressed  a n d  th e  se n s it iv ity  to  sp ec ified  sp e c tr a l s ig n a 
ture c h a n g e s  m a y  be c o n tr o lle d  o n  lin e  if  req u ired .

3. Experiments

3.1. Experimental apparatus

A sch em a tic  o f  th e  ex p er im en ta l sy stem  d e v e lo p e d  for  
the c h r o m a tic  m o n ito r in g  o f  p la sm a  p ro c e sse d  th in  film s  
is sh o w n  in fig u re  5. T h e  p o ly c h r o m a tic  so u r c e  u sed  to  
p ro d u ce  th e  a d d r e ss in g  lig h t w a s a tu n g s te n  h a lo g e n

Plasma
Chamber

Fibre

White
light

ComputerDetector

f
$T

Figure 5 . The experim enta l system used fo r m on itoring film  
th ickness online.

so u r c e  in c o r p o r a te d  in  a  L u c a s  C o n tr o l S y stem s  
P r o d u c ts  p o w e r  u n it a n d  sta b iliz ed  to  d rifts o f  n o  m o re  
th a n  0.1 n m  in  its  sp ec tra l o u tp u t . L ig h t fro m  th is  so u rce  
w a s d e liv e r e d  to  th e  p la sm a  ch a m b e r  v ia  o p t ic a l fib res  
an d  th e  s ig n a l re flec ted  from  th e  film  b e in g  p ro c e sse d  
w a s a lso  rece iv ed  v ia  s im ila r  fibres. B y  su ita b le  o p tic a l 
fo c u s in g  th e  lig h t  fro m  th e  fib res c o u ld  b e  c o llim a te d , 
a llo w in g  th e  film  to  b e  a d d ressed  r e m o te ly  o v e r  a 
d is ta n c e  o f  a b o u t  10 cm . In  th is  m a n n e r  in v a s io n  o f  th e  
r f  p la sm a  v o lu m e  a n d  p o ss ib le  e ffects  u p o n  th e  p r o 

c e ss in g  c o u ld  be a v o id e d .
T h e  in ter feren ce  s ig n a l p r o d u c e d  b y  th e  th in  film  

w a s d e te c te d  b y  th ree  p h o to d io d e s — a  sh a rp  P D  150  
(c o n ta in in g  tw o  d e te c to r s)  a n d  a  H a m a m a ts u  G 1 9 6 1  
(fig u re  6 ) . In  o rd er  to  e lim in a te  th e  effect o f  th e  b a c k 
g r o u n d  o p t ic a l e m is s io n  o f  th e  r f  p la sm a  th e  p o ly c h r o 
m a t ic  so u r c e  w a s  re p e tit iv e ly  c h o p p e d  w ith  a  r o ta t in g  
s lo t  sh u tte r  in  c o n ju n c t io n  w ith  a  lo c k - in  a m p lifier  
in c o r p o r a te d  in  th e  d e te c t io n  sy stem .

3.2. Experimental procedures

T h e  c h r o m a t ic  sy s te m  w a s  te s ted  w ith  a  r f  p la sm a  
p r o c e ss in g  sy s te m  o p e r a tin g  a t 13 .56  M H z  a n d  a  p o w er

Figure 6. The response cha racte ris tics  o f the de tecto rs  used in 
the th in film  m onitor.
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o f  6 0  W. T h e p r o c e ss  u sed  in th ese  tests  w a s th e  e tc h in g  
o f  a S iN 3 film o n  a  S i o r  G a A s  su b s tra te  u s in g  rea cta n t  
g a se s  o f  C F j a n d  0 2 d ilu te d  w ith  N 2. T h e  flo w s a n d  
pressu res o f  th ese  g a se s  w ere  se t u sin g  M K .S B ro o k s  
5 8 5 0  flow  c o n tr o lle r s  a n d  v a c u u m  g en era l c a p a c ita n c e  
m o n o m eters.

