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Plasma processing has played a crucial and pivotal role in a number of industries, 
but probably one of the more significant has been the semiconductor sector. With 
plasma etching and surface treatment being key steps in wafer manufacturing, 
modest improvements in methods, methodologies, processes or control at the low 
level have very significant outcomes in the overall production of semiconductors 
and their varied uses. This work takes a multi-pronged approach from design and 
analysis of recently developed radio emission spectra capture to system level data 
acquisition over multi-sensors (which includes novel sensor approaches) for 
insertion into a hierarchical time series database structure, built upon a novel 
message-based network bus subsystem.  Early work focused on the development 
of an optical viewport to obtain a planar view of the plasma.  This was followed by 
the development of the non-invasive E and B-field radio probe technique for 
plasma monitoring RES (Radio Emission Spectroscopy), leading to the 
development of two branches of the sensor:  the time-domain (TRES) and the 
frequency-domain (FRES). The two techniques can be applied in parallel to the 
commonly acquired data, but the processing techniques are somewhat different. 
The investigation of arcing within the chamber, which is very much a transient 
event, lends itself to TRES processing. TRES processing is by the application of 
novel near field B- and E-field analysis to detect these time-variant events where 
the frequency variation is small. The continuous operation of the plasma can be 
observed by applying digital signal processing (DSP) techniques to the FRES data, 
where the main measurement is frequency variant and the time resolution is large. 
Our approach is to use non-invasive measurement techniques from a range of 
sensors both in real time and in analytical modes. The analytical mode can be 
instantiated as an analysis technique, field-deployed, and as such can trigger a 
direct response to the process. The non-invasive sensors can be used as 
standalone to monitor operating processes and with simple thresholding can 
produce notifications of significant events. 
 
The work on the development of the novel FRES and the TRES sensor systems led 
to the investigation of the underlying scientific principles for the emission of such 
waves when driven by a single frequency. This FRES and TRES sensor subsystem 
has also been a commercial success with the technology being taken up by major 
semiconductor manufacturers for the determination of plasma conditions while 
processing wafers. 
 
The combination of novel non-invasive sensors, the real time alarm notification, 
the analysis over the broad-spectrum data and the instantiation of analytic blocks 
permits a very powerful and cost-effective tool in the control, maintainability and 
accounting of the production of semiconductor devices in a modern plant. 
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Chapter 1 Research Motivation 
 

$ÕÒÉÎÇ ÔÈÅ ρωφπȭÓ Ðlasma processing seems to have been first applied to the 

semiconductor industry via plasma ashing (Chapman, 1980). This technique was 

developed for the removal of the photoresist materials which were placed on the 

wafer in a previous production photolithography step. The wafers are overlaid 

with a resist mask using photolithography steps whereby the resist ink is evenly 

coated onto the wafer and then developed by exposing it to UV light (350 ɀ 450 

nm). Modern photolithography uses much lower wavelengths, e.g. deep UV (DUV) 

193 nm and extreme UV (EUV) approaching 13.5 nm (V.M. Borisov, 2014)).  The 

areas exposed are set and the remainder can be removed by dissolving in aqueous 

solution leaving a pattern on the wafer. In the main, the composition of the photo 

resist materials is organic with hydrogen and carbon being the main constituent 

parts. There are parts for the differing functions of the resist, such as holding 

solvent, adhesion promoters, photoactive components and solids. The photoactive 

components are not soluble in the aqueous base developer once exposed to the 

activating radiation.  In this instance these can be removed using oxygen-based 

plasmas. In an oxygen plasma discharge, the solid carbon is converted to gaseous 

carbon monoxide. The gases with the other volatile products of the reaction are 

then pumped away by the vacuum system. Some of the exhaust includes water 

vapour. The energy induced by the plasma creates active species and the active 

oxygen can combine with the resist whilst it will not do so with atmospheric ὕ. 

The process of electron impact dissociation within the plasma creates this atomic 

oxygen (Martinu, 2010). 
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Ὡ  ὕ -> O + O + e 

Also, within the plasma discharge there will be an ionization process and these 

ions in conjunction with the electrons will allow the flow of current and thus 

enable the continuation of the plasma discharge. With an RF excited plasma this 

allows the current to flow in a capacitively coupled plasma (CCP), continuing the 

energy flow to the system. Chapman (Chapman, 1980) describes the glow 

discharge as an integral part of several processes taking place, which can be 

grouped together because the type of discharge is relatively common: Ȱthe degree 

of ionization is typically ρπ , and the current densities are of the order of 1 mA/ὧά 

, so that essentially we still have a neutral ground state gas that can be described by 

ÇÁÓ ÌÁ×ÓȭȢ 4ÈÅ ÐÒÉÍÅ ÆÅÁÔÕÒÅ ÏÆ ÔÈÅÓÅ ÄÉÓÃÈÁÒÇÅÓ ÉÓ ÔÈÁÔ ÏÆ ÉÏÎÉÚÁÔÉÏÎȟ ×ÉÔÈ ÐÅÒÈÁÐÓ 

as many as ρπ electron-ion pairs being produced per second.ȱ  Plasma ashing is 

only one of a few techniques widely used in the semiconductor industry. 

My introduction  to this field had initially been through photolithography, its 

subsystems and the use of industrial control mechanisms to mitigate against 

variability  in production processes. While the semiconductor industry is very 

advanced technically and scientifically, it can be observed on occasion that the 

manufacturing side of the industry falls behind other areas within this otherwise 

high-tech industry.  It is quite a cyclic business with very high volumes and high 

turnover of designs. This leads tÏ Á ȬÓ×ÅÁÔÉÎÇȭ ÏÆ ÁÓÓÅÔÓ ÔÏ ÍÁØÉÍÉÚÅ ÒÅÔÕÒÎ ÏÎ 

investment. As the latest semiconductor technologies head to 5 nm feature size 

and the theoretical limit of 3 nm, there is still very much a requirement for larger 

featured devices such as TTL components, etc. This has led to a multi-level process 

industry , with some moving towards the ever-finer components and others 

manufacturing large feature devices (Anton Shilov, 2018, August 27). Some of the 
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equipment and processes still used in manufacturing are relying on 30-year-old 

tools and components. The Nikon Body 7 photolithography tools  use Digital 

Equipment Corporation PDP-11 processors, which were built in the late 1980s, for 

control and monitoring and these are still in use today (Eptek, 2017). The 

machines for semiconductor processing in the main use Equipment and Materials 

International  (SEMI) Equipment Communications Standard (SECS) / Generic 

Model for Communications and Control of Manufacturing Equipment (GEM) for 

equipment to host data communication, but this is mainly for the Manufacturing 

Execution System (MES)Ȣ 4ÈÉÓ ÉÓ ÕÓÅÄ ÆÏÒ Ȭstart/stop ȭ ÃÏÎÔÒÏÌ and equipment 

processing monitoring (Semiconductor Equipment and Materials International, 

2011). The standard is very good for monitoring  at an individual tool level, but not 

entirely suitable for parametric sensor monitoring at a low-level for the individual 

processing of each wafer. The procession of each wafer in and out of a machine 

can be monitored, but there is very little in the way of process related output at 

each stage. It is up to the semiconductor plant to install measurement equipment 

between, or on the various stages to monitor the quality of the processed wafers. 

The monitoring and analyses of non-invasive sensor data allows the overall 

control and modelling of the processes impacting the output of the system as a 

whole. The wafers are processed through multiple stations each performing 

different actions and these individual steps are then monitored, sifted and 

analyzed to determine if there are any deviations within the system. The aim is to 

reduce system variability, improve yields, reduce waste, remove rejects at the 

earliest possible stage and overall to improve production and reduce costs.  A 

wafer entering the system may have an initial valuation of ͯ Όσ+ ÁÎÄ achieve a full 

value many times that over a ~10-day period of processing (Eptek, 2017). Any 
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time saved in removing a non-compliant or reject wafer is a significant cost saving. 

This reduces wasted wafer processing steps and also frees up the wafer entry 

point slot for new wafers. Some plants operate a multi-product portfolio in batch 

mode. Wafers are processed for inventory and single mode continuous monitoring 

is not as effective (Shi Jian Zhao, 2004, 43). It is now a requirement to reload model 

parameters for the monitoring to ensure that the recipes have been processed 

according to process norms for that batch of particular wafers. So not only are 

there requirements for a multi-variable and derived metrology for process 

monitoring, but different models must be loaded for the monitoring of the 

different recipes involved in the batch processing. As an example, the Analog 

Devices Plant in Limerick Ireland has over 80 different new products added to its 

production line every year (Doyle, 2017 Mar 29). 

We look at capacitively coupled plasma processes and touch upon variations and 

examine ways to apply novel non-invasive sensors to detect and monitor actions 

within these processes. The non-invasive sensor methods are also applicable for 

electron cyclotron resonance (ECR) and inductively coupled plasma systems. 

 

1.1. Multi Variable, Scalable Sensing Systems 

Given that the machines for semiconductor processing are multi-generational, one 

overall engineering requirement for retro-fitted sensing is the non-invasiveness 

of any solution or at the very least, the minimization of any impact on the current 

operating procedures. In the case of the Hitachi 712 Electron Cyclotron (ECR) 

Plasma Etcher, we attached an optically isolated serial cable to a microwave 

autotuner that matches the source impedance and the load impedance of the 

plasma and monitored the transition of this impedance matching with the 
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operation of the recipe (see Appendix L). In any one plant, there may be hundreds 

of these machines operating at any one time and it is a requirement to accurately 

and effectively connect the collected data from all these machines acquired in real 

time over a network, correctly timestamped back to a distributed database for 

storage and analyses. A complete account of this will be given in Chapter 8. We 

also want to complete some local computation to produce summary reports of 

local events which may be propagated at the earliest time into the event-reporting 

system to permit a timely response to any deviation in the system as a whole. 

ȰThe accuracy of a sensor is the maximum difference that will exist between the 

actual value (which must be measured by a primary or good secondary standard) 

and the indicated value at the output of the sensorȱ (National Instruments, 2013, 

Sep 23). With the drive to produce ever more accurate processes, the boundaries 

of sensor technology are being pushed. If it is possible to measure more accurately 

then it is possible to make a more precise product. Thus, in a competitive 

environment such as semiconductor manufacturing where more precision is 

always an advantage, then sensor measurements are always Ȭof an orderȭ of the 

device under measurement, i.e. they measure to such an extent as to be only 

modestly more accurate that the process under examination with the constraint 

being the sensor itself. It follows that relying on single sources of measurement 

can lead to relatively gross inaccuracies. Where we have a multitude or wealth of 

data sources, these each improve on the classification of events. There are a 

number of characteristics of multi-sensors that can improve accuracy: 

1. Carefully selecting features to minimize error caused by interpreting raw 

sensor data. 
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2. Multiple estimates from a single sensor to reduce variance and improve 

estimation precision.  

3. Some classes of faults/events are uncorrelated across multiple sensors, so 

by combining readings from different sensors (virtual metrology) it is 

possible to improve classification accuracy. 

Thus, ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔ ÉÓ Á ÓÃÁÌÁÂÌÅ ÄÉÓÔÒÉÂÕÔÅÄ ÓÙÓÔÅÍ ×ÉÔÈ ȬÐÒÏÃÅÓÓÉÎÇ ÁÔ ÔÈÅ 

ÅÄÇÅȭȢ 4ÈÅÒÅ ÉÓ Á ÒÅÑÕÉÒÅÍÅÎÔ ÆÏÒ ÐÒÏÃÅÓÓÉÎÇ ÁÔ ÔÈÅ ÅÄÇÅ ÔÏ ÉÍÐÌÅÍÅÎÔ ÌÏÃÁÌ 

ȬÁÎÁÌÙÓÅÓȭ (derived from analytics on the raw collected tagged data) that is pushed 

from the central repository. Congruently there is an upward flow of rich processed 

data along with summaries to be stored in a sharded (a type of distributed 

database partitioning that separates the high-volume flows into manageable parts 

called shards) distributed database. We describe the building of a scalable network 

topology messaging system combined with novel non-invasive sensors for the 

semiconductor industry and show how processing at the edge can be used to 

perform analysis at the edge. This analysis at the edge is as a result of being able 

to perform analytics on the raw centralized data and derive analysis algorithms to 

ÄÅÔÅÃÔ ÁÎÏÍÁÌÉÅÓȢ 4ÈÅÓÅ ÁÌÇÏÒÉÔÈÍÓ ÃÁÎ ÔÈÅÎ ÂÅ ȬÐÕÓÈÅÄȭ ÔÏ ÔÈÅ ÅÄÇÅ ×ÈÅÒÅ ÔÈÅÙ 

ÃÁÎ ÏÐÅÒÁÔÅ ÁÔ ÔÈÅ ȬÌÅÁÆȭ ÌÅÖÅÌȢ This architecture can be seen in Fig 1 shown below. 
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Figure 1 Hierarchical Sensor and Analyses-at-Edge Topology  

 
Figure 1 shows the general sensor flow towards the sharded database over the 

distributed Message Queueing Databus (described further). Analytics are 

performed across the many streams of data including the derived metrology and 

analyses algorithms are developed. These are then sent back down the tree to the 

leaf-nodes (sensor-collectors/data concentrators) to be performed at the edge. 

This permits distributed processing of the control algorithms located most closely 

with the recorded data. With the scale of data being present on these individual 

machines (in the case of Optical Emission Spectrum (OES) acquisition over 4,000 

datapoints every second and even more for Frequency Radio Emission 
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Spectroscopy (FRES) (Kelly & McNally, 2017). ), it is not efficient to send these 

over a network to be processed centrally. 

1.2. Research Topics 

With plasma processing being prevalent in the semiconductor industry and there 

being a specific need for non-invasive sensor techniques to solve real-world 

problems, the focus was on the design of non-invasive sensors and the application 

of practical acquisition techniques. This permitted the acquisition of high-volume 

real time data and centralizing of this for storage and analysis. This facilitates the 

detection of faults in components of the process system and also the output of said 

process. The individual components are laid out below. 

 

1.2.1. Frequency-Resolved and Time-Resolved Sensors on Oxford 
Instruments PlasmaLab 100 Capacitively Coupled Plasma Tool. 

 
The analysis of the Frequency-Resolved Radio Emission Spectroscopy (FRES) 

(Patrick McNally, 2018) data acquired on an Oxford Instruments PlasmaLab 100 

Capacitively Coupled Plasma (CCP) tool has delivered high volume raw data that 

describes a number of properties of the plasma.  

The FRES system comprises a non-invasive B-field (or E-field) antenna located 

adjacent to the plasma (optimally flush with the plasma-chamber wall) and 

collects the radio frequency emissions from the plasma. The system collects the 

harmonics of the plasma drive frequency and records them. Multiple harmonics 

(in the following experiments up to ~100 harmonics of 13.56 MHz drive 

frequency, necessitating the collection of frequencies from 10 MHz of up to 1.3 

GHz). These harmonics were recorded in time and tagged with the operating 

parameters of the plasma. As part of the project, bespoke software was written 
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and developed to build the FRES system. This has become the basis for the 

commercialization of the technology. 

Further analysis techniques are then developed based on the data acquired from 

the FRES system. Also developed, is a Time Resolved Radio Emission Spectroscopy 

(TRES) which captures the data in real-time and makes real-time analytical 

approaches to determine events and operating points within the operating 

plasma. These techniques will be fully developed in chapters 4 and 5. 

One of the topics of this report is the examination of this sensor, its operation and 

the data that can be derived to determine the operation of the plasma. The 

monitoring of the E- and B-fields adjacent to the viewport of a radio frequency 

driven (13.56 MHz) CCP in the Oxford Instruments PlasmaLab 100 tool gives a 

coupling of the inductance within the plasma to the axially aligned antenna. This 

sensor approach is then extended to the time domain (Time-Resolved Radio 

Emission Spectroscopy) by examining the use of a Square Law decoder, the Hilbert 

Transform and the Wavelet Transform for the detection of arcing events or other 

perturbations. There is also an examination of software defined radios (SDR), with 

and without zero intermediate frequency (IF) to provide the level of resolution for 

TRES to be performed. Utilizing the Xilinx Zynq FPGA board with the AD9361 and 

downconverter, a basic special-purpose SDR was designed for the FRES and TRES 

(Appendix Q) sensor subsystem. 