B ecau se o f  th e  c o m p le x ity  a n d  u n c e r ta in tie s  in 
a tte m p tin g  to d e r iv e  film  th ic k n e ss  th e o r e tic a lly  from  
th e  e q u a tio n s  g iv e n  in  se c t io n  2, a  ca lib r a tio n  p ro ced u re  
w a s preferred. T h is  in v o lv e d  p rep a r in g  a  ser ies  o f  th in  
film s o f  d ifferent th ic k n e sse s  a n d  c o n s ta n t  refractive  
in d ex . T h ick n ess w a s  m ea su red  w ith  a  sta n d a rd  p o la r i
m etr ie  tech n iq u e a n d  th e  c h r o m a tic ity  o f  th e  reflected  
lig h t from  each  sa m p le  w a s  m ea su red  w ith  th e  ex p e r 
im en ta l system  d e sc r ib e d  in s e c t io n  3.1 a b o v e .

T h e  resu lts o f  th e se  c a lib r a tio n  m ea su rem en ts  are  
g iv en  in figure 7 in  term s o f  the v a r ia t io n  o f  
P l/ ( P l + P z + P i ) =  x  a n d  P i / f P ,  +  P 2 +  P 3)) =  y  a s a  fu n c 
tio n  o f  the p h y s ic a l th ic k n e ss  o f  th e  film . T h e  p h a se  
difference b etw een  th e se  tw o  c u rv es  e n a b le s  th e  a m b i
g u ity  prod u ced  b y  th e ir  p e r io d ic ity  to  b e  r e m o v e d  in  
p rincip le. In p ra c tice , tw o  m e th o d s  o f  in terp re tin g  th ese  
n o n lin ea r  cu rves h a v e  b een  u sed — lo o k -u p  ta b le s  a n d  
artific ia l neural n e tw o r k s . A  lo o k -u p  ta b le , c o n s is t in g  o f  
th ree  co lu m n s (.x, y  a n d  th ic k n e ss) , ca n  b e  se t u p  d irec t ly  
fro m  the c a lib ra tio n  g ra p h . T h e  th ic k n e ss  o f  a  sa m p le  
ca n  be fou n d  b y  d e te r m in in g  th e  n ea rest c h r o m a t ic ity  
c o o r d in a te  .x, y  to  th a t  m ea su red .

A rtificial n eu ra l n e tw o r k s  are  n o w  b e in g  u sed  e x te n 
s iv e ly  for in terp retin g  c o m p le x  d a ta  (e.g. Z u r a d a  1 9 9 2 ), 
th e  m ost w id ely  u sed  c o n f ig u r a t io n  b e in g  th e  m u ltila y e r  
p ercep tron , tra in ed  u s in g  b a ck  p r o p a g a tio n . In th is  w o rk  
w e have used a  p e r c e p tr o n  w ith  o n e  h id d e n  la y er  to  
m a p  the m ea su red  c h r o m a t ic ity  o n to  th ic k n e ss . T h e  
n etw o rk  w as tr a in e d  u s in g  th e  c a lib r a tio n  c u r v e s  o f

figure 7 a n d  w a s  th e n  u sed  to  p ro v id e  th ick n ess  v a lu es  

in  real tim e. .
O n lin e  te s t in g  o f  th e  c h r o m a tic  sy stem  w a s u n d e r 

ta k en  by e tc h in g  a  2 6 0  nm  th ick  S iN 3 film  a n d  m ea su r in g  
th e  o u tp u t o f  e a c h  o f  th e  three p h o to d io d e s  c o n t in u o u s ly  
as a fu n c tio n  o f  tim e. T h e  c h r o m a tic ity  w a s c a lc u la te d  
from  th ese  v a lu e s  as d escr ib ed  in se c t io n  2 a n d  th e  
c h r o m a tic ite s  tra n s la ted  in to  th ic k n e sse s  u sin g  the  

c a lib r a tio n  cu rv e  o f  figure 7.

3 .3 . E x p er im en ta l resu lts

T h e  o u tp u t  o f  ea ch  o f  the th ree p h o to d e te c to r s  d u r in g  
a n  e tc h in g  p r o c e ss  is sh o w n  a s a  fu n c tio n  o f  tim e  in  
figure 8(a). E a ch  o u tp u t is c y c lic a l in n atu re , c o n s is te n t  
w ith  e q u a t io n  ( 1 )  (a lth o u g h  b eca u se  o f  th e  fin ite  o p tic a l  
b a n d w id th  o f  e a ch  d e te c to r  th e  s ig n a ls  are n o t p u re ly  
m o n o c h r o m a tic ) . T h e  n u m b er  o f  fringes d e crea ses  from  
th ree  for th e  sh o r t w a v e le n g th  d e te c to r  to  1.25 for  the  
lo n g  w a v e le n g th  d e te c to r  (o f  figure 2(a)). T h e  resu lts  
c o v e r  a  tim e  p er io d  d u r in g  w h ich  a  S iN 3 film  o f  th ic k n e ss  
2 6 0  nm  w a s to ta lly  rem o v ed  from  the su b s tra te  so  th a t  
th e  final s ig n a l reco rd ed  is th at for zero  film  th ic k n e ss

( d = 0).
W h en  p resen ted  in  c h r o m a tic ity  sp a c e  th ese  resu lts  

a p p ea r  a s th e  c o n v o lu t io n  sh o w n  o n  figure 8 (b) w ith  
tim e in c r e a s in g  as in d ica ted  by the arrow . T h is  g iv e s  
a p p r o x im a te ly  a  1.75 c y c le  v a r ia t io n  for th is  p a r ticu la r  
film  th ic k n e ss  e tc h  w ith  a  c r o sso v e r  p o in t a b o u t  h a lf  a  
c y c le  a fter  e tc h  c o m m e n c e m e n t. T h e  m a x im u m  .x a n d  y  
e x c u r s io n s  are 0 .3 5 -0 .5 4  a n d  0 .3 8 -0 .4 5 8  re sp ec tiv e ly  
w ith  a  r e so lu tio n  o f  0 .005 .

U s in g  th e  c a lib r a tio n  cu rv e  o f  figure 7 th e  resu lts  o f  
figure 8 (b) m a y  be tra n sfo rm ed , u s in g  o n e  o f  th e  te c h 
n iq u es  d e sc r ib e d  earlier , in to  a  film  th ick n ess: tim e
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Figure 7. The ca lib ra tion curve used to  con vert ch ro m a tic ity  in to  th ickness. Traces x  =  
Pt/P, + P 2 + P3) and y = P 2/(P, + P 2 +  P3) are the ch ro m a tic ity  coord inates. P „  P2 and P3 are 
the  in tens ity  o f re flected light m easured by the three de tectors.
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F igu re  8. (a) The o u tpu t of the three detectors (P „ P2 and P3) in 
the film  m onitor during  an e tch ing process. A 260 nm th ick  film  
of SiN3 was to ta lly  rem oved. (t>) The variation in ch ro m a tic ity  of 
a film  observed du ring  an e tch ing  run. Again the SiN3 film  was 
com plete ly removed. The arrow s represent increasing tim e.
(c) The ou tput o f the  th ickness ca lib ra tion routine fo r  an e tch ing 
run. In th is run the e tch  was de libera te ly stopped before the film  
was com plete ly rem oved, leaving a 40 nm th ick film .

ch a ra cter istic  a s  sh o w n  o n  figu re 8(c). T h is  in d ic a te s  a 
fa irly  linear v a r ia t io n  o f  film  th ick n ess  w ith  tim e  c o r r e 
sp o n d in g  to  a n  e tc h  ra te  o f  a b o u t 0 .7  n m s ' 1. T h e  
estim a ted  r e so lu t io n  is  2  n m , b e in g  g o v e r n e d  p re
d o m in a n tly  b y  th e  a c c u r a c y  o f  th e  c a lib r a tio n  c u rv es  
o f  figure 7.