The TRES analysis system was then extended to permit the observation of events 

/ perturbations within the operating plasma. In chapter 4, novel techniques were 

designed to transform the captured data into a data space that more accurately 

describes the transient nature of the operating plasma. This permits the 

observation of arcing events with the CCP and can be used in an industrial 
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environment to monitor the correct operation of the plasma tools. Different 

detector models are built and tested against the recorded arcing data from the 

operating plasma to show the operational parameters of the detectors. Code for 

these detectors is included in the Appendices. These are real-time tools than can 

be implemented on high-speed computer or FPGA based tool-side systems. 

We then examine the operation of the plasma as a simulated electrical circuit. This 

is fully developed in chapter 5. This permits the building of a model that can be 

readily simulated and compared with the received acquisition from the FRES or 

TRES systems. The model permits us to perform some element of closed-loop 

control over the operation of the plasma. 

In chapter 6, novel modelling techniques are utilized to correctly determine the 

operating parameters of a plasma system. The K Nearest Neighbour (KNN) and 

Principle Component Analysis (PCA) show that with a high degree of accuracy, the 

real-time operating parameters of the plasma can be determined with a non-

invasive sensor subsystem. We introduce a novel way of determining the optimal 

harmonic set for any particular operating-mode data set within a plasma, so as to 

optimize resources for the collection, storage and analysis of TRES and FRES data 

for an industrial plasma. 

In chapter 7 we introduce a novel method of building a transfer function of a 

plasma system. This is combination of its RF drive subsystem to the measured 

outputs of its harmonics. Using the Laplace Transform method, we drive a system 

model of the operating plasma, which is a calculable linear equation. This equation 

may be solved and describes a plane (in the real and imaginary space) which 

shows the operation of the plasma in a particular operating mode. This calculable 
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transfer-function may be used as a model to complete a closed-loop control of an 

industrial p lasma system. 

In chapter 8 we describe, build and demonstrate a communications system to 

support the multi-sensor high speed acquisition subsystem that permits the 

scalable tool-side acquisition back to a sharded data-base and the real-time 

analyses and control of industrial semiconductor tools. The basic version of this 

communication system is built in the commercial version of the FRES sensor 

subsystem. 

 

1.2.2. Event Classification. Processing at the Edge 
 
Given the rate of data production from these spectral sensors, it is a requirement 

to classify at very high speeds. By producing summary data which is then 

combined with non-parametric values, this may be classified at high speed using 

a KNN analysis system. The KNN algorithm may be accelerated using the Intel 

FPGA SDK for OpenCL (Liu, 2018 Mar 23). This lends the KNN algorithm very well 

to high speed data classification using hardware accelerators connected to 

sensors. This is a novel use of high-speed KNN classification for plasma event 

notification. To the best of our knowledge, this is the first time that an Artificial 

Intelligence (AI), KNN technique has been applied to radio emission spectroscopy 

of a plasma system. The KNN classifies according to the k closest training values in 

a hyperspace. Similar algorithmic systems are the Radial Basis Function network 

(RBF) and the Support Vector Machine (SVM) (Jamimamul Bakas, 2016). The 

operation of RBF relies on the summing of radial based functions to approximate 

a given function. In determining the coefficients, the classification can be made. 

The SVM operates by minimizing an error function to describe classes by 
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generating a hyperplane to differentiate the classes. The implementation (CPU or 

acceleration hardware) costs of the latter two are quite high, relative to the 

former. The thesis will examine the former (i.e. KNN) for performance in the 

classification task for perturbations in the plasma. The initial targeting of the edge-

processing node to an Intel Quark processor that included a Pattern Matching 

Engine (PME) permitted the building of a hardware supported KNN solution 

which made it is possible to classify and characterize operations of the plasma out 

on the leaf. The structure of the hardware PME was emulated in software (see 

Appendix I). By developing a software based KNN 128X128 PME, it is possible to 

characterize ÔÈÅ ÔÈÒÏÕÇÈÐÕÔ ÏÆ Ȭon the edge analysisȭ using analytics performed on 

the centrally stored data. The hardware PME can perform searches at 

approximately 25,000 samples per second with the main processor clocked at 

4MHz. The software emulation, with no optimization could only achieve 12,000 

samples per second on an Intel Core i7-3770K processor @3.5GHz using Ubuntu 

16.04 and gcc V5.4. The emulation permits the testing of KNN search trees at the 

edge for distributed analyses, in a multimode industrial acquisition system. The 

KNN system can be combined with the TRES analytical approaches that we 

develop. We show the data flow and how the vector output of the real-time 

Discrete Wavelet Transform of the TRES acquisition is fed to KNN to classify the 

operation of the plasma system and any perturbations that may occur. 

 

1.2.3. Scalable Data Acquisition in an Industrial Production Environment 
 
By building a scalable message-queuing (MQ) broker-publish-subscribe system, 

this forms the basis for a network of multi-nodal sensors that may be deployed on 

existing network infrastructure  but utilizing high performance edge nodes 
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combined with cloud computing at the back end. We will present a working 

industry deployed MQ based protocol system for scalable acquisition across multi-

node sensors in an industrial environment. The bespoke software developed for 

the FRES system supports this MQ based subsystem as well as a local message 

token system for non-distributed operation. Bespoke software for an OES sensor 

from Ocean Optics was also developed as part of this project for data correlation 

to the FRES system of the plasma parameters. This non-invasive OES acquisition 

sub-system also supports the MQ based communication subsystem (see Appendix 

L). 

 

 

1.3. Summary 

For modern volume semiconductor manufacturing, precise control of the 

resources, the equipment and closed-loop feedback of the underlying processes is 

of prime importance. We examine these areas, in particular for the industrial 

plasma systems and develop new and technologies and novel techniques to solve 

some of these problems. We develop new and unique models for plasma process 

control and event detection using advanced data transform methods and artificial 

intelligence components. These are then combined tool-side for multi-sensor 

acquisitions systems, that permit tool-side closed-loop control and also the 

forwarding of the high-speed real-time data over the scalable messaging system 

for later data-analyses and data-mining. 

While in an industrial environment, there is ultimately a need for processing at the 

edge and a means to do this will be explored and facilitated in chapter 8. However, 

the principal focus of the work  is the development of novel non-invasive sensing 
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techniques, based on the nascent Radio Emission Spectroscopy concept, in order 

to test their efficacy as a means of understanding and controlling industrial 

semiconductor plasma processing systems. The chief test vehicle for this will be 

implemented on an Oxford Instruments 13.56 MHz Capacitively Coupled Plasma 

Etch Tool. This will be implemented in a stepwise fashion as follows: In Chapter 2 

we will develop some basic physical and electromagnetic models for the 

generation of near and far field radio frequency fields in CCPs. The use of electric 

field and magnetic field antennae, combined with appropriate software defined 

radio systems, for the acquisition of Frequency-Resolved Radio Emission Spectra, 

will be described in Chapter 3. The extension of this technology to rapid (for the 

Rigol digital oscilloscope 2 ns and for the Agilent 80000 unit 1.6 ps) Time-

Resolved RES analysis will be described in Chapter 4 and a set of Transform 

Methods will be used for the detection and analysis of commonly occurring arcing 

events within such CCPs. While the capture of such data is interesting per se, it 

truly only becomes useful when the data is understood in the context of 

controlling the process plasma and/or understanding what the recorded data 

means in terms of the plasma condition and its potential impact on the wafer(s) 

being processed. In order to achieve this, there then follows a number of chapters 

aimed at developing circuit simulation models relevant to the CCPs used in this 

thesis, especially the modification of these models to represent the captured RES 

data (Chapter 5, to be followed by a Chapter 6 describing the use of Statistical 

Process Data Analysis techniques (KNN, RBF, and Principal Component Analysis 

in particular) to explore whether RES can be used as a non-invasive tool to 

monitor process parameter excursions in an operating CCP. In chapter 7, the use 

of the Laplace Transform Modelling provides a method to describe the operation 
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of the plasma in a calculable equation which may be utilized to close the control 

loop around a functioning plasma processing system. Finally, in Chapter 8, the data 

flows from the various tool-side sensors can be brought together for Distributed 

Scalable Multivariate acquisition. 
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Chapter 2 Near and Far Radio Frequency Fields of Capacitively 
Coupled Plasma 

 

2.1. Introduction 

 
As seen earlier plasmas are widely used in industrial processes in a wide variety 

of guises from contained Plasma Enhanced Chemical Vapour Deposition (PECVD) 

to open plasma-arc electric welding. Being the fourth state of matter, as the 

temperature increases, the gases can convert to plasmas. In this state, the plasma 

is composed of charged atoms/ions, which are mixed with free electrons. This 

separation permits the plasma to conduct electricity and can thus be an active 

element in the creation of, and response to, electric and magnetic fields. This 

feature adds to the complexity of the understanding of the operations of plasmas. 

In the capacitively-coupled plasma we examine the B near-field radio spectra as 

the plasma undergoes controlled changes due to the physical operations in the 

chamber. We also examined the E near-field, but using the same non-invasive 

observation port to the chamber, it was observed that this signal was significantly 

attenuated and contained substantial noise. There is a complex changing phase 

relationship between the E and B near-field. In the FRES experiments, it was 

possible to only acquire the B near field.  (In chapter 3 examining the B-field 

probes and in chapter 4, examining the time-domain acquisition, we show and 

analyze the comparative signals. For the bespoke FRES and TRES system we 

describe the requirement to acquire multi-channel data). The E-field is restricted 

in penetrating into the bulk and is confined to the thin sheath region, but the 

magnetic field can extend further (Paul A Miller, 2006).  The non-invasive 

monitored current -flow through the plasma adjacent to the port provides very 
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good diagnostic information as to the operation of the plasma. The monitoring of 

optical emissions is well established and is used in industrial machines for process 

and end-point control (Mackus, Heil, Langereis, Knoops, & van de Sanden, 2010) 

(Kim, Min, Kang, Cho, & Moon, 2005). The use of B-dot probes to measure directly 

within the plasma is well developed (Reilly, Miley, & Lewis, 24-02-2009). The 

plasma itself is the most positive thing in the chamber and the electrostatic 

shielding of the current probe becomes very important. The probe being 

immersed in the plasma is not immune from the plasma processing and is 

therefore also disruptive. The Langmuir probe is such a device using the 

electrostatic probe method. This comprises a charge-collecting surface inserted 

into the plasma and has been extended from a simple wire to various geometries. 

The operation of the sensor is to place the wire into the plasma and bias it with 

respect of a known potential in the plasma (nominally the conducting surface of 

the plasma chamber). This device is used to locally sample the charged particle 

flux by applying an independent bias (Pascal Chabert, 2011). The probe current 

for an object inserted into the plasma is of the form: 

Ὅ Ὡὃ   
 
ÅØÐ

ᶮ ᶮ
 ὲό        ɲ  ɲ  

where 

 A is the area of the surface protruding into the plasma 

 ὲ is the density at the centre of the sheath  

( ÅØÐ ) Ђ πȢφ Ɋ (Pascal Chabert, 2011) 

 ὺӶ is the mean electron speed 

  ɲis the potential of the probe surface inserted into the plasma 

 ᶮ  is the potential of the plasma 
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 ὲ is the ion density at the sheath edge 

 ό  is the Bohm speed or ion acoustic speed. 

 

This is a for a planar surface, area A. The probe surface potential is at ɲ  and this is 

below the potential of the plasma which is at ɲ . With this information, the 

electron and ion fluxes can be deduced as  ὲό  when the sheath is free of 

ionization, the ion flux leaving the plasma is equal to the ion flux arriving at the 

wall. The surface retards the Maxwellian distribution of electrons of temperature  

Ὕ and only electrons with an energy greater than Ὡᶮ ᶮ  can reach the probe 

(Pascal Chabert, 2011). There are a number of assumptions that permit this 

equation to function as a diagnostic tool, mostly to do with secondary processes 

being negligible. It is possible to construct a symmetrical double probe and as 

such, the voltage applied to the probes does not need to be referenced to ground. 

The probes may be swept differentially from a large positive to large negative 

potential and the current changes symmetrically between ion-saturation current 

being collected by one surface through zero to ion-saturation current by the other. 

This is balanced by the net electron current at the opposing probe. Of note is that 

these are still in essence, invasive probes as to some extent they are part of the 

plasma process in the chamber.  Thus, there is significant reluctance on the part of 

management to use such probes in light of the many engineering challenges of 

inserting active probes into a plasma chamber on a production line. The wafer-

processing ÔÏÏÌÓ ÁÒÅ ÐÒÏÖÉÄÅÄ ȬÁÓ-ÉÓȭ ÁÎÄ ÍÏÄÉÆÉÃÁÔÉÏÎ ×ÉÔÈÉÎ the manufacturing 

warranty is a significant concern. 
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The particular plasma discharges that we are examining for the RF spectral system 

are driven by high frequency signal generators. They generally have a fixed 

fundamental frequency (13.56 MHz) and may also have additional bias RF 

frequencies.  The basic mechanical arrangement is shown in Figure 2 below where 

the high-frequency radio source interacts with the gases in the low-pressure 

chamber. 

 

Figure 2 Capacitively Coupled Plasma (CCP) 

 

The basic model schematic for this is shown below but we want to examine this 

further  (Cao, 2016). For high pressures, the electron mean-free path is quite small 

and the non-linear interaction between the sheath and the bulk is strongly 

damped (Sebastian Wilczek, 2016). For the range of industrial plasmas that we are 

interested in for industrial monitoring for semiconductor processing, the low 

pressures within the asymmetric discharges give pronounced high-frequency 

oscillations of the RF current. The use of B-field non-invasive monitoring provides 

accurate measurement of the status of the operating plasma. The asymmetric 

electrodes of the plasma chamber results in most of the RF power being coupled 

into the larger sheath at the drive electrode, providing the rich Fourier spectrum 

of current oscillations. The original circuit representing the plasma was a series 

RLC by Verboncoeur et al (J.P.Verboncoeur, 1993 february) 
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Figure 3 Equivalent Circuit of Capacitively Coupled Plasma  

 

The following components are defined: 

¶ ὃ  is the area of the grounded electrode. 

¶ ὃ  is the area of the powered electrode. 

¶ ὠ is the bias voltage of the plasma 

¶ ὅ is the DC blocking capacitor for the RF power source 

¶ ὅȢ is the capacitance of the powered sheath 

¶ Ὅ is the forward current of the RF power supply to the plasma 

¶ ὍȢ is the electron current within the powered sheath 

¶ ὍȢ is the ion current within the powered sheath 

¶ Ὑ  is the ohmic resistance of the bulk plasma 

¶ ὒ is the inductance of the bulk plasma 

¶ ὅȢ is the capacitance of the ground sheath 
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¶ ὍȢ is the electron current within the ground sheath 

¶ ὍȢ is the ion current within the ground sheath. 

 

This equivalent circuit can be used with the non-invasive B-field measurements to 

quantify physical parameters as they are operating with in the plasma. With 

measurement, the temporal dynamic of the current and voltage at the driven 

electrode can be measured. This shows ample evidence for the non-linear nature 

of the system. A sinusoidal applied voltage as with the 13.56 MHz from the power 

supply unit (PSU) on the Oxford Instruments PlasmaLab 100 tool through the 

matching unit and on to the plasma leads to strong high-frequency oscillations in 

the RF current density. In Chapman ( (Chapman, 1980), we see the description of 

basic equivalent circuits for RF discharges. A lot of work has been completed by 

Koenig and Maissel (H. R. Koenig, 1970 Mar) and by many others with the basic 

circuit as shown above. The sheath is primarily capacitive due to the positive ion 

space charge in the sheath and the compensating negative surface charge on the 

adjacent surface. The diode allows for the asymmetry of the ion and electron 

currents. The bulk is modelled as a resistance and an inductance. The resistance is 

to allow for power dissipation due to collisions and the inductance is the linear 

impedance to the applied voltage (Lieberman & Lichtenberg, 2005). 