T h e c r o sso v e r  p o in t s  in  th e  c h r o m a tic ity  g ra p h , 
figure 8(h), ca n  p r o v e  p r o b le m a tic  for b o th  th e  lo o k - u p

ta b le  a n d  n eu ra l n e tw o r k . T w o  m e th o d s  w ere  u se d  to  
r e m o v e  th e  u n c e r ta in ty  at th ese  c r o sso v e r  p o in ts ;  th e  
g r a d ie n t o f  th e  c h r o m a tic ity  cu rv es  at e a ch  p o in t  a n d  
th e  o v e r a ll in te n s ity  o f  th e  reflected  lig h t w ere  ta k e n  in to  
a c c o u n t. T a k in g  a c c o u n t o f  b o th  o f  th ese  e ffects  a llo w e d  
u n a m b ig u o u s  v a lu e s  o f  o p tic a l th ick n ess  to  b e  o b ta in e d  
o v e r  th e  en tire  e tc h in g  o p era tio n .

4. D iscussion

4 .1 . P h y s ic a l in terp reta tion

A c c o r d in g  to  e q u a tio n  (4 )  th e  m o n o c h r o m a tic  in te n s ity  
sh o u ld  v a ry  p e r io d ic a lly  w ith  film  th ic k n e ss  w ith  a  
p e r io d  o f  À/2 a n d  an  a m p litu d e  2 ( P ,P 2)1/2 su p e r im p o se d  
u p o n  a  m e a n  lev e l o f  (P 1 +  P 2)- T h e  im p lic a t io n  o f  
e q u a t io n  ( 4 )  is th a t th e  a m p litu d e  o f  the fr in g e  in te n s ity  
v a r ia t io n s  sh o u ld  b e  in d e p e n d e n t o f  film  th ic k n e ss  
w h e r e a s  th e  e x p er im en ta l resu lts  for  th e  sh o r t , m e d iu m  
a n d  lo n g  w a v e le n g th s  a ll sh o w  th e  a m p litu d e  d e c r e a s in g  
a s  th e  film  th ic k n e ss  in crea ses. In  ord er  to  e x p la in  th is  
d e v ia t io n  th e  e x p er im en ta l resu lts o f  figure 8(a) h a v e  
b e e n  a n a ly se d  to  d e term in e  th e  p rec ise  n a tu re  o f  p a th  
le n g th  d e p e n d e n t a m p litu d e  d ecrea se  w h ich  are a s sh o w n  
in  figu re 9.

T h e  d é c r é m e n ta i d ecrea se  in  a m p litu d e  ev e r y  p e r io d  
w a s m ea su red  for  b o th  p o s it iv e  a n d  n e g a tiv e  h a lf  cy c le s . 
T h e  le v e l 2 {P ^ P ^ Ÿ 11 a t z e r o  in ter feren ce  le v e l ( d = 0 )  w a s  
ta k e n  a s a  referen ce  so  th a t th e  d é c r é m e n ta i d e c r e a se s  
fo r  th e  p o s it iv e  a m p litu d e s  w ere  u n a m b ig u o u s ly  d e te r 
m in e d  r e la tiv e  to  th is  referen ce  (see  figure 9 ). It w a s  th e n  
a ssu m e d  th a t th e  d écrém en ta i d ecrea se  o f  th e  first n e g a 
tiv e  a m p litu d e  w o u ld  be a p p r o x im a te ly  h a lf  o f  th a t o f  
th e  first p o s it iv e  a m p litu d e . T h is  e n a b le s  a  re feren ce  lev e l 
fo r  th e  n e g a tiv e  g o in g  h a lf  c y c le s  to  b e  e s ta b lish e d .  
A d d it io n a l p o s it iv e  a n d  n e g a tiv e  a m p litu d e s  a t in te r 
m e d ia te  h a lf  p e r io d s  w ere  e s ta b lish e d  to  a ss is t  cu rv e  
f itt in g  b y  re flec tin g  th e  n e g a tiv e  h a lf  c y c le  d e c r e m e n ts  
o n  th e  p o s it iv e  e x c u r s io n s  a n d  v ice  v ersa  a s sh o w n  in  
fig u re  9. S in ce  fig u re  8 (c) e s ta b lish e s  th a t th e  e tc h  ra te  is  
c o n s ta n t  th r o u g h o u t  th e  p ro cess  d u r a tio n , th e  tim e  
in c r e m e n ts  in  figu re 9  are th erefo re  p r o p o r tio n a l to  film  
th ic k n e ss , c o n s is te n t  w ith  e a c h  h a lf  c y c le  p ea k  b e in g  
e q u a lly  sp a ced  in  tim e  an d  rep resen tin g  a h a lf  w a v e 
le n g th  (A0/2 )  c h a n g e  (A0 in  th is  c a se  is  a  w e ig h te d  
w a v e le n g th  r e p resen tin g  th e  o p tic a l b a n d w id th  a c r o ss  
th e  d e te c to r  r e sp o n s iv ity  ran ge). A s a resu lt th e  a m p li
tu d e  e n v e lo p e s  for  th e  sh o rt, m ed iu m  a n d  lo n g  w a v e 
len g th  c a se s  c o u ld  b e  e s ta b lish e d  as sh o w n  in  fig u re  9. 
A p p r o x im a te  e x tr a p o la t io n s  w ere  m a d e  in  e a c h  c a se  to  
find  th e  p o in t o f  in te r se c tio n  o f  th e  p o s it iv e  a n d  n e g a tiv e  
g o in g  e n v e lo p e s . T h is  e n a b le d  th e  z e r o  lev e l for  the  
o sc illa to r y  o p tic a l s ig n a ls  to  be a p p r o x im a te ly  e s ta b 
lish ed . A cr o ss  ch eck  o n  th e  v a lid ity  o f  th is  p r o c e d u r e  is 
p r o v id e d  by c o m p a r in g  th e  a m p litu d e s  o f  th e  p o s it iv e  
a n d  n e g a tiv e  referen ce  le v e ls  w ith  resp ect to  th is  zero  
leve l. T h e se  v a lu e s  for th e  sh o rt, m ed iu m  a n d  lo n g  
w a v e le n g th  resu lts  w ere  ( + 2 .3 ) ,  ( — 2.3); ( +  6 .7 ) , (— 6.3);
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d/(V2)  -  5 / 2 2 V I  I 1/2

Figure 9. As the th ickness o f the film  increases the am plitude 
o f the de tector ou tpu ts  are observed to  decrease. The envelope 
o f the de tector o u tpu ts  can be extrapo la ted to  ind ica te  the 
maximum m easurable th ickness.

( + 5 .2 ) ,  ( - 4 . 8 )  r e sp e c t iv e ly  s o  co n fir m in g  th e  v a lid ity  o f  
th e  a p p ro a ch .

T w o  p o ss ib le  r e a so n s  for  th e  a m p litu d e  d ec r e a se  m a y  
be p o stu la te d  a s fo llo w s .

(a) A r e d u c tio n  in  th e  in te n s ity  o f  th e  lig h t p e n e tr a t
in g  th e  th in  film  ( P 2) w h ic h  in crea ses  w ith  p e n e 
tra tio n  d e p th  d  a c c o r d in g  to  e _0Ki (a  is  th e  
a tte n u a t io n  c o e ff ic ie n t)  so  th a t th e  a m p litu d e  
term  2 ( P 1P 2)1/Z (e q u a t io n  (1 ) )  a ls o  d ecrea ses . 
T h is  w o u ld  a ls o  p r o d u c e  a  d ecrea se  in  th e  n o n -  
o sc illa to r y  term  ( P { +  P 2) (e q u a tio n  (4 ) )  im p ly in g  
th a t th e  z e r o  le v e l o f  th e  o sc illa to r y  c o m p o n e n t  
sh o u ld  in c r e a se  a s th e  film  th ic k n e ss  te n d s  to  
zero . T h e  d er iv ed  resu lts  sh o w n  in  figu re  9  a lo n g  
w ith  th e  d is c u s s io n  a b o v e  sh o w  n o  su ch  s u b s ta n 
tia l tren d  s o  im p ly in g  th a t a n y  a t te n u a t io n  in  
th e  th in  film  is n e g lig ib ly  sm all.