 

2.2. CCP Machines Under Examination 

 
Initially there were two main machines under examination for FRES. The Oxford 

100 tool is used for testing within the DCU campus. Analog Devices Ireland plant 

very kindly made a Novellus Concept 2 available for test purposes. After 



  43 
Submitted Nov 2020. 

 

installation at the Analog plant and configuration to obtain Optical and FRES data, 

commercial agreements were signed with another company for the development 

of the FRES sensor subsystem and the equipment had to be removed from the 

Analog plant. Thus, for the purposes of this thesis, we will concentrate on the 

results of the Oxford Instruments PlasmaLab 100 CCP tool. 

2.2.1. Oxford 100 CCP Brief Description 
 
The Oxford Instruments PlasmaLab 100 CCP etch chamber can process ὛὭὕ  and 

3É. ÄÅÐÏÓÉÔÉÏÎ ×ÉÔÈ Á ÍÁØÉÍÕÍ ×ÁÆÅÒ ÓÉÚÅ ÏÆ ψȱ, and has a load-locked chamber 

for wafer handling convenience. The RF generator is capable of 500W output with 

an in-built autotuner and a substrate table that can support temperatures up to 

τππὅ. In the Figure 4 below, the chamber and the driven electrode can be seen. 

Also shown is the B-field antenna and the KF40 port on the tool that is radial to 

the bulk-plasma location between the surrounding ground electrode and the RF 

driven one. 

 

 

Figure 4 Oxford Instruments PlasmaLab 100 CCP Plasma Chamber with FRES Antenna Location  
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The Oxford Instruments PlasmaLab 100 CCP was the primary tool for the 

development of the KNN, the Laplace and Wavelet Transform modelling for use in 

the non-invasive plasma monitoring for industrial control. 

2.2.1. Novellus Concept 2 Brief Description 
 
The Novellus Concept 2 was the initial on-site test system for preliminary data-

acquisition using the FRES system. With the commercial agreements in place for 

the development of the FRES system, the results of this non-core work have been 

moved to the Appendices (see appendix P). 

2.3. RF Operation and the Sheath 

 
There is nothing special about the 13.56 MHz RF power-supply frequency that 

many CCP systems use. It is based upon a slot in the international 

telecommunications spectrum where one may radiate a certain amount of energy 

without interfering with communications. This not such a good solution as 

determined by the analysis. The plasma discharge has many non-linear effects and 

generates many harmonics of the fundamental frequency. These frequencies fall 

within bands that are much more stringent with respect to permitted 

transmission and emission energies. Initially the predominant interest was in the 

first few harmonics emitted by the RF plasma when powered by a fundamental 

drive frequency. Much of the published literature deals with only the first 7 

(Sebastian Wilczek, 2016) or 12 harmonics (Frederik Schmidt T. M., 2018)  of the 

fundamental frequency.  As can been seen from the RF spectral results, to be 

discussed later, the interest in the higher harmonics is significantly increased as a 
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significant amount of information describing events and also the nuanced 

operation of the plasma is contained with in these high-order harmonics. With a 

patent-pending design of antenna and suitable mounting location, the acquisition 

in the FRES system is of the first hundred plus (100+) harmonics. These higher 

harmonics tend to be quite significantly attenuated. We will see with the later 

analysis how these higher harmonics contribute greatly to the analysis, modelling 

and detection systems designed. Whilst the second harmonic is of the order of -20 

dBm, the 9th harmonic is of the order of -65 dBm. For example, the ninth harmonic 

lies in the range of the AM based aircraft communications systems and while the 

signal is attenuated, the applied fundamental RF power is quite significant. 

 

Harmonic 
(odd/even)  

Fundamental 
(13.56 MHz) MHz 

Band ITU (US) 

2 27.12 13.41 to 13.57 Fixed/Mobile 
3 40.68 40.0 to 42.0 Fixed/Mobile 
4 54.24 54.0 to 72.0 Broadcasting TV 
5 67.80 54.0 to 72.0 Broadcasting TV 
6 81.36 76.0 to 88.0 Broadcasting TV 
7 94.92 88.0 to 108.0 Broadcasting FM 
8 108.48 108.0 to 117.975 Aero Radio 

Navigation 
9 122.04 121.9375 to 122.0875 

Aeronautical Mobile 
Table 1 Harmonic / Allocated Frequency Bands  

 
With the FRES, the high frequency RF currents within the plasma are recorded and 

analyzed. We will see the development of the FRES system using Software Defined 

Radio (SDR) subsystems initially and then the utilization of Commercial Off The 

Shelf (COTS) hardware to acquire the data and permit the development of the 

analysis and modelling for the plasma monitoring and control. The initial phase 

was to design custom hardware to provide the acquisition speed required for the 
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harmonic-content analysis both in the time domain (TRES) and the frequency 

domain (FRES). The use of COTS acquisition hardware, whilst not optimal for real-

time industrial use (too slow) and also of single channel design, permitted the 

development of the software, analyses, modelling and artificial intelligence (AI) 

classification systems. The KNN modelling, the event detectors, the 

Continuous/Discrete Waveform Transform and the Laplace Transform, all rely on 

the accurate acquisition of these harmonics. We show the development of bespoke 

software for the FRES system supporting COTS hardware. The various software 

components are contained in the Appendices. Modelling, transform and AI code is 

included. To support the development of the FRES system, several utility systems 

were also developed and these are also described and included in the appendices. 

To distribute the FRES and TRES systems on an industrial scale, a distributed, 

scalable, managed communications system was developed. This structured 

component which is included in the FRES, OES and auto-tuner subsystems is 

described in Chapter 8. 

 

2.4. Remote Sensing of Low-Pressure Plasma in Radio Near Field 

 
The monitoring of radio-frequency wavelengths from a low-pressure plasma is 

relatively unexploited. The development of radio emission spectroscopy (RES), 

(Kelly & McNally, 2017) utilizes the analyses of the harmonics of the emitted E- 

and B-field adjacent to the plasma bulk. The sensor (antenna) can be mounted 

external to the chamber for a capacitively powered plasma. The sensor is a near-

field E- antenna and/ or a B-field magnetic loop type. The magnetic loop type is 
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approximately 25 mm diameter that intercepts the magnetic flux resulting from 

the currents in the plasma bulk, as shown below. 

 

Figure 5 Near Field Magnetic Coupling  (Kelly & McNally, 2017)  (In their original concept there was no 
direct or indirect coupling to the powered electrode)  

 

The magnetostatic currents flowing in proximity to the view port are given by 

the Biot-Savart law 

ὄὶ  
А

τ“

ὐὨὠ ὶ

ȿὶȿ
 

where dV is the volume element for the current density J, r represents the spatial 

distance of the antenna and the current volume, and А is the magnetic constant 

or permeability of free space ((CGPM), 2019). The antenna forms an inductive 

element and produces a voltage in relation to the impinging magnetic flux and the 

number of turns, in this case one. See chapter 3 for further information on the 

Beehive Antennae (Beehive Electronics Inc., 2019) and also the custom designed 

plain-coil RF Identification (RFID) tag antennae that were utilized for the 

experiments.  Note that there is a frequency correction for a practical 

implementation of an antenna. For the Beehive 100A antenna, there is a 5 dB gain 
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from 10 MHz to 20 MHz where the primary operating frequency of the plasma is 

13.56 MHz. Rather than calibrate for unknown antennas, a calibrated unit was 

utilized for the experiments. The later FRES experiments employed a custom 

plain-coil RF ID tag antenna and the differential harmonic measurements were 

utilized for plasma characterization. In the experiments for the ensuing AI 

modelling, transfer functions were performed on the low-pressure chamber RF 

data from the Oxford Instruments PlasmaLab 100 tool. This chamber incorporates 

a turbo pump required to pump down to the lower pressure regimes. The initial 

antenna measurement experiments were performed in an Ar plasma with various 

powers operating between 50 watt and 500 watt and with pressures varied from 

20 to 50 millitorr. Later experiments for the gas-flow AI classification and Laplace 

modelling were performed using an ὕ plasma varying the pressure between 20 

and 50 millitorr and the gas flow rate from 20 sccm to 30 sccm.  Figure 6 below 

shows the general configuration of the acquisition system. 

 

Figure 6 General Overview of FRES Acquisition  

 

Using a SignalHound SA44B Spectrum Analyzer (Signalhound) and its acquisition 

software with the B-field antenna permitted the acquisition of the high-frequency 

https://signalhound.com/products/usb-sa44b/
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harmonics while the Oxford Instruments PlasmaLab 100 CCP was running a 

recipe. 3ÉÇÎÁÌ(ÏÕÎÄȭÓ 3ÐÉËÅΆ ÓÏÆÔ×ÁÒÅ ÈÁÓ Á ÒÅÃÏÒÄÉÎÇ ÆÁÃÉÌÉÔÙ ÁÎÄ ×ÉÔh the 

ÁÎÁÌÙÚÅÒ ÉÎ ȬÓ×ÅÅÐȭ ÍÏÄÅ, acquires a sweep of frequencies and records these to a 

""2 Ά ÆÉÌÅȢ ,ÁÔÅÒ ÄÅÖÅÌÏÐÍÅÎÔÓ ÉÎÃÌÕÄÅ Á ÐÁÔÅÎÔ-pending antenna design and also 

a companding-technique for the signals for optimal acquisition from a RF CCP. 

These are described Chapter 3. 

 

 

Figure 7 Screen Shot of FRES Acquisition Using SA44B Spike Software  (reproduced by special 
permission)  

 

To reiterate, the low-level signals were acquired using a SignalHound SA44B 

spectrum analyzer and stored in BBR proprietary files. The low-pressure plasma 

system was operated with different experimental regimes and the corresponding 

RF harmonics emitted by the plasma were recorded using the antenna located 

adjacent to the KF40 port with the SA44B analyzer and software. Bespoke 

software was written (see appendix B) to convert the recorded files into a format 

that could be imported into analytical tools such as Matlab®. This recording 
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system was not very user friendly nor conducive to the task of accurately 

acquiring the relevant harmonics to a high accuracy required for the analysis. The 

Oxford Instruments PlasmaLab 100 CCP tool possesses a 13.56 MHz capacitively 

powered plasma source. We can associate the signal power measured in the 

antenna with the current flowing within the plasma, though the location of the 

antenna has an averaging component to the measured B-field (Paul A Miller, 

2006).  The plasma was run through a number of cycles with different recipes and 

the SignalHound SA44B was put in Record mode. This produced a number of BBR 

files, the format of which is native to the SignalHound analyzer.   The recorded files 

were processed using the software utility which was written for both Windows 

and for Linux to transform the recorded data in BBR files into CSV files for 

importation to  Excel or Matlab.  See Appendix B.  

The Biot-Savart law above describes a magnetic field generated by a stationary 

electric current. With the charged particles in motion within the plasma, there is a 

time-varying electric current. There are three sets of particles in a plasma:  ions, 

electrons and neutrals. These all have various masses and temperatures, though 

in the plasmas that we are dealing with, the temperatures are not exorbitant, e.g.  

Ὕ ςὩὠ , Ὕ πȢπτὩὠ and Ὕ πȢπςυὩὠ (Chapman, 1980). 

×ÈÅÒÅ ÔÈÅ ÓÕÆÆÉÃÅÓ Ȱeȱȟ Ȱiȱ ÁÎÄ Ȱnȱ refer to the temperatures of electrons, ions and 

neutrals, respectively.  (It is interesting to note that energies can be converted to 

an equivalent temperature. Using the Boltzmann constant, one finds that energy E 

=kBT, where kB = 1.38 x 10-23 J/K, and T is expressed in kelvin.  Thus 1 eV º 11,600 

K).  For our overall neutral plasma, the ion and electron densities are 

approximately equal, but this number is usually much less than the number of 

neutrals. On average, electrons have a velocity far in excess of the neutrals or the 
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ions mainly due to the low mass of the electrons. The rapid motion of electrons 

with respect to the plasma permits them to move away and in doing so, they leave 

behind a relatively positive charged plasma (Chapman, 1980).   One possible result 

of a particle striking a surface is for an electron to be ejected. Within the plasma 

containment and the surfaces of the anode and cathode, there are incident 

particles. The number of electrons that could be ejected for an incident particle is 

called the secondary electron coefficient. Notwithstanding the secondary 

generation that can add additional electrons (V. Baglin, 2000), there is a broad 

current drift through the bulk of the plasma and a resonant drift. 

 

 
 

 
 

Figure 8 Distribution of Secondary Electrons Emitted by Silver According to Energy of  Impinging 
Electron   (Rudberg, 1930)  (reproduced from  (Chapman, 1980) ). 

 

In Figure 8 above, we can see the energy distribution of secondary electrons 

emitted by silver (Rudberg, 1930). Area (I) shows the elastically reflected 

primaries. The energy of these is of the order 160eV. Area (II) shows the 

inelastically reflected primaries and these of the order of 100eV and finally area 
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(III) shows the true electron secondaries where the energy is of the order of a few 

eV. The impinging energy צ is the primary electron energy. What is interesting is 

that secondary emission is not insignificant and while not applicable to the 

plasmaȭs emissions that we are examining, silver can provide a yield of up 1.5 

times that of the primaries for example. 

An approach to the self-bias of an insulating electrode is given by Butler and Kino 

(H. S. Butler, 1963). We know that a probe at floating potential draws no net 

current and if a potential is applied to the probe, the current drawn will be given 

by the probe characteristic. The probe will be struck by the positive ions and 

electrons, but the flux will be unequal due to the much higher velocity of the 

electrons and will take on a negative charge with respect to the plasma. This 

charging will continue until a balance is reached between the negative repulsion 

ÁÎÄ ÁÔÔÒÁÃÔÉÏÎ ÔÏ ÐÏÓÉÔÉÖÅ ÉÏÎÓȢ 4ÈÉÓ ÐÏÔÅÎÔÉÁÌ ÏÆ ÔÈÅ ÐÒÏÂÅ ÉÓ ÔÈÅ Ȭfloating potentialȭ 

which is maintains an equal electron and ion flux to and from the probe. With a dc-

blocking capacitor on the powered electrode (see Figure 9), 

 

Figure 9 Capacitively Couple d Plasma, dc Blocking  

the total net charge flow per RF cycle must sum to zero. The powered electrode 

×ÉÌÌ ÁÌÓÏ ÁÔÔÁÉÎ Á Ȭfloating potentialȭ. This is shown in Figure 10 below: 
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Figure 10 Sheath Potential Asymmetric Electrode at Positi ve and Negative Part s of RF cycle (May, 
1997)  

 

This Figure 10 indicates the relative potential gradients from the plasma to the 

electrodes at the extreme ends of the RF cycle.  With a zero-charge flow over the 

RF period, there is a very different sheath potential at each electrode due to the 

time-averaged potential distribution. This is further complicated by the non-

symmetrical plates where the driven plate is much smaller than the grounded 

plate. This enhances the potential across the sheath at the powered electrode. This 

may be shown diagrammatically as in the figure below (Figure 11): 
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Figure 11 Unequal EÌÅÃÔÒÏÄÅÓȟ ×ÉÔÈ ȬFloating Potential ȭ and Time-Averaged Potential.  

 

As we have seen in the picture of the Oxford chamber above (Figure 4), the tool 

has two asymmetric electrodes. The Advanced Energy Hilight 136 RF generator in 

the Oxford Instruments PlasmaLab 100 CCP tool drives the matching unit and this 

contains the dc-blocking capacitor which then powers the drive electrode 

mounted in the bottom of the chamber. The powered electrode (as in the case of 

the Oxford Instruments PlasmaLab 100), is usually much smaller than the 

grounded one, charges negatively with respect to the plasma until there is zero 

ÃÈÁÒÇÅ ÆÌÏ× ÏÖÅÒ ÔÈÅ 2& ÃÙÃÌÅȢ 4ÈÉÓ ȬÆÌÏÁÔÉÎÇ ÐÏÔÅÎÔÉÁÌȭ (ὠ ) as shown in Figure 11 

is of the order of 450 V for the Oxford Instruments PlasmaLab 100 CCP tool when 

it was performing the recipe for the experiments. 