(b ) T h e  fo r m a tio n  o f  in terferen ce  fr in g es is o n ly  
fea sib le  for  p a th  len g th  d ifferen ces le ss  th a n  th e  
c o h e r e n c e  le n g th  o f  th e  lig h t. T h e  v is ib ility  o f  th e  
fr in ges p r o d u c e d  b y  th e  in ter feren ce  o f  tw o  b e a m s  
o f  n o n -m o n o c h r o m a t ic  lig h t (w ith  a  sp e c tr a l h a lf  
w id th  A ) is  k n o w n  to  d ecrea se  w ith  p a th  d iffer
en c e  in  a  s im ila r  m a n n er  to  th e  e n v e lo p e s  sh o w n  
in  fig u re  9. T h e  v is ib ility  o f  th e  fr in g es is  r ed u ced

by a  fa c to r  o f  tw o  w h en  th e  p a th  d ifferen ce  =  
2ttc/A (L ip s o n  &  L ip so n  1981). T h e  c o h e r e n c e  
len g th  is a p p r o x im a te ly  d e term in ed  by the  
o p tic a l b a n d w id th  o f  the lig h t d e te c te d  w h ic h , 
b e c a u se  o f  the req u irem en ts  o f  c h r o m a t ic  m o n i
to r in g , is re la tiv e ly  w id e  for the p resen t w o rk  
a n d  g o v e r n e d  by the r e sp o n s iv ity  o f  e a c h  d e te c to r  
(fig u re  6 ). F or in sta n ce , for th e  sh o r t w a v e le n g th  
d e te c to r  th e  o p tic a l b a n d w id th  A /  is a p p r o x i
m a te ly  2 0 0  nm  a n d  the m ea n  w a v e le n g th  is 
a b o u t  450 nm . T h e  c o h e r e n c e  len g th  k = À ()2/ A x  
(H a ig  1991) is 1.01 f i r n .  In sp e c tio n  o f  th e  sh o r t  
w a v e le n g th  resu lts o f  figure 8 in d ic a te s  th a t a 
m a x im u m  o p tic a l p a th  d ifferen ce  o f  a b o u t  ( 5 /2 ) /.„  
e x is te d  b e tw een  th e  fron t a n d  b ack  reflected  
s ig n a ls . If À0 is a ssu m ed  to  be a b o u t  450 n m  th en  
the to ta l o p tic a l p a th  d ifferen ce  is 1 .1 2 /tm  in d i
c a tin g  th a t th e  s ig n a l d e c a y  o b se r v e d  e x p e r im e n 
ta lly  is d u e  to  th e  lim ited  c o h e r e n c e  len g th  o f  the  
o p t ic a l s ig n a l d e te c te d  b y  e a c h  d e te c to r .

T h e  im p lic a tio n  o f  the c o h e r e n c e  len g th  lim it for  th e  
p resen t a p p lic a tio n  is th a t th e  m a x im u m  o p t ic a l th ic k 
n ess w h ich  m a y  be m o n ito r e d  by th is sh o r t w a v e le n g th  
d e te c to r  is  a b o u t  500 nm  w h ich , for a  film  w ith  refractive  
in d ex  o f  tw o , g iv es  a  m a x im u m  p h y s ic a l film  th ic k n e ss  \ 
o f  250 n m . R ep ea tin g  th is c a lc u la t io n  for th e  lo n g  w a v e -  |  
len g th  d e te c to r  g iv es  a  m a x im u m  p h y s ic a l film  th ic k n e ss  *
o f  650 n m . F ro m  th e  a sp e c t o f  m o n ito r in g  th e  a p p r o a c h  |
to  c o m p le te  e tc h in g , th ese  m a x im u m  v a lu e s  are  n o t a |  
se r io u s  lim ita tio n . g

F or a  film  d e p o s it io n  (as o p p o s e d  to  e tc h in g )  p r o c e ss  
it  w o u ld  a ls o  be o f  in terest to  c h e c k  th e  q u a lity  o f  th e  
film  a s reflected  b y  its refractive  in d ex . In p r in c ip le  it 
sh o u ld  b e  p o ss ib le  to  e x tra c t refractive  in d e x  b y  a  
m o d if ic a t io n  to  th e  tec h n iq u e  d escr ib ed .