The voltage across the sheath influences the energy with which the ions strike the 

substrate (again there will be secondary emission). The density of ions and 

electrons is sum zero as the Coulomb charge sums to zero. The ion enters the 

sheath with low energy and is accelerated across it  by the sheath voltage. If there 

are no collisions, it would strike the substrate with an energy-equivalence of the 
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sheath voltage. It is possible to determine a variation around a voltage 

perturbation . This can be caused by the rapid movement of electrons and the 

relatively slow speed of ions, see Figure 12 below. With the potential at x = 0 

defined as ɝὠ relative to the plasma, the potential varies with x. We have a 

measure of ɝὠ which will we assume is more negative than ὠ ÔÈÅ ÐÌÁÓÍÁ ÂÕÌË. 

An offset of potential of ɝ6 at location x=0 (single dimension) is established which 

is more negative than the plasma bulk and in this case only energetic electrons can 

enter this area. A net positive charge will form in front of this charged surface as 

only the energetic electrons will enter. The ions are too massive to react rapidly 

to this charge disturbance and it will be only for a very short time period. The ion 

density to a first approximation in the sheath is ὲ as in the undisturbed plasma. If 

the perturbation of Ўὠ was maintained for long time this would not be true. We 

look at where this perturbation is for a very short timescale. 

 

 
 

Figure 12 Variation of Potential around a Perturba tion  

 
 
We see that there is a length where there is a volume influence for a floating 

substrate within a plasma discharge. This length is termed the Debye length. A 

floating substrate will begin to charge with the high arrival velocity of the 
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electrons wit h respect to the ions and at some point, it will begin to repel electrons 

and begin to attract positive ions. The ion flux is limited by the random arrival of 

ions from the sheath-plasma interface. Ions entering the sheath do so with very 

low energy and are accelerated across the sheath. This energy they gain would be 

equivalent to the kinetic energy with which they would strike a floating substrate. 

If the numbers of ions and electrons in a plasma are very large, but equal, then it 

would be seen that the net charge is zero. There is obviously a response time for a 

perturbation within the plasma. The ions are too massive to respond quickly, but 

the electrons are much more so. This can be described using a differential equation 

ÄÅÒÉÖÅÄ ÆÒÏÍ 0ÏÉÓÓÏÎȭÓ ÅÑÕÁÔÉÏÎ for the charge distribution (Chapman, 1980): 

Ὠὠ

Ὠὼ
  
Ὡὲ

ρ ÅØÐ 
ὩЎὠὼ

ὯὝ
 

 
where  is permittivity of free space. 

4ÈÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ÃÈÁÒÇÅ ÍÕÓÔ ÓÁÔÉÓÆÙ 0ÏÉÓÓÏÎȭÓ ÅÑÕÁÔÉÏÎ ÁÎÄ ÉÆ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÉÎ 

thermodynamic equilibrium, then the charge concentration is described by the 

Boltzmann Distribution. This gives rise to a non-linear equivalence. This solution 

to this equation is more apparent when the initial state is  ЎὠὼḺὯὝ (Mitchner, 

1973)Ȣ 4ÈÅ ÓÏÌÕÔÉÏÎ ÆÒÏÍ ÔÈÉÓ ÇÉÖÅÓ ÒÉÓÅ ÔÏ Á ȬÄÉÓÔÁÎÃÅȭ ÁÐÐÒÏØÉÍÁÔÅ ÓÏÌÕÔÉÏÎ ×ÈÅÒÅ  

Ўὠὼ  ЎὠÅØÐ 
ȿὼȿ

‗
 

 

The quantity ‗ , the Debye Length, is a dimension of length and tells us that for a 

perturbation the plasma attempts to correct the charge imbalance, but that this 

sphere of influence is within a distance range. Thus, for calculations of net 

interactions, the sphere of influence lies approximately within one or two Debye 



  57 
Submitted Nov 2020. 

 

lengths. Beyond this, the first order interactions become immaterial. Note that as 

|x| Ą 0, the field remains as that of a single charge ɝὠ. For distances greater 

than ‗, the field dies off exponentially. Charge fluctuations may occur over 

distances smaller than ‗. Solutions to this non-linear equivalence may be made 

with some assumptions, but one solution leads to a characteristic length scale of 

(Morton Mitchner, 1973): 

ʇ   
ὯὝ‭

ὲὩ
 

where: 

ʇ is the Debye-Hückel length 

Ë ÉÓ "ÏÌÔÚÍÁÎÎȭÓ ÃÏÎÓÔÁÎÔ 

ὲ is the density of electrons 

‭ is the permittivity of free space 

Ὕ is the temperature of the electrons. 

 

The quantity ʇ has the dimensions of length and is known formally as the Debye-

Hückel length ÂÕÔ ÉÓ ÔÙÐÉÃÁÌÌÙ ÓÈÏÒÔÅÎÅÄ ÔÏ ÔÈÅ Ȱ$ÅÂÙÅ ,ÅÎÇÔÈȱ. As stated 

previously, within a value 1 to 2 radii of the Debye length, plasma perturbation 

interactions are material, but outside this distance, the net interaction is zero. By 

way of example, for a plasma with density of 

  ὲ  ὲ  ρπ ὴὩὶ ὧά ὥὲὨ ὯὝ ςὩὠ , the value of  ʇ Ὥί ρπυ АάȢ 

The electrons and ions are, as a whole, in equilibrium, but with a small 

perturbation from neutrality, there is a large restoring force.  With the relative 

inertia of the ions with respect to the electrons, it will be the electrons that will 

respond first and this is proportional to the displacement. This a just the set of 



  58 
Submitted Nov 2020. 

 

conditions for oscillations. These oscillations are determined by the interaction 

between the ions and electrons and for electrons is related to the Debye Length ʇ 

(Mitchner, 1973). This relationship can be explained as the movement of an 

electron over the distance ʇ in the time ρ‫ ύhich is the minimum frequency for 

propagation of a wave in the plasma. For practical purposes, the frequency is of 

the order of hundreds of MHz to ~1 GHz and due to the inertia of the ions, the 

equivalent frequency of ions is of the order of a few MHz (Chapman, 1980). 

2.5. Sheath Formation 

From the discussion above, we can see that a screening charge cloud forms around 

a voltage perturbation.  If we consider a sphere of 1 to 2 Debye Lengths centred on 

a point, outside the sphere of influence the net interaction is zero and the plasma 

is equipotential. This does assume that the Debye Length is much smaller than the 

overall dimensions of the plasma. The difference in ion and electron thermal 

energy means that electrons are lost to the electrodes at a faster rate than the ions. 

 

Figure 13 Sheath Formation at Floating Substrate  
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The electrons are repelled by the potential difference ὠ ὠ  and therefore the 

area around the will acquire a net positive charge. This is generally referred to as 

ÔÈÅ ȬÓÐÁÃÅ ÃÈÁÒÇÅȭ and forms a sheath. The sheath has a density of charges, and this 

ÉÓ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ÔÈÅ Ȭspace charge density ʍȭȢ With a net positive charge, there is a 

reduction of electron density in the sheath and as the number, density and energy 

of exciting electrons is smaller, the number of relaxing atoms is smaller and 

ÔÈÅÒÅÆÏÒÅ ÔÈÅ ÓÈÅÁÔÈ ÄÏÅÓ ÎÏÔ ȬÇÌÏ×ȭ ÁÓ ÍÕÃÈȢ 4ÈÅ ÓÈÅÁÔÈ ÄÏÅÓ ÎÏÔ ÔÅÒÍÉÎÁÔÅ 

where the ion and electron densities become equal, instead there is a quasi-

neutral zone between the plasma bulk and the sheath proper. This is referred to 

ÁÓ ÔÈÅ Ȭpre-ÓÈÅÁÔÈȭ and is shown in Figure 13 above. This region has a low electric 

field which increases the velocity of ions before they enter the sheath, crossing the 

sheath-edge (Bohm & Gross, 1949) (Severn, 2007/01/01) . 

 
The simple model is that the resulting electric field falls off in an exponential 

manner and reduces to the thermal energy of the surrounding electrons and ions. 

Once at this position, the ions and electrons are free to move away from the charge 

cloud. This would suggest that the edge of the charge cloud at the Debye length 

(ʇ) Ўὠ ~ kὝ. The calculation of the Debye length above assumed Ўὠ << kὝ so 

the screening effect has to be carefully applied when considering the sheath 

formation. It was considered that the sheath consisted of a region where the ion 

and electron densities became equal. Bohm (Bohm & Gross, 1949) demonstrated 

a quasi-neutral transition region of low-electric field and the effect of this region 

is to accelerate the ions entering the sheath at the sheath edge as indicated in the 

Figure 13 above. This was revisited by Sternberg (Sternberg & Godyak, 2007) and 
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they ÓÕÇÇÅÓÔÅÄ ÔÈÁÔ "ÏÈÍȭÓ ÒÅÓÕÌÔÓ ×ÅÒÅ ÍÉÓÕÎÄÅÒÓÔÏÏÄȟ ÂÙ ÃÏÎÃÌÕÄÉÎÇ ÔÈÁÔ ÔÈÅ 

edge of the sheath coincides with the reference point of the sheath-plasma model. 

If there is an object that is negatively biased with respect to the plasma bulk, the 

effect of the Bohm criterion is to describe the increase of the ion flux to overcome 

that. The ion velocity on entering the sheath must be greater than  which is 

determined by the electron temperature (Bohm & Gross, 1949) (Chapman, 1980). 

This is a quite a strange result, as it indicates that the ion velocity on entering the 

sheath must be greater than a fixed function of the electron temperature. The 

physical significance of this is that the ion density must decrease less rapidly than 

the electron density across the sheath to meet the criteria of acceleration of the 

ions and repulsion of the electrons. This can be graphed showing the cases where 

А ion velocity at the sheath-edge is greater than and less than the criterion with 

a linear monotonically decreasing electron density 

 

Figure 14 Variation in Ion and Electron Density with Potential V(x) in a Sheath , reproduced from  
(Chapman, 1980) . 
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The figure (Figure 14) shows the variation of ion and electron density with 

potential V(x) in a sheath, for two cases: А greater than and А less than the 

critical velocity    (Chen, 2016). 

 

There must be an electric field across the this presheath region so as to give the 

ions a directed velocity of А towards the electrode. 

 

2.6. Harmonic Generation 

In Miller (Paul A Miller, 2006),  using a B-dot probe inside a CCP plasma chamber, 

recordings were taken of the B-field across the bulk plasma close to grounded 

electrode sheath. The harmonic content for the B-field was higher, closer to the 

centre of the plasma radially than at the edge. In the figure (Figure 15) below, this 

is shown as normalized harmonic magnitudes in relation to radial position within 

the plasma. 

 

 

Figure 15 Fourier Transform of B -dot Signals (Paul A Miller, 2006)  



  62 
Submitted Nov 2020. 

 

The figure (Figure 15) depicts three sets of graphs for excitation RF frequencies of 

13.56, 60 and 176 MHz, respectively.  Each graph shows the harmonic magnitude 

on a logarithmic scale with the amplitudes normalized to the largest one. 

There is also a complex phase relationship between the harmonics radially across 

the plasma. Miller shows this in a graph (Figure 16) for the first three harmonics. 

 

 

Figure 16 Phase Relationship for the First Three Harmonics across the Plasma (Paul A Miller, 2006)  

 

This indicates a spatial relationship to the production of the harmonics and their 

phase relationship. We have seen how the wave propagates outwards and the 

magnetic field is not as constrained by the skin-effect as the electric field. At low 

discharge currents, the electrons are quite monotonic in their energy spread, as 

higher discharge currents are applied, and thus there are electrons with both 

higher and lower energies and the spread is much greater (Langmuir & Tonks, 

1929). Tonks and Langmuir subsequently found high frequency oscillations in the 

plasma. As in the klystron faster electrons begin to catch slower electrons, but 

because of repulsion, tend to bunch-up. The net result is that electrons tend to 

vibrate about the position that they would have occupied without any modulation. 

A simplification of the harmonic generation is that of the diode-mixer with a space-

charge step-recovery giving rise to the comb-frequency generation. We have seen 
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the basic dual diode equivalent circuit for the operation of the capacitively coupled 

plasma and the non-linearity of the transfer function of the diode can be used as a 

frequency multiplier. Non-linear Transmission Line Multiplication (NLTL) can 

also function as a comb-generator. With just varactors and inductors, a 

transmission line in which the propagation velocity is voltage dependent 

(Spikings, C.R.; Seddon, N.; Ibbotson, R.A.; Dolan, J.E., 2009) can operate as a 

harmonic frequency generator. 

Our primary focus is the acquisition and recording of these high-order harmonics 

such that they can be analyzed to perform monitoring and control operations over 

the plasma in an industrial environment. Of note is the variation in harmonic 

power content based upon the drive RF frequency (Figure 15 above). With multi-

frequency chambers, the KNN modelling hyperspace and the TRES discrete 

wavelet vector generation will be quite dispersed. The analysis for optimal signal 

acquisition will be of prime importance (see Section 6.6) in these cases for the 

differing drive frequencies and chambers. 

 

2.7. Summary 

The non-linear operating function of the sheath in the CC plasma is a crucial 

interface and the interactions that occur in the space contribute greatly to the 

overall dynamic actions of the plasma. Being able to measure parameters of these 

interactions in real-time using non-invasive methods, is of great importance to 

industrial plasma processing operators, as this can provide a wealth of 

information on the operation of the plasma and the processing that it is 

performing. 
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Chapter 3 Software Defined Spectral Analysis for B- and E-
Field Plasma Analysis 

 

3.1. Introduction 

The IC industry is loath to introduce any further equipment that might have an 

effect any of the processing steps in a production environment. Therefore, any 

sensor that that can make indirect measurements is to be generally preferred. By 

having an antenna external to the plasma system and being able to derive process 

data is of great benefit. Some of the benefits may be listed as: 

¶ Non-invasive, so as not to perturb the plasma itself. 

¶ Can capture real-time data for precise control of plasma parameters. 

¶ Repeatable measurements aids tool matching. 

¶ Can be implemented with COTS initially.  

¶ Rich source of real-time data for FRES and TRES. (e.g. Endpoint 

detection). 

¶ Can be combined with other sources of real-time plasma data (e.g. OES) 

for orthogonal data sets to augment analysis of plasma operation. 

Therefore, the ability to attach a non-invasive sensor to existing systems that can 

provide a rich data stream of the plasma operation is of great benefit in an 

industrial production environment.  

 

3.2. Radio Spectrum Analysis: Non-Invasive Plasma Monitoring. 

 
There has been much discussion in recent years about software defined radios 

(SDR) (Collins, Getz, Pu, & Wyglinski, 2018). Some of this is due to the immense 

advances that have been made in semiconductor technology and some are due to 



  66 
Submitted Nov 2020. 

 

the flexibility of the forms and functionality that they can take. There are some 

basic characteristics that make them unique with respect to other types of radios. 

We use the term radio here when we are considering the spectral analysis that are 

performed on the near-field plasma radiation for the capacitively-coupled plasma 

under investigation. As the name implies, an SDR is a radio / analyzer that has the 

abili ty to be implemented using components of software or logic for the 

fundamental signal flow. This can be performed using digital signal processors or 

field-programmable gate arrays (FPGAs). 

To take advantage of these digital components, the basic analogue signal must be 

converted to the digital domain and back to the analogue domain as required. This 

conversion is performed by high-speed analogue-to-digital (ADC) and digital-to-

analogue (DAC) converters. To make best use of this digital processing, the signal 

is maintained in the digital domain for as much as possible (Rauscher, 

Christopher;, 2014). In this constrained domain, it retains its essential properties. 

This permits digital techniques to be used to perform functions that would be 

normally be implemented by analogue circuits. Some of the digital functions 

cannot be readily implemented in the analogue domain and this permits the 

testing of functions that cannot otherwise be performed.  