T h e  re flec tio n  co e ff ic ien ts  for  a  lig h t p o la r iz e d  p a r a l
le l a n d  p erp en d icu la r  to  th e  film  su rface  are  (e.g . H e a v e n s  
1965):

n0 c o s  — c o s  <t>0
r = ---------------------------------

p n0 c o s  <pi +  « ! c o s  <j>0

a n d

n0 c o s  <t>o~ n i c o s  <j>ir%=------7--------- rn0 c o s  <p0 +  « i  c o s  <pl

r e sp e c tiv e ly  (w h ere <j>0 is th e  a n g le  o f  in c id e n c e  a n d  <j>l is 
th e  a n g le  o f  refraction ). F o r  lig h t in c id e n t a t a n g le s  
b e tw e e n  20° an d  80° th e  v a lu e s  o f  rp a n d  rs are n o t  
eq u a l. A lth o u g h  c o m p lic a te d  b y  re fle c tio n  fro m  th e  
su b s tra te , b y  u sin g  th e  c h r o m a tic  sy s te m  to  m e a su r e  the  
reflec ted  s ig n a ls  for b o th  p o la r iz a tio n  s ta te s  it sh o u ld  be  
p o ss ib le  to  ex tra ct b o th  p h y s ic a l film  th ic k n e ss  a n d  

refra ctiv e  in d ex .

4.2. Knowledge based monitoring and control

T h e  c h r o m a t ic  tech n iq u e  fo r  film  th ic k n e ss  m o n ito r in g  
d e scr ib ed  a b o v e  h a s  b een  im p le m e n te d  in  c o n ju n c t io n
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w ith  p lasm a e m is s io n  m o n ito r in g  a lso  u sin g  a  c h r o m a tic  
a p p ro a ch  as p a r t o f  a  k n o w le d g e  b a sed  sy s te m  for  

p la sm a  p rocess c o n tr o l .
T h e first le v e l o f  th e  h iera rch ia l a p p r o a c h  in v o lv e s  

ch eck in g  the c h r o m a t ic  s ig n a ls  from  th e  p r o c e ss in g  
p lasm a. T h e s e c o n d  le v e l u tiliz e s  th e  a b o v e  c h r o m a t ic  
m o n ito r in g  o f  film  th ic k n e ss . U til iz e d  in th is  m o d e  th e  
sig n a ls  from  th e  th ree  p h o to d e te c to r s  are p r o c e sse d  v ia  
eith er a lo o k -u p  ta b le  o r  a  n eu ra l n e tw o rk  to  y ie ld  a  
film  th ickness: t im e  ch a r a c te r is tic  o f  the fo rm  sh o w n  in  
figure 8(c) w h ich  in  tu rn  g iv e s  a  rap id  o n lin e  in d ic a tio n  

o f  etch  progress.
T he n eural n e tw o r k  is  ca p a b le  o f  o v e r c o m in g  th e  

a m b ig u ity  o f  th e  c r o s s o v e r  p o in t in fig u re  8(c) b y  
a d eq u a te  tra in in g . T h u s  th e  se c o n d  lev e l in  th e  h ier 
arch ia l a p p r o a c h  is  to  c h eck  fo r  th e  a n tic ip a te d  m a in 
ten an ce  o f  e tch  ra te  a n d  to  p red ic t the im m in e n c e  o f  
co m p le te  e tc h in g  to  p r e v e n t su b stra te  d a m a g e  b y  o v e r e x 
p o su re  to  the r f  p la sm a . T h e  e c o n o m ic  d a ta  u tiliz a t io n  
an d  p ro cess in g  o ffered  b y  th e  c h r o m a tic  a p p r o a c h  a llo w s  
th is to  be a c h ie v e d  su ffic ie n tly  ra p id ly  for o n  lin e  c o n tr o l.

T h e th ird  le v e l in  th e  h iera rch ia l a p p r o a c h  re la te s  to  
the p o ss ib ility  o f  c h e c k in g  film  q u a lity  fro m  e s t im a te s  to  
refractive in d ex  n , a s  d e scr ib ed  in  se c t io n  4 .1 .