Whilst it might seem feasible to digitize the antenna, it is preferable to design an 

analogue front  end (this is the basic circuitry to collect the signal from the device 

under test) that is more selective and sensitive to a wide range of individual 

frequencies and then tune the ADC to the bands that it  can readily process. In the 

design for the non-invasive plasma sensor, there are two fundamental frequency 

ranges of interest. These are constrained because of the machines available. 

(There are a number of different frequencies and biases on the different plasma 
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machines available: e.g. 400 kHz, 450 kHz, 3.0 MHz, 13.56 MHz 27.12 MHz 0.915 

GHz and 2.45 GHz. This does not represent an inclusive list and then there are the 

combinations of these frequencies, where there is a plasma generation frequency 

and ion-energizing frequency. (Reece Roth, 1995)). These are the harmonics of the 

capacitively-coupled 13.56 MHz powered plasmas. For the plasmas we are 

examining, we will describe the implementation of spectral analysis of frequencies 

from 13.56 MHz and the available harmonics produced by the non-linear medium 

that is the plasma itself. There is a requirement for high selectivity / 

discrimination of the observed frequencies and their harmonics.  

 

3.3. Design Requirement of Non-Invasive E- and B-Field Analyzer 

To remotely monitor the B-field radiated by the plasma, a high-speed integrated 

RF spectrum analyzer was designed. The basic design is to monitor the B-field 

non-invasively through the observation window on the device under test (DUT) 

and use this to determine the operation of the plasma. There are some particular 

requirements of the system for plasma monitoring and these are discussed 

further.  We are especially interested in frequency domain components for the 

average processing of the plasma or time domain components for event 

determination. With the former, it is possible to build a software defined radio 

(SDR) and process blocks of acquisition in batch mode, and with the latter, build a 

continuous acquisition and processing system to see high speed events in the 

plasma. 
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3.4. Software Defined Radio System 

The overall block diagram for the SDR is indicated below. The basic form is to 

have an antenna system with a suitable analogue wide-band amplifier / 

impedance matching subsystem followed by conversion to the digital domain. 

See Figure 17 below. 

 

 

 
 

Figure 17 Basic Block Diagram of Digital Radio System  

 
If we can sample directly at Nyquist sampling rates higher than the frequency of 

interest, this is called a zero intermediate frequency (ZIF) design. Alternatively, a 

local oscillator (LO) is required with a mixer to move the band of interest to within 

the range of the acquisition ADC. For the purposes of recording the fundamental, 

and say, the first five harmonics of the Oxford Instruments 13.56 MHz etcher 

system, the acquisition is required to acquire from approximately 10 MHz to 70 

MHz. The initial design utilized the RTL2832U device (Kelly & McNally, 2017). This 

is a USB based mixer frontend combined with high speed ADC producing IQ 

samples on a USB streaming interface. The bandwidth is limited by the USB data 

rate and the signal accuracy by the ADC data width. The basic block diagram of the 

USB RTL2832 subsystem is shown below (Figure 18). 
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Figure 18 Initial SDR Non-Invasive FRES design 

 
It is very important that the ωπ phase shift between the I and Q signals is very 

accurate. A few degrees in phase difference or even phase jitter can introduce very 

large errors into the acquisition and introduce harmonic distortion. To this end, 

by using monolithic acquisition front ends rather than designing from discrete 

components, can the errors be contained. There are also other factors that can 

affect the sampled signal quality. The ZIF quadrature sampler is affected by dc 

offset, phase noise in the LO, quadrature skew in the two arms and gain imbalance 

in the quadrature filters (Ellingson, 2003).  

 

Work was begun on the design of a bespoke SDR for FRES and TRES. The design is 

based on the Analog Devices series of high-speed acquisition devices utilizing a LO 

front end and an FPGA interface for processing the real-time acquisition data. The 

prototype system based upon a Zedboard Xilinx Zynq and AD9631 is described in 

the Appendix Q together with the test procedures that were undertaken.  

To progress the commercialization and advance the analysis of the FRES and TRES 

system, it was decided to utilize COTS components and to develop bespoke 
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software to speed up the development cycle. This permitted the acquisition of 

experimental data and subsequent development of algorithms for TRES plasma 

event detection systems and the FRES plasma classifications systems. These are 

more fully developed in the following chapters. 

3.5. Commercial Off-The-Shelf (COTS) Based System Components 

 
For TRES, the data was acquired with a Rigol 500 MHz digital quad-channel 

oscilloscope and at a later stage with the Agilent DSO 80000 10 GHz digital scope. 

To examine the operation of the plasma for FRES, the SignalHound SA44B 

spectrum analyzer was utilized. We will see in a later chapter that this device was 

augmented with a Tektronix RSA306 spectrum analyzer for higher fidelity for the 

upper frequencies. With the SignalHound SA44BȭÓ own software application 

programming interface (API), bespoke software was developed for a high-speed 

(distributed ) collection system. This and development utilities were developed for 

the collection and analysis of data capture from the Oxford Instruments 

PlasmaLab 100 CCP system. A suite of file-transform tools was developed on Linux 

and Windows to collect and convert the captured B-field spectral data to more 

readily processed files. This included development of conversion tools to take BBR 

and Tektronix TEK files into Matlab® and Excel® for post-processing. The 

software code, together with brief functional block diagrams can be found in 

Appendix B. 

 

3.5.1. Brief Description of the SignalHound SA44B Spectrum Analyzer 
 
The SA44B is a USB based SDR receiver which is corrected for temperature and 

has a calibrated input with a software API that permits bespoke acquisition to be 
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performed (SignalHound, 2017, Version 3, May 4th 2018). One of the problems to 

overcome with the Oxford Instruments PlasmaLab 100 CCP system and its 13.56 

MHz base frequency is that the harmonics are quite widely spaced in the frequency 

scaleȟ ÉȢÅȢ ρσȢυφ -(Úȟ ςχȢρς -(Úȟ τπȢφψ -(Úȟ υτȢςτ -(Úȟ φχȢψπ -(Úȟ ȣ . The 

internal IQ demodulator captures approximately 2MB of data each second, but this 

is hardware bandwidth limited to 250 kHz. The I/Q demodulator has dual 24bit 

ADCs (truncated to 16 bits) (SignalHound, 2017, Version 3, May 4th 2018) which 

contributes to the wide dynamic range of the RF front end. This is required as the 

nominal voltages seen from the B-field antenna at the observation port of the 

Oxford Instruments PlasmaLab 100 CCP are of the order of -80 dBm (being of the 

order of 20µV p-p). The SA44B is not suitable for signal measurements with a 

signal modulation above 250 kHz and thus would not be suitable for the TRES (see 

lowpass filter outputs for Oxford Instruments PlasmaLab 100 CCP at 13.56 MHz 

collapse for arcing in Section 4.1). The modulated frequencies are all well above 

the base frequency of 13.56 MHz, so the SA44B would be unable to acquire them. 

The SA44B uses a programmed LO to scan a single 250 kHz bandwidth and then 

reprograms the LO to cover the next 250 kHz bandwidth within the overall scan 

range required. In the particular case of the Oxford Instruments PlasmaLab 100 

CCP and its 13.56 MHz base frequency, this results in multiple acquisitions 

ȬÓÔÉÔÃÈÅÄ ÔÏÇÅÔÈÅÒȭ ÔÏ ÃÏÖÅÒ ÔÈÅ ÆÏÕÒ ÏÒ ÆÉÖÅ ÈÁÒÍÏÎÉÃÓ ÏÆ ÔÈÅ ÓÃÁÎ (10 MHz to 70 

MHz). The SA44B has been shown to be very useful for the initial measurements 

for FRES, but note must be taken into account of the limitations of the device. The 

bespoke software developed for use with the SA44B permitted a selection of 

centre-frequencies to be defined and the software continuously re-programmed 

the SA44B ÔÏ ȬÈÏÐȭ ÁÌÏÎÇ ÔÈÅÓe frequencies. Each acquisition was 250 kHz in 
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bandwidth centred to cover a particular harmonic. In this way, the software 

recorded a vector of frequencies, centred around each harmonic of the 13.56 MHz 

drive frequency. The gain can be set for each harmonic so that the maximum 

dynamic range is available for each harmonic to detect the smallest change 

possible. With the Oxford Instruments PlasmaLab 100 CCP, particular attention 

was paid to the parameters being applied to the device when it was being operated 

in acquisition mode for the high-speed IOT monitoring function using the 

SignalHound SA44B API. 

 

3.5.2.  Spike Software for the SignalHound SA44B 
 
The Spike software is a software utility supplied by SignalHound to operate the 

SA44B as a spectrum analyzer. We utilize it to make recordings of spectra of the 

B-field of plasma in the Oxford Instruments PlasmaLab 100 CCP system. These 

files are stored as proprietary .bbr files. We then post process the files by 

converting them to timestamped CSV with a descriptive header. The BBR convert 

utility was developed to convert these proprietary recordings into files that could 

be analyzed using the standard Matlab and Excel tools. The source code for the 

tool is included in the Appendix B. 

 

3.5.3. BBR and High-Speed Acquisition 
 
For the Oxford Instruments PlasmaLab 100 CCP, the primary frequency was based 

around 13.56 MHz (bar frequency corrections for load autotuning) and its first 

four or five harmonics (13.56 MHz, 27.12 MHz, 40.46 MHz, 54.24 MHz and 67.80 

MHz) which in this case is up to 70 MHz. By recording the B-field from 10 MHz to 

70 MHz (40 MHz centre with 30 MHz span) over known recipe runs, the .bbr files 
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were created and later converted to CSV for analysis. Later with the development 

of the bespoke acquisition software, the SA44B ×ÁÓ ÐÒÏÇÒÁÍÍÅÄ ÔÏ ȬÈÏÐȭ ÆÒÏÍ 

centre-frequency to centre-frequency and the vector of acquisition was stored 

directly in CSV files for direct processing. 

 

3.6. B-Field Antenna Subsystem 

 
Non-contact probes are most suitable for a production type environment where 

there is no requirement to make any changes to the machine under observation. 

The probes do not measure the voltage or current directly, but rather through the 

electromagnetic fields that surround a conductor or in this case, the current 

flowing through the plasma. E-field probes measure the electric field from the 

plasma as a result of the current flowing through it and H-field probes measure 

the magnetic field. The H-field and the B-field are closely related, where H is 

measured in units of amperes per metre and B is measured in teslas or newtons 

per metre per ampere. A common relationship between the two is given, in 

vectoral format as B=mH, where the magnetic permeability of the medium is m. 

Where the antenna is located outside the chamber, the magnetic permeability is 

approximated by the in vacuo value, i.e.  ‘ ‘ , and the H-field probe 

measures the magnetic field and the magnitude of the H-field is proportional to 

the current flowing axially through the plasma. With a low frequency, the 

impedance of the plasma is quite high (Lieberman & Lichtenberg, 2005) and falls 

off with increasing frequency (GE & Zhang, 2014)(see Figure 19 below), thus the 

relative magnitude of the E- and H-fields can vary. 
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Figure 19 : Predicted Impedance for Atmospheric Plasma with Constant Power Density 50W/ ╬□(Ge 
& Zhang ) 

 

In the low impedance operation of the 13.56 MHz plasma shown above in this data 

from Ge & Zhang, the voltage will be relatively low and the current will be high 

and the H-field probe will display better sensitivity. The design of the B-field loop 

is such as to electrostatically shield the E-field and only develop a signal for the 

applied B-field. The near field is the radius <<   of the source and the far field is 

considered radius >>  from the source (Johnson, Ecker, & Hollis, 1973), where l 

is the wavelength of the RF radiation.  For 13.56 MHz and the first few harmonics, 

the wavelengths ʇ are of the order of 22 metres. One of the defining characteristics 

of the near field is that the nature of the wave depends upon the source 

characteristics and that it is a high current, low voltage source, then the source is 

mainly magnetic and has a low impedance (high H). For the far field, the nature of 

the wave depends more upon the propagation medium and moves to the 
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ÉÍÐÅÄÁÎÃÅ ÏÆ ÆÒÅÅ ÓÐÁÃÅ ÏÆ σχχЏ;  additionally  the electric and magnetic fields are 

both planar waves and orthogonal to one another (Morgan, 2007).  This may be 

graphically represented by the following diagram (Figure 20): 

 

 

Figure 20 Variation of the Wavefield Impedance with Distance from the Source (Morgan, 2007)  

 

Absorption of radiation in the far field does not affect the load on the transmitter, 

but in the near field it  does. In this case, the source is the operation of the sheath 

and the bulk current in the plasma, but the absorption by the antenna is negligible 

in comparison to the energy scales the plasma of the Oxford Instruments 
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PlasmaLab 100 CCP. This will be demonstrated further in Section 3.8 of this thesis. 

There is a form of magnetic induction between the antenna and the conduction in 

the plasma bulk and operation of the sheath, most likely via displacement currents 

and non-linear effects (as discussed in Section 2.1). Individual far -fields fall off 

with a  

ρ

ὶ
 

dependence, where r is the distance from the source such that the total energy 

 ( E  Ø B ) falls off as 

ρ

ὶ
 

The near field has non-radiative components as a result of radiation scattering off 

an object. The near field dominates close to the source with the E component 

decreasing as     and the B component as    (Charles Capps, Delphi Automotive 

Systems, 2001, August 16).   The antenna, being adjacent to the observation 

window on the Oxford Instruments PlasmaLab 100 CCP tool, is thus relatively 

insensitive to a second chamber when it is operating. (There is some pick up of the 

RF from the adjacent chamber as described in Section 3.10 below. The unbalanced 

cables from the antenna subsystem may pick up the adjacent chamber RF signals. 

This is addressed by a novel patent-pending design). This is very important from 

an industrial application point of view. Inter-chamber modulation would render 

the system inoperable, as the signal levels for the received high-order harmonics 

are at a very low level. Other adjacent chambers operating on the same frequency 

could interfere with  these measured harmonics. It is very important in an 

industrial environment to be able to discriminate the signals from those of the 
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adjacent operational machines. The operating distance was observed to be 

approximately 10 cm (Patrick McNally, 2018) from the port of the Oxford 

Instruments PlasmaLab 100 CCP system (at an operating power of Ѕ 500W). Later 

measurements were made with the antenna mounted flush to the inside wall of 

the chamber and the reception of even higher-order harmonics was possible. With 

the B-field antenna in combination with the SignalHound SA44B, the first 103 

harmonics were recorded.  This is examined in more detail in the analysis in 

Chapter 6 and Chapter 7. 

3.7. Design of Loop Antenna 

The particular loop antennae that we are using with the Oxford Instruments 

PlasmaLab 100 CCP were fabricated on a printed circuit board (PCB) wit h stitched 

ÉÍÐÅÄÁÎÃÅ ÍÁÔÃÈÅÄ υπЏ track. The basic circuit is shown below with the PCB 

layout (Figure 21). The stack layup of the PCB permits the shielding of the inner 

core. 
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Figure 21 PCB B-Field Antenna Construction  

 

The basic design is as per Ediss, Philips Semiconductors (R Ediss, 2018) where the 

loop is made with a track on a multilayer PCB for the enclosed signal and the 

ground loop is through-hole stitched around it. The circuit is tuned for the desired 

frequency of operation. The principle of operation is that a current is induced in 

the skin of the outer conductor which appears across the sheath gap in the loop. 

The outside track width is much greater than the skin depth. There is no induced 

voltage ÏÎ ÔÈÅ ÉÎÎÅÒ ÃÏÎÄÕÃÔÏÒȢ 4ÈÅ υπЏ microstrip shields the inner conductor 

from the E-field. 
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Figure 22 Generic Types of Magnetic Field Probe  (R Ediss, 2018) 

 
For the initial measurements using the SA44B, the Beehive range of B-field and E-

field probes were used. These are examined in more detail in the section below. 

For the FRES classification in Chapter 6 and the system modelling in Chapter 7, a 

bespoke 13.56 MHz loop coil antenna was assembled and utilized. The use of this 

antenna permitted the installation of the antenna through the chamber port, flush 

with the chamber wall and the relative harmonic measurements rather than their 

absolute value was the desired measurement. 

 

3.7.1. Mutual Inductance 
 
When two coils (in this case the loop B-field antenna and the natural inductance 

of the plasma) are arranged with their axes in the same line, a current sent through 

the plasma will induce a magnetic field which cuts through the loop of the antenna. 
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Consequently, an electromotive force (emf) will induced in the outer sheath which 

is carried to the inner sheath which itself is electrostatically shielded. Since this 

ÃÕÒÒÅÎÔ ÁÐÐÅÁÒÓ ÉÎ ÔÈÅ ÓÅÃÏÎÄ ÃÏÉÌ ɉÁÎÔÅÎÎÁɊȟ ÉÔ ÉÓ Á ȬÍÕÔÕÁÌȭ ÅÆÆÅÃÔ ÁÎÄ ÒÅÓÕÌÔÓ ÆÒÏÍ 

the mutual inductance between the two coils. The relative mutual inductance is 

quite small as not all the magnetic lines from the plasma cut through the antenna. 

The maximum coupling is reduced by a ratio of actual mutual inductance. As 

negligible power is drawn from the antenna, and the mutual inductance is low, the 

power generated in the antenna which must be opposed by the primary 

inductance is such that the power in the plasma will only be the Ȭmagnetizing 

powerȭ ÏÆ ÔÈÅ ÐÌÁÓÍÁ ÉÎÄÕÃÔÁÎÃÅ. 

The Beehive antennae may be purchased with an optional calibration certificate 

for an additional charge. This calibration certificate lists the frequencies and 

output power of the antenna at 1 microtesla field strength. The measurement is 

made using a Hewlett Packard HP 8714C vector network analyzer, a HP 85052D 

mechanical calibration kit, a HP 809C slotted line and a Beehive Electronics ET103 

Helmholtz coil to generate the magnetic field. An example calibration certificate is 

shown in Figure 23 below. 
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Figure 23 Beehive 100C Loop Antenna  Calibration Certificate  

This gives a characteristic curve to match a known magnetic field, the frequency 

ÁÎÄ ÔÈÅ ÏÕÔÐÕÔ ÏÆ ÔÈÅ ÁÎÔÅÎÎÁ ÉÎÔÏ Á υπЏ ÌÏÁÄȢ 5ÓÉÎÇ ÔÈÅ ÄÁÔÁÓÈÅÅÔ ÁÎÄ ÔÈÅ 
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characteristic calibration certificate for the BeeHive 100C, A and B loop antennae 

the following chart was drawn up.  The particular area of interest is the first 15 

harmonics of the Oxford Instruments PlasmaLab 100 CCP tool, which would fall 

into the flat  range of the 100C (25.4 mm) loop antenna, which is 10 MHz to 300 

MHz.  

The frequencies are selected to best match the characteristics of the loop. For the 

Oxford Instruments PlasmaLab 100 CCP tool with 13.56 MHz the Beehive 100C 

antenna was chosen. This has a relatively flat response over the range of 20 MHz 

to 300 MHz. 

 
 

Frequency in MHz 100C (25.4mm) O/P at 1 
µtesla (dBm) 

100A (12.7mm) O/P at 1 
µtesla  (dBm) 

100B (6.35mm) O/P at 1 
µtesla (dBm) 

0.1 -54.80   

0.125 -52.86   

0.150 -51.28   

0.2 -48.78   

0.3 -45.26   

1.0 -34.80 -55.11 -78.73 

3.0 -25.65   

6.78 -18.78 -38.97  

10.0 -15.62 -35.72 -60.32 

20.0 -10.24   

27.120 -7.98 -27.45  

30.0 -7.26 -26.60 -51.32 

54.240  -21.42  

100.0 -1.35 -16.71 -41.38 

300.0 -2.39 -6.92 -32.16 

1000.0  -0.94 -21.49 

3000.0   -16.54 

 

Table 2 Beehive 100C Frequency Compensation Chart  
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Plotting the data for the three antennae permits the selection of the correct loop 

for a particular operating frequency for the plasma under investigation. The 

operating points for each antenna are as follows: 

 

Figure 24 Loop Antennae Frequency Response (dBm vs MHz) (Beehive Electronics Inc., 2019)  

 

The Beehive 100C is a 25 mm diameter loop and has frequency response up to 300 

MHz. The correspondingly smaller loops 100A and 100B operate up to 1 GHz and 

3 GHz, respectively. For the measurements made with the antenna external to the 

KF40 port such as in the figure (Figure 25) below, the Beehive 100C performed 

well. 
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Figure 25 KF40 port with Quartz Glass and Location for Beehive 100C Antenna  

 

It was found that the distance to the plasma was critical for the reception of high-

order harmonics. Initial experiments for the TRES system for the detection of 

arcing events utilized the Beehive 100C located adjacent to the KF40 port. The 

other chamber was powered down so as not to interfere in the measurements. The 

RF screening enclosure in Figure 25 above reduced the noise picked up by the 

Beehive 100C. Additional work showed that the case of the tool was not RF 

grounded and significant levels of RF radiation were transferred by the machine 

panels to the unbalanced antenna cabling connected to the spectrum analyzer. 

Novel patent-pending designs to solve these problems are detailed in sections 3.10 

and 3.11.  

Later experiments for the Laplace modelling and the AI plasma classifications (see 

chapters 7 and 6) utilized a bespoke antenna that could fit inside the tube mounted 
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on the KF40 port so as to be flush to the inside of the chamber. This is shown in 

the two figures (Figure 26 and Figure 27) below: 

 

 

Figure 26 Location of Bespoke Plain -coil Antenna for FRES High-order Harmonic Acquisition  

The location of the antenna flush to the chamber wall by inserting inside a test-

tube through the KF40 port permitted the acquisition of harmonics up to nearly 

1 GHz. 
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Figure 27 Location of Custom Plain-coil Antenna Flush to the Inside Chamber Wall for FRES high-
order Harmonic Acquisition  

 

This permitted a vector of over 100 harmonics to be used for data analysis. This 

will be covered in detail in Chapters 6 and 7. 

 

3.8. Received Power and Current within the Plasma 

The received power from the Beehive 100C antenna was mapped for 5 dBm 

increments and the corresponding ÖÏÌÔÁÇÅÓ ÆÏÒ ÄÒÉÖÉÎÇ Á υπЏ ÌÏÁÄ ÉÓ ÓÈÏ×Î ÉÎ 

Table 3 below.  As can be seen, the voltages delivered into the spectrum analyzer 

are very low and can be easily lost in the noise. The dynamic range of the amplifier 

and front end must have a low noise floor to register the signals at these levels. 

The SA44B has a very high dynamic range at the expense of a very narrow 
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bandwidth. Indeed, the components (Analog Devices AD9864) utilized in its 

design are for narrowband radio reception. The edge of the antenna probe was 

mounted directly up against the viewport of the Oxford Instruments PlasmaLab 

100 CCP tool for maximum pickup. As noted, the outside flat surface of this port is 

located 245 mm from axial centre of the chuck. 

 
 

dBm Watts  Volts(rms)  Volts(p)  Volts(pp)  
-120 0.100E-14 223.607 nV 316.180 nV 632.360 nV 
-115 0.316E-14 0.398 µV 0.562 µV 1.125 µV 
-110 0.100E-13 0.707 µV 1.000 µV 2.000 µV 
-105 0.316E-13 1.257 µV 1.778 µV 3.556 µV 
-100 0.100E-12 2.236 µV 3.162 µV 6.324 µV 
-95 0.316E-12 3.976 µV 5.623 µV 11.245 µV 
-90 0.100E-11 7.071 µV 9.998 µV 19.997 µV 
ȣ     

 
Table 3 Mapping from Received Signal Level to Plasma Current and Magnetic Field  

 
The power out as measured by the antennae is as follows: 
 
ὖ Ὠὄά ὢ ςπ ὰέὫὄ ςπ ὰέὫὊ (Beehive Electronics, 2018) 

 
where: 
 
 B is the magnetic flux density in tesla 

 F is the frequency of the received signal in MHz 

 ὖ  ÉÓ ÔÈÅ ÐÒÏÂÅ ÏÕÔÐÕÔ ÐÏ×ÅÒ ÉÎÔÏ υπЏȟ ÉÎ Ä"Í 

 X is the scale factor from the Table (Table 4) below. 

 
 

Model Number  X 3 dB Frequency 
(MHz) 

First Resonance 
(MHz)  

100C (large loop) 85.1 50 500 
100A (medium loop) 65.2 1000 2600 

100B (small loop) 42.2 3100 >6000 
 

Table 4 Correction Factor Table for Power (Beehive Electronics Inc., 2019)  
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The frequency response of the Beehive 101A series (the 100C, the 100A and the 

100B) is plotted in Figure 24 above. It worth noting that is it important to select 

the correct antenna for the frequency that is being emitted by the plasma and that 

each antenna has its own unique frequency response. They do not have a flat  

response by any means and when looking at harmonics of many multiples of the 

primary drive frequency, this must be taken into account in the calculations for 

the measured power. 

It will be seen from the plots in the Figure 24 above that the antennae overlap one 

another in their useful frequency range. The Beehive 100C is useful for the Oxford 

Instruments PlasmaLab 100 CCP operating with its principal frequency of 13.56 

MHz, but we note that for harmonics above approximately the ρυ 

(approximately >200 MHz), the output is not calibrated and that the frequency is 

heading towards the first resonance of the antenna. This can be seen from the 

frequency plot above (Figure 24) where the output dips significantly at 500 MHz 

for the Beehive 100C antenna. Using the TRES and FRES sensor technologies, the 

use of the relative harmonics lends to a more robust measurement as the sensor 

is more tolerant to the absolute values. The absolute values are very dependent 

upon precise and repeatable location of the antenna system on the tool. This then 

requires a manual calibration and measurement operation to ensure the correct 

operation of the sensor. By using the relative harmonic measurements, some of 

the mechanical interdependencies of the sensor can be removed, easing adoption 

in an industrial environment. 
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3.9. Plasma Voltage and Current for Oxford Instruments PlasmaLab 100 
CCP. 

With the signals observed at approximately 245 mm from the axial central bulk of 

the plasma, we plot the recorded B- and E-field. This was recorded with the Rigol 

500 MHz digital quad channel oscilloscope. This is for an Ar plasma with the 

pressure raised to a point that arcing events are taking place (A small piece of 

aluminium foil has been inserted in the chamber to force this arcing. The foil is 

shown in the figure (Figure 28) below: 

 

Figure 28 Operation of Oxford Instruments PlasmaLab 100 CCP Tool with Ar Plasma with AI Foil to 
Initiate Arcing  

 

 We will be examining this in more detail in Chapter 4 for perturbation detection 

systems. 
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Figure 29 Recording of E- and B-field on Oxford Instruments PlasmaLab 100 CCP Tool using Rigol 
500 MHz Oscilloscope  

 

The initial recordings were made with the Beehive 100C for the B-field and the 

Beehive 100D for the E-field. We will later examine the signal-to-noise 

characteristics of the E- and B-field recordings for data analysis. For high-

harmonic recordings with accurate harmonic absolute values, the single channel 

spectrum analyzer was a constraint. Having both E- and B-fields recorded and 

being able to phase resolve them, would be of great benefit. Multi-channel support 

is very much a requirement for future bespoke FRES hardware development. 

 

3.10. Balanced Differential Antenna for Plasma Chamber. 

The harmonics as received by the B- and E-field antennae are of a very low 

amplitude. During the experiments, the received fields were of the order of  

-100 dBm. The two chambers on the Oxford Instruments PlasmaLab 100 CCP tool 

have separate RF power generators and are approximately 500 Hz in frequency 

difference. To an extent, each chamber interfered with the monitoring of the other. 

It was very important to have isolation of the received signals from the chambers 

and from other outside sources. The antenna itself is balanced, but with its use of 
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a SMA connector and the subsequent cabling makes for an unbalanced line. The 

input to the spectrum analyzer is an unbalanced SMA connector. A patent-pending 

differential balun cabling system was designed to carry the signal from a RF 

isolated box surrounding the antenna to a remote mounted spectrum analyzer 

ɍȰ%ÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÓÉÇÎÁÌ ÁÃÑÕÉÓÉÔÉÏÎ ÓÙÓÔÅÍ ÆÏÒ ÈÉÇÈ ÓÉÇÎÁÌ-to-noise ratios, 

ÁÎÄ ÅÌÅÃÔÒÉÃÁÌ ÎÏÉÓÅ ÉÍÍÕÎÉÔÙȱȟ '" 0ÁÔÅÎÔ !ÐÐÌÉÃÁÔÉÏÎ .ÏȢ '"ςππ5828.5. 

(Enterprise Ireland Identifier: 2020-DCU-001-PF).  P.J. McNally, S. Kelly, D. Coates, 

et al. ɀ filed 21 April 2020.].  In this remote mounted box, the signal was converted 

back to a single-ended cabling system for connection to the analyzer. This is shown 

in the figure (Figure 30) below. 

 

 
Figure 30 Differential Balun Isolated Cabling System  

 

This permits the isolation of the cabling such that stray RF signals are not picked 

up from the adjacent chambers (common in an industrial environment) and also 

ambient radiation. During the experiments on the Oxford Instruments PlasmaLab 

100 CCP tool in the DCU laboratory, a nearby mobile phone cell tower radiating at 

approximately 850 MHz was discernible in the recording of the harmonics. 
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Bespoke antennae with the custom differential balun system were designed, built 

and tested. The general arrangement of the antenna connection through the 

balun-cabling system up to the spectrum analyzer is show in Figure 31. The figure 

(Figure 32) below shows the mounting of one of the custom combined differential 

cabling and b-field antenna in the isolated box for mounting on the Oxford 

Instruments PlasmaLab 100 CCP tool. These antennae arrived from the PCB 

manufacturers after the experiments were completed for the digital signal 

processing (DSP) algorithms that were developed in the following chapters. 

 

Figure 31 Differential Balun System Implementation  

The figure (Figure 32) below shows the bespoke differential antenna mounted in 

the isolated box for connection to the KF40 flange on the Oxford Instruments 

PlasmaLab 100 CCP tool. 
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Figure 32 Bespoke Differential B-field Antenna in RF Shielded Chamber Enclosure  (Dimensions of 
metal enclosure box = 110 mm X 120 mm X 120 mm)  

This system permits the use of the FRES system in an industrial environment 

where multiple chambers are operating in close proximity to multiple RF sources 

and devices are operating on the unlicensed bands. Without accurate acquisition 

of the low-level harmonics within the plasma under observation, the concise 

measurement of the operating parameters would not be possible. The relative 

scales for the determination of the plasma parameters are the measurement of a 

signal of fraction of a dB at an absolute level of -100 dBm. 
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3.11. Companding (Compression/Expansion) Harmonic Signal System. 

The dynamic range of the harmonic signals received by the FRES and TRES system 

from the plasma are of a relatively large order. With the Oxford Instruments 

PlasmaLab 100 CCP tool operating at 500 W, the received primary harmonic for 

the experimental antenna system mounted in the isolated RF enclosure was of the 

order of -22 dBm. The harmonics themselves are of a much lower amplitude with 

the lower harmonics descending to -105 dBm. We want as much dynamic range 

for each harmonic so as to detect changes in the operating parameters in the 

plasma. The high-order harmonics may only change by a few dB and we want to 

measure this change accurately. For a spectrum analyzer, the reference level is set 

to contain the highest-level signal and other signals received are then constrained 

by the dynamic range of the analyzer. We present a patent-pending companding 

system that compresses the dynamic range of the harmonics under observation to 

best match the dynamic range of the spectrum analyzer or zero-IF acquisition 

system for the FRES or TRES system.  

1. The analogue-to-digital (AD) subsystem must be capable of acquiring the 

signals of the primary harmonics without distortion while at the same 

time being able to discriminate very small changes in the higher-order 

harmonics. 

2. 7ÉÔÈ Á ÌÉÍÉÔÅÄ ÄÙÎÁÍÉÃ ÒÁÎÇÅȟ ÔÈÅ ÌÏ× ÏÒÄÅÒ ÈÁÒÍÏÎÉÃÓ ×ÉÌÌ ȬÓ×ÁÍÐȭ ÔÈÅ 

bit -resolution of the AD subsystem and the higher-order harmonics will 

be lost in the noise. 