For th e  e tc h  p r o c e s s  d e scr ib ed  in  th is  p a p er  th e  first 
level o f  m o n ito r in g  h a s  b een  su ffic ien t a n d  th e  se c o n d  
level o f  film  th ic k n e s s  m o n ito r in g  h as b een  u sed  a s a  
va lu a b le  cro ss c h e c k . T h e  th ird  lev e l (film  q u a lity )  is  o f  
less c o n se q u e n c e  fo r  e tc h in g  b u t is e x p e c te d  to  b e  u sefu l 
for p ro cess in g  in v o lv in g  d e p o s it io n .

5. Conclusions

A  system  h as b e e n  d e sc r ib e d  w h ich  u tiliz e s  w h ite  lig h t  
in terferom etry  to  m e a su r e  th e  o p tic a l th ic k n e ss  o f  a  th in  
film . T h e  sy s te m  is  b a se d  o n  th e  tech n iq u e  o f  c h r o m a t ic  
m o d u la tio n  a n d  is  c a p a b le  o f  p r o v id in g  a  ra p id , o n lin e ,  
in d ica tio n  o f  th e  o p t ic a l th ic k n e ss  o f  a  film  in  a p r o 
cess in g  p la sm a  e n v ir o n m e n t.

T he o u tp u t fro m  th is  th in  film  m o n ito r  ca n  b e  u sed , 
in  c o n ju n c tio n  w ith  th e  o u tp u t  fro m  a c h r o m a t ic  m o d u 
la tio n  b ased  p la s m a  e m is s io n  m o n ito r , to  p r o v id e  in p u t  
to  an in te ll ig e n t sy s te m  w h ic h  c a n  p r o v id e  real t im e  
co n tro l o f  th e  p la s m a  e q u ip m e n t.

T h e  film  m e a su r e m e n t sy s te m  c o u ld  b e  m o d if ie d  to  
p r o v id e  b o th  p h y s ic a l film  th ic k n e ss  a n d  re fra ctiv e  in d ex  
b y  m e a s u r in g  th e  c o m p o n e n ts  o f  th e  reflected  s ig n a ls  
p o la r iz e d  p a r a lle l a n d  p erp en d icu la r  to  th e  film .

T h e  g e n e r ic  n a tu re  o f  c h r o m a tic  m o n ito r in g  p r o v id e s  
th e  o p p o r tu n ity  for  a c o s t  e ffectiv e , in te g r a te d  se n s in g  
sy s te m  for p la sm a  sy s tem  co n tr o l.
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PlasmaChrom™ uses highly sensitive proprietary techniques to quantify colour and 
luminosity variations. These variations can then be used for diagnostics, decision 
making or closed loop control. Furthermore, because the technique is continuously 
sensitive throughout the spectrum, changes are detected which are beyond the 
sensitivity and speed of dispersive instruments such as grating monochromators.

As a diagnostic instrument
The CPC 100 is linked via a standard RS232 port to a PC where the data can be displayed, stored 
and manipulated using PlasmaWare™ proprietary software. This can be used for fault diagnosis, 
process transfer or process qualification in plasma etch and deposition.

RIE etch of silicon nitride on a gallium arsenide wafer

Figure 1 shows that the optical data is sensitive to a 
1 x 10'3Torr pressure fluctuation with a possible 
end point indicated at 5-600sec.

RIE etch of silicon nitride on a gallium arsenide wafer

X Chromaticity
Figure 2: Chromatic representation showing end point

Figure 2 is a chromaticity plot of figure 1 and shows 
the pressure fluctuation, the process taking place 
and then a clear, unequivocal end point.

The chromatic technique is sensitive to gas flow changes below 0.1 % FS and one user reports 
diagnosis of MFC overshoot.



PlasmaChrom™ - Specifications & Pricesc
Cheli

CPC100 Chromatic sensing system for process condition monitoring -
includes Plasmaware software package for analysis and display
of data on user's P.C. £9,400.00

Front Rear

CPC101 Phase sensitive detector, ac chromatic sensing system - for 
use in applications using differential measurements such as 
etch or deposition rate monitoring - includes PlasmaWare - 
also requires CPC201 for illumination. £11,500.00
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CPC201 High stability fully compensated white light source and chopper
for use with CPC101 and CPC301. £3,500.00
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