3. We introduce a Plasma Characteristic ComPanding system that best 

matches the characteristic spectrum waveform. More usually this is to 
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suppress the low-order harmonics to equivalent levels of the high-order 

harmonics such that they are acquired accurately. 

4. This plasma characteristic companding may be performed as a fixed 

standalone system or the response curve may be calculated to best reflect 

that of the observed harmonics and balance their powers to optimize the 

dynamic range of the acquisition system. 

 

 

The figure (Figure 33) below shows the characteristic reception of harmonics on 

the Oxford Instruments PlasmaLab 100 CCP tool running an Ar plasma at 450W. 

 

 
Figure 33 Characteristic Harmonic Signal Level for Oxford Instruments PlasmaLab 100 CCP Tool. 

 

It can be seen in the figure (Figure 33) that the overall range for the received 

signals from the tool is approximately -15 dBm to -110 dBm.  With a 16bit ADC 

giving a 96 dB range, the accuracy would be at best 1 dBm measurement. We will 

see later that the higher-order harmonics possess significant information for the 

detection of events that occur within the plasma. By applying a companding 

function the signal is dynamically reduced, but may be more accurately acquired 

by the radio subsystem. 
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The following diagram shows the transfer function of the companding system 

and how it compresses the dynamic range of the plasma harmonics. 

 

 
Figure 34 Companding Transfer Function and Subsequent Acquired Signal  

 

The acquisition signal from the plasma chamber has been companded and now 

has a range -125 dBm to -95 dBm. In the case of the Oxford Instruments PlasmaLab 

100 CCP tool, this may be as simple as a high-pass filter with a passband starting 

around 140 MHz. Each chamber and operating parameters with its antenna 

system would have to be characterized to model an optimum transfer function for 

the companding system. 
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Chapter 4 Arc Detection using Time Domain Analysis 

4.1. Introduction 

Plasma etching is of primary importance to the manufacture of semiconductor 

wafers. With the Oxford Instruments PlasmaLab 100 CCP, etching can take place 

with a number of reactive gases. A common fault occurrence is arcing within the 

chamber. This has the effect of damaging the wafers and is a very detrimental to 

yield. In dc sputtering systems, arcing is sometimes a problem due to patches of 

dirt (with higher secondary electron emission) (Chapman, 1980). These are 

classified as unipolar arcs (Maskrey & Dugdale, 1966) and may be removed by 

chamber conditioning. We examine a novel method to detect these arcs so as alert 

the operator and signify that the wafer may be damaged, before it continues to be 

processed and the error is only detected when the devices fail test schedules when 

the wafer is being functionally tested. 

4.2. Time Domain Detectors 

The main plasma chamber under test is the Oxford Instruments PlasmaLab 100 

CCP system which uses a capacitively coupled 13.56 MHz RF source. Using an 

antennae hardware configuration similar to the FRES system, we record the radio 

spectra as emitted through the E- and B-field and analyze them. For the arc 

detection, we analyze in the time domain and in a continuous manner. For the 

TRES systems, we are able to use two of the quad channels of the Rigol digital 

oscilloscope to acquire the E- and B-field with the appropriate antennas co-located 

at the KF40 port. As shown, we require a pipeline to process the raw data from the 

time-domain collection. The events are very short lived and the analysis must be 

completed in real-time and in a continuous manner. We examine detection 
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methods to be applied to the continuous waveform as acquired from the B- and E-

field to determine if arcs have occurred.  We examine the envelope of the signal to 

detect changes in its characteristics. We will examine two detectors for envelope 

detection and we will also examine the use of the Wavelet Transform for event 

detection. In the case of the Oxford Instruments PlasmaLab 100 CCP tool, it is 

possible to see the collapse of the primary 13.56 MHz current source and its 

recovery when an arc event occurs. There is also the generation of a low frequency 

high E-field at the arc event.  

The two main detectors under evaluation are the Square Law and the Hilbert 

Transform detectors. We will also apply the Wavelet Transform to detect 

instantaneous frequency shifts for arc detection. 

 

4.2.1. Square Law Envelope Detector 
 
The square law detector takes the original signal and uses it to demodulate itself 

(Roy & Roy, 2014, June). When squared, the resulting terms are in the order of the 

base signal plus some components that are multiples of the carrier. A simple low-

pass filter after the square function blocks these terms and the resulting output is 

the envelope. With the loss of the primary drive signal in the Oxford Instruments 

PlasmaLab 100 CCP tool, this may be detected by the square law detector. 

If we assign y(t) as the primary (nominal, as the autotuner modulates the 

frequency for load matching) 13.56 MHz drive frequency then we are looking for 

the modulation of this signal to indicate arcing. If the modulation is expressed as: 

ώὸ ὃ ρ άὢὸὛὭὲ ‫ὸ 
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where: 

 y(t) is the measured signal 

 ὃ is the carrier signal 

 mX(t) is the modulation of the carrier, 

 

then the output of the square law detector v(t) is: 

ὺὸ ὥώὸ ὦώ ὸ 

where: 

 y(t) is the signal detected which we combine with some fraction of the 

same signal squared. 

If we multiply out the terms, we are left with a number of terms which are 

multiples of the carrier frequency and a single term that is the modulation itself. 

This can be expressed as: 

v(t) = ((Carrier) * (terms)) + άὦὃὼὸ 

By low pass filtering this we can derive the amplitude modulation of the envelope 

of the (nominal) 13.56 MHz carrier. There are some scaling factors (m and b in the 

equation above) which can be accounted for but these are merely set in the 

threshold detection by setting an appropriate level for the threshold to be 

exceeded. The low-pass filtering will introduce a detection delay equal to half of 

the filter length. The pipeline for the square-law demodulator will also introduce 

some latency. 
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4.2.2. Hilbert Transform Detector 
 
The Hilbert transform (HT) is a transform that converts a signal into an analytic 

one. An analytic signal is one that has no negative-frequency components. The 

analytic signal is a complex one where the real part is the original signal and the 

imaginary part is the Hilbert transform of the original signal (Matlab, 2018). It is 

a method of performing time-frequency analysis of switching transients. The basic 

ÆÕÎÃÔÉÏÎ ÉÓ ÔÏ ÃÏÎÖÏÌÖÅ ÔÈÅ ÏÒÉÇÉÎÁÌ ÓÉÇÎÁÌ ×ÉÔÈ ρȾʌÔȢ 4ÈÉÓ ÆÏÒÃÅÓ ÔÈÅ ÉÎÔÅÇÒÁÌ ÉÎ ÔÈÅ 

ÃÏÎÖÏÌÕÔÉÏÎ ÔÏ ÄÉÖÅÒÇÅ ɉρȾʌÔ ÂÅÉÎÇ Á ÎÏÎ-integral function). The Cauchy principle 

is applied in order to define the HT. This is just a method of assigning a value to 

the integral which would otherwise be undefined. Thus, 

Ὄό ὸ  
ρ

“

ό†

ὸ †
Ὠ† 

where: 

 ό† is the original signal 

 Ὄό ὸ is Hilbert Transform of the signal 

 

We can derive the envelope of the signal by evaluating the following: 

ώὸ  ὼὸ Ὤὸ  

where h(t) is the Hilbert Transform of x(t) (Ulrich, 2006, March, Los Almos 

National Laboratory).  !ÎÙ ÒÅÁÌ ÓÉÎÕÓÏÉÄ ! ÃÏÓɉʖÔ Ϲ ה) may be converted to a 

positive-ÆÒÅÑÕÅÎÃÙ ÃÏÍÐÌÅØ ÓÉÎÕÓÏÉÄ ! ÅØÐɍÊɉɉʖÔ Ϲ ה)] by simply generating a 

phase-ÑÕÁÄÒÁÔÕÒÅ ÃÏÍÐÏÎÅÎÔ ! ÓÉÎɉʖÔ Ϲ ה) to serve as the imaginary part: 

 

ὃὩ    Ѐ ! ÃÏÓɉʖÔ Ϲ הɊ Ϲ Ê ! ÓÉÎɉʖÔ Ϲ ה) 
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This phase quadrature component can be generated from the in-phase component 

by a simple quarter-cycle shift. For more complicated signals as we have from the 

Oxford Instruments PlasmaLab 100 CCP (at least 5 harmonics of the base 13.56 

MHz plasma drive), filters can extract each of these and they can be shifted by a 

quarter cycle. This is the Hilbert transform of the direct signals from the loop 

ÁÎÔÅÎÎÁȢ )Æ ÔÈÅ ÆÉÌÔÅÒ ÈÁÓ ÍÁÇÎÉÔÕÄÅ ÏÆ Ȭρȭ ÁÔ ÁÌÌ ÆÒÅÑÕÅÎÃÉÅÓ ÁÎÄ ÉÎÔÒÏÄÕÃÅÓ Á ÐÈÁÓÅ 

shift of ɀʌȾς ÁÔ ÅÁÃÈ ÐÏÓÉÔÉÖÅ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ϹʌȾς ÁÔ ÅÁÃÈ ÎÅÇÁÔÉÖÅ ÆÒÅÑÕÅÎÃÙ ÔÈÅÎ 

the real signal x(t) and its Hilbert transform h(t) = Ὄ ὼ are used to form a new 

complex signal  of the form y(t) = x(t) +j y(t), the signal y(t) is the (complex) 

analytic signal corresponding to the real signal x(t). This means that the analytic 

ÓÉÇÎÁÌ ÏÆ ØɉÔɊ ÈÁÓ ÔÈÅ ÐÒÏÐÅÒÔÙ ÔÈÁÔ ÁÌÌ ȬÎÅÇÁÔÉÖÅ ÆÒÅÑÕÅÎÃÉÅÓȭ ÈÁÖÅ ÂÅÅÎ ȬÆÉÌÔÅÒÅÄ 

ÏÕÔȭȢ With this we can derive the envelope and detect when the arcing is occurring. 

 

4.2.3. Wavelet Transform Detector 
 
A wavelet describes a function that begins and ends at zero. There are a number 

of basic ones that satisfy a number of properties that makes them useful for signal 

processing and in our particular case, transient detection. They are particularly 

useful when the signal has discontinuities and sharp spikes (Lee, Libedinsky, 

Guan, & So, 2017 May). Whereas the Fourier transform is the approximation using 

the superimposition of continuous sine and cosine waves, wavelet analysis looks 

at the signal with a varying scale and applies discrete wavelets. Wavelet 

algorithms process data at different scales or resolutions. By looking at a large 

window of signal, we could determine the base features. If on the other hand we 
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ÌÏÏË ÁÔ ÔÈÅ ÓÉÇÎÁÌ ×ÉÔÈ Á ÓÍÁÌÌ ×ÉÎÄÏ× ×Å ×ÏÕÌÄ ÎÏÔÉÃÅ ȬÓÍÁÌÌ ÆÅÁÔÕÒÅÓȭȢ  &ÏÕÒÉÅÒ 

transformation makes use of continuous infinite signals and are non-local, but by 

their very definition, transients are local. Therefore, quite often, they do a very 

poor job in approximating sharp spikes. With the wavelet analysis, we can use 

approximating functions that are contained neatly in finite domains. The 

approximations of data with sharp discontinuities are well suited for wavelet 

analysis (Graps, 1995). The choice of wavelet is probably the single most 

important factor. The other two main factors are Scaling and Shifting. Some of the 

available wavelets are shown below. Each of the wavelets has a specific 

characteristic that lends itself to a particular type of data that is to be analyzed. 

See Figure 35 below for some of the different wavelets. 

 

 

Figure 35 Basic Wavelets for Transform s (Andrew Tan, 2016)  

 
For this analysis the basic wavelet used is the Morse Wavelet. The Morse wavelets 

are complex valued whose Fourier transforms are supported only on the real 

positive axis (Matlab, 2018). The figure (Figure 36) below shows the basic Morse 
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wavelet as used in our Matlab® analysis of the Oxford Instruments PlasmaLab 100 

CCP tool arcing experiments. 

 

 

Figure 36 Morse Wavelet with Different Time-Bandwidths (Matlab, 2018)  
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This makes them useful for analyzing modulated signals with time-varying 

amplitude and frequency. The Fourier transform of the generalized Morse wavelet 

is: 

Ὂȟ ‫ Ὗ‫ὥȟ‫ ÅØÐ ‫  

The value of 5ɉʖɊ ÉÓ ÔÈÅ ÕÎÉÔ ÓÔÅÐȟ the value ὥȟ is a constant. The ὴ value 

determines the spatial spreading of the signal and so determines the frequency of 

the resultant wavelength. For a range of wavelets ὴ is replaced by ‍y.  

 

The Wavelet Transform is a time-frequency analysis representation that is 

suitable for non-stationary signals. As described above, the Wavelet Transform 

uses a large library of wavelet functions having different characteristics with 

variable window length as opposed to the Fourier Transform which uses sine and 

cosine functions for the analysis using a fixed window size. (Note that there are 

other methods to use short term variable window sizes for the Fourier transform, 

such as Hamming windows which can concentrate frequency components around 

short term temporal events. The short-term Fourier transform gives uniform 

resolution in the frequency domain, but this is not ideal for the detection of high-

speed transients). The Fourier basis functions extend infinitely along time 

whereas the duration of the transients of interest are short with respect to the 

observation interval. The narrowband signals can be detected from the ambient 

noise, but the transient energy events, while they do effect the Fourier spectrum 

of the signal under analysis that determines the amount of change, depend upon 

the ratio of the transient energy to noise energy and the narrowband energy 
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(Learned & Willsky, 1993) . If the ratio is quite large with respect to the time or 

frequency axis, they may be difficult to detect. The time-frequency expansion of 

the plasma B-field signal can be implemented via orthogonal wavelet transforms 

as we are interested in the preservation of the energy in the analysis stage  

(Choosing a Wavelet) (Matlab, 2018). These decompose the observed signal into 

a succession of orthogonal subspaces at different scales. This decomposition is 

performed by using a single prototype function or analyzing wavelet. For accurate 

frequency analyses within the observed signal, the analyzing wavelet is expanded 

in time and for accurate instantaneous frequency analyses the analyzing wavelet 

is compressed (Lilly & Olhede, 2011,Oct). The Fourier spectrum of a signal (x) is 

given by X(f) where, 

ὢὪ  ὼὸÅØÐὮς“ὪὸὨὸ 

This is the continuous Fourier Transform. The Inverse Fourier Transform function 

returns x(t ) for X(f). Since the transient event is but one, it is impossible to find the 

ÔÉÍÅ ÏÆ ÉÔÓ ÏÃÃÕÒÒÅÎÃÅ ÏÖÅÒ ÔÈÅ ÒÁÎÇÅ ϻЊȢ )Ô ÉÓ ÐÏÓÓÉÂÌÅ ÔÏ window the signal x(t) 

before calculating the Fourier Transform. This called the short-time Fourier 

transform (STFT) and thus continuous Fourier transforms are performed on the 

signal for individual instants of time. The choice of windowing function becomes 

important for different views of the transformed signal. We therefore create a 

windowing function that defines a time window for the Fourier analyses. The 

sliding window Fourier Transform is as follows: 

Ὓ ὸȟὪ  ὼ†ʖÔ ʐ ÅØÐὮς“Ὢ†Ὠ† 
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The sliding windowing function is ʖ(t). Note that the multiplication of the input 

signal and the window function in the time domain corresponds to a convolution 

in the frequency domain. For example, in the frequency domain, the magnitude of 

the transfer function of the rectangular window is a sine function. Due to 

convolution in the frequency domain, the resulting signal spectrum is smeared, 

and the resultant spectrum covers wider frequencies (Rauscher, Christopher;, 

2014). There are various shapes for the windowing function: common ones are 

the Gaussian, the rectangular (which introduces nulls and side-lobes as above), 

and the Hann window (which introduces amplitude errors (University Lowell 

Massachusetts , 2019)). Optimized windows are generally used instead of 

rectangular windows as they exhibit lower secondary maxima in the frequency 

domain and the leakage effect is reduced. Flat top windows produce a high level 

of accuracy, but produce a wide main lobe which reduces frequency resolution. 

The window based on a Gaussian window is a called a Gabor transform (Gabor, 

1944). 

4.3. Oxford Instruments PlasmaLab 100 CCP Tool Arcing 

 
The Oxford Instruments PlasmaLab 100 CCP tool in DCU can also be used as a 

source of plasma arcing. By raising the pressure significantly, arcing can be 

induced within the chamber. We can see this on the oscilloscope acquisition in the 

diagram below. Analysis of the E- and B-field signals shows the subsidence of the 

primary RF drive current component with high frequency components followed 

by the re-establishment of the primary drive frequency. At the same time, the 

electric field increases at the arc event. As we shall see later, the B-field was a more 

reliable indicator of arcing events. 
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4.4. Simple Threshold Detector for Oxford 100 Arcing 

 
By raising the pressure within the Oxford Instruments PlasmaLab 100 CCP 

chamber in an Argon plasma at 100W arcing occurred regularly on a piece of 

aluminium foil placed by the chuck.  See Figure 37 below. 

 

Figure 37 Foil Used to Initiate Arcing Events with High Pressure in the Oxford Instruments 
PlasmaLab 100 CPP Tool Chamber  

 

The frequency of arcing events could be seen quite clearly though the observation 

widow at approximately a 1 Hz rate. The near-field B-field acquisition was 

recorded using a multi -channel digital oscilloscope. The oscilloscope utilized for 

this experiment was a Rigol DS6104 which has four acquisition channels each with 

a 1 GHz bandwidth and a low-level signal detection down to 20 mV per division. 

By using the one-shot threshold triggering mechanism, the signal was acquired at 

a 500 MHz rate. An initial examination of the time-series data shows a lowering of 

the fundamental 13.56 MHz RF primary  B-field amplitude and the generation of a 

low frequency high amplitude E-field.   To test this, a software low-pass filter was 

designed with a cutoff of 20 MHz (primary RF is at 13.56 MHz) and an order of 400 
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(i.e. the digital filter is expressed with 400 coefficients to give a very sharp falloff 

in the stop-band) with the sampling frequency of 500 MHz (as this matches the 

sampling frequency of the acquired samples from the Rigol oscilloscope). 

 

Figure 38 Screenshot of Real time E- and B-field Acquisition on the Oxford Instruments PlasmaLab 
100 CCP - Forced Arcing .  The B-field signal is shown in blue; the E -field signal is shown in yellow.  

 
The timed E- and B-field recordings stored on the oscilloscope were then 

transferred to USB memory for further processing. They were recorded as comma 

separated values (CSV) files.  Note that the timebase is the same for both 

recordings. Matlab® functions were then written (see Appendix F) to extract the 

records and the following plot s were produced for the E- and B-field. The time 

base was expanded to show clearly the arcing event as the B- and E-field were 

recorded on the two channels of the oscilloscope. There are approximately 1350 

sample points at a timebase of 500 MHz (2 ns per division). 
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Figure 39 Recorded E- and B-field s.  Oxford Instruments PlasmaLab 100 CCP Forced Arcing  with a 
Single Event at 1300  ns 

These recordings were then utilized in the Matlab® filters as the raw data for 

analysis. First, we plot the normalized filter response. It is shown in the Figure 40 

below.  

 

Figure 40 High Order Low Pass Filter Normalized Response for LPF Detector  
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The coefficients of a digital filter determine the transfer function and the 

ÓÐÅÃÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÆÉÌÔÅÒȭÓ ÐÏÌÅÓ ÁÎÄ ÚÅÒÏÅÓȢ !Ó Á ÓÉÎÇÌÅ ÐÏÌÅ ÆÉÌÔÅÒ ÇÉÖÅÓ φ dB per 

octave and a 2-pole filter gives 12 dB per octave, the high order (400 in this case) 

gives a sharp knee. By applying the B-field and then the E-field CSV data 

(representing the samples acquired on the Rigol oscilloscope for the arcing event) 

to this filter, this shows the very clear primary RF drive. It can be seen in the 

processed output of the filter (see Figure 41 below) that the primary B-field RF 

13.56 MHz as recorded, collapses as the arc event occurs.  A simple threshold 

detector applied to the output of the filter can then be used to determine arcing 

events. The threshold can be set by equating it to the set recipe-required power. 

Note that this system relies on the specific driving capabilities of the Oxford 

Instruments PlasmaLab100 CCP tool and is not a general system with reference to 

power levels and frequency constraints. To make it a more general detection 

subsystem would require adjustment of these parameters for the particular 

machine under examination. 

Applying this filter to the recorded signal gives the following response. It can be 

seen that the simple threshold detector will work in this situation for the Oxford 

Instruments PlasmaLab 100 CCP tool. 
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Figure 41 Arcing Event with LPF Response on TRES E- & B-Fields for Arc Detection  (Primary 13.56  
MHz) 

 
The outputs of the LPF filters are the 13.56 MHz B-field and the E-field data. This 

has a period of ~73.7 ns which we can see plotted as 6.8 transitions in 500 ns. As 

can be seen, the primary drive current decreased rapidly within a few cycles at the 

arc event and the electric field increased with a low frequency sinusoid being 

dominant. At the 1700 ns point we see the first part of the arc event where the B-

field is collapsing and later at 2000 ns we see the most significant collapse of the 

13.56 MHz B-field. (Note that these times are delayed by the group delay of the 

filter. The group delay is due to the order of the digital filter (400 samples in this 

analysis from time of input (0) to time of filter output) as seen in the graphed 

response). The B-field then begins to recover from about 2300 ns point. Further 

investigation is required of the recovery section (from location 2000 ns onwards) 

by comparing it to the output of the Oxford Instruments PlasmaLab 100 amplifier 
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RF drive and the autotuner section. For an arc event signalling, setting a threshold 

at ±4 mV for a peak threshold detector of the output of the B-field LPF and 

inverting the response would permit the detection. This detector registers an 

event detection in 400 clock cycles at 500 MHz giving a detection in 800 ns or 

approximately 11 RF cycles.  The E-field LPF could be monitored for event 

excursions, but the signal, in general, contains significantly more noise as can be 

seen in Figure 39 above. For increased accuracy, the two signals could be logically 

Ȭandedȭ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÁÔ ÁÎ ÁÒÃ ÅÖÅÎÔ ÈÁÓ ÏÃÃÕÒÒÅÄȢ We now look to more concise 

determination of the arcing event and its classification. 

4.5. Square Law Envelope Detector for Arc Detection 

 
The LPF arc event detection as described in the previous section is tightly tailored 

to the working parameters of the Oxford Instruments PlasmaLab 100 CCP tool. By 

designing a high order filter specifically for the RF drive frequencies as utilized in 

the tool, the method is functionally correct but not very adaptable. Should other 

drive frequencies be utilized in a plasma tool, the filter would require updating to 

match this. If the design was to examine the waveform for event detection of the 

natural plasma frequency, it would be advantageous if the detection method was 

independent of the applied frequency and the filters did not require fixed values. 

By using self-decoding demodulators, it is possible to remove the requirement for 

fixed parameter filters. The square law detector is such a demodulator. The output 

filter of the square-law envelope detector is set below any fundamentals that may 

appear in the observed signal. In this case (Oxford Instruments PlasmaLab 100 

CCP tool with 13.56 MHz primary RF drive) a filter with a cutoff of 10 MHz and 

with an order of 400 is designed using the Matlab toolkit. This toolkit permits the 
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rapid development of digital finite impulse response (FIR) filters where the 

characteristic parameters are known (sampling frequency, flatness in the 

passband, cutoff frequency and flatness in the stopband). We chose a high order 

steep cutoff with a sampling frequency of 500 MHz to match the input samples 

that we have recorded for the arc events on the Oxford Instruments PlasmaLab 

100 CCP tool. The response characteristics for this filter are shown as follows. See 

Figure 42 below. 

 
Figure 42 Low Pass Filter Normalized Response (10  MHz cutoff, Order 400, ╕▼ = 500 MHz) for 
Square-Law Envelope Detector  

 
The output of the decoder is as shown in the figures (Figure 43) that follow. The 

code for the square-law detector is given in Appendix F. The detected envelope is 

shown plotted over the sampled E- and B-field acquisition and it can be seen that 

a simple peak-detector will show the occurrence of an arcing event. We can see 

that the arc event is recorded in the B-field at the 1350 ns point. There is a large 

high-frequency burst recorded in the B-field followed by another burst at 1600 ns. 

For the E-field, there is large amplitude low-frequency electric field recorded in 

the measurements at the arc-event. The data is low pass filtered before being 

applied to the square law envelope demodulator and we can see this in the 
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measured response. (The output is delayed by the group delay of the LPF, 400 

samples). The two plots are overlaid with the output of the envelope demodulator 

shown atop the E- and B-field arc event. See Figure 43 below. 

 

 

Figure 43 Square Law Detector, blue= (E-field, B-field ), red=Squarelaw ( B-fie ld, E-field)  

 
With the arc it would seem that the autotuner deposits its energy into the plasma 

and the B-field peaks indicate a sharp current spike. The electric field increases 

sharply after this current spike but with a low frequency of the order of 3.3 MHz. 

The primary RF current falls off and then slowly recovers. No corresponding 

measurement was made of the output of the RF amplifier driver or the output of 

the auto-tuner. Further work could look at the energy transfer in order to examine 

whether it is in the plasma itself (high Q) or whether it is in the auto-tuner or 
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amplifier output. The demodulated output may be used as a detector for arcing 

events. There is a large current transient and this could be used to trigger a 

threshold circuit. The low-frequency E-field sinusoid may be a characteristic of the 

auto-tuner circuit and the plasma and its specific frequency may not be relied 

upon as a detector. The high E-field transient could be utilized in a threshold 

detector. The two demodulated outputs could be combined for a more accurate 

determination of an arcing event. 

 

4.6. Hilbert Transform Detection of Arcing Events 

 

The normalized Fourier Transform of the first half of the signal is shown below in 

Figure 44, with the primary 13.56 MHz drive RF being evident. We divide the 

recording into two separate components. We examine the pre-arc event and then 

the complete recording which includes the arc event. We take the Fourier 

Transform of the data to a location just before the arc event occurs (i.e. at 1350 

ns).  Therefore, by selecting the data before this sample point, we can determine 

the frequency components of the B- and E-field of the normal operation (no 

arcing) of the plasma. We then take a second Fourier Transform of the E- and B-

field, but this time including the arc event and we overlay plot the two frequency 

data sets. See Figure 44 and Figure 45 below. The plot indicates that the density of 

the high frequency components increases but note that it does not contain a time 

reference for this occurrence.  We were also cognizant of the arc event such that 

×Å ÃÏÕÌÄ ÐÅÒÆÏÒÍ Á ȬÂÅÆÏÒÅȭ ÁÎÄ ȬÁÆÔÅÒȭ &ÏÕÒÉÅÒ Transform to compare the spectral 

densities. This is shown below for the B- and E-field measurements. It is noted that 

the E-field is significantly more noisy than the equivalent B-field measurement, 
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despite many attempts with RF shielding and cabling to reduce the noise. The 

plasma itself and the location of the antenna seems to give rise to this noise. Later, 

in chapter 6 and 7 with the use of the FRES measurements for the signal analysis 

acquired through the SA44B and its single channel, the B-field was chosen for 

acquisition due to its more coherent harmonic content. 

 

 

Figure 44 Relative Fourier Tran sforms of the B-Field Acquisition before  Arcing  Event (blue) and 
across Arcing Event (red) .   

 

The equivalent E-field pre- and post-arc Fourier Transforms showing the 

movement of power from the lower frequencies to the higher frequencies is 

plotted. 
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Figure 45 Relative Fourier Transforms of the E -Field Acquisition before Arcing Event (blue) and 
across Arcing Event (red).   

 

There is a marked contrast between the B- and E-fields before and after the arcing 

event. While they both show only a 1.5 dB drop in the primary drive RF frequency, 

the E-field data contains relatively large amounts of high-frequency noise both 

before and after the arc event. The large low-frequency electric field at 3.3 MHz is 

the dominant change in the measured electric field. 

For the B-field measurement, it can be seen that the relative noise floor has 

increased with wideband noise and that the distinguished harmonics intensities 

are lowered. By taking the Hilbert Transform, the plot of the real component of the 

signal delivers the same signal (the original signal being a real signal). The code 

for generating the values have been calculated by using the Matlab toolbox 

functions and also by using basic direct calculation methods on the matrix arrays 

to calculate the coefficients (see Appendix G). It is possible to perform the 

calculation by taking the Fourier Transform and then rotating the real and 
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imaginary coefficients appropriately or using the direct Hilbert Transform 

toolbox. In the basic method, the Fourier Transform of the sample data is 

calculated and the positive frequency coefficients are rotated counter clockwise 

and the negative frequencies are rotated clockwise. The inverse transform is then 

calculated from this matrix. The code is also included in Appendix G. By taking the 

magnitude of the Hilbert Transform and squaring this, it is possible to measure 

the power (Jungwirth, 2016,Dec). The time-frequency component is observed 

when the phase angle component of the Hilbert Transform is plotted. When we 

examine this phase angle component, we see that the arc event is detectable. 

In Figure 46 below, we calculate the Hilbert Transform (HT) of the recorded B-

field samples of the B-field arc event and display that in the first subplot. The 

second sub-plot is that of the real component of the HT showing the 

reconstruction of the original signal. The third subplot is a plot of the phase angle 

of the HT. This shows the instantaneous phase of the signal. We note the change 

to high frequency energy as the instantaneous phase is changing rapidly. 
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Figure 46 Hilbert Transform of B-field , Real Component  of HT and Instantaneous Phase Angle of HT 
of the B-field  

The instantaneous phase angle can be measured and its rate of change can be used 

as a detector for arcing events. The magnitude of the Hilbert Transform could also 
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be used as an event detector, but this is similar in operation to the envelope 

detector described.  

 

This calculation is then repeated for the E-field. The following plot is obtained 

when the Hilbert Transform is applied to the E-field recording with an arc-event. 

 

 

Figure 47 Hilbert Transform of E-field, Real Component of HT and Instantaneous Phase Angle of HT 
of the E-field  

 

The absolute value Hilbert Transform of the E-field is not as distinct as that of the 

equivalent B-field, though it could be used as an event detector. A low pass filter 

on the HT instantaneous phase together with the creation of the low frequency 

electric field could be used on the E-field as a detector of events. 
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The 3D plot of the Hilbert Transform in Figure 48 and Figure 49 that follow 

indicates the steady state spiral of the fundamental drive frequency. The signal has 

some tight loops within it and these are due to the high frequency components in 

the measured signal. It is more usual to band-pass the acquired signal before 

applying the Hilbert Transform. Future research will  ÄÅÔÅÒÍÉÎÅ ÔÈÅ ȬÎÁÔÕÒÁÌȭ 

frequency of the plasma, and bandpass this before applying the Hilbert Transform. 

This should clean the signal before being applied to the detector. 

The 3D diagram is shown below and the steady state pattern is quite clear. Two 

observations are shown for clarity. The signal is the Hilbert transform of the data 

plotted with the amplitude as the Y axis and the instantaneous phase angle as the 

Z axis. If one plots just the real part as we have seen in the previous Figure (Figure 

47) above, the signal graphed, is the reconstruction of the original signal. 
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Figure 48 Hilbert 3D Plot Perspective #1, showing the Phase and Amplitude of the Hilbert Transform  
of the B-field.  
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We just plot the same data again but taken from a different perspective to show 

the relationship of phase to amplitude of the Hilbert Transform of the recorded B-

field. 

 

Figure 49 Hilbert 3D plot Perspect ive #2 showing the Phase and Amplitude of the Hilbert Transform  
of the B-field  
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We can see that the arc event is signified by a very high frequency burst in the B-

field and that the instantaneous phase becomes a very high frequency signal in 

itself. At the 1350 ns location, there is a high amplitude B-field with a move from 

low frequency 13.56 MHz to some high frequency components. Then, the B-field 

amplitude decays, but still at a relatively high frequency. There is then a second 

high-amplitude B-field at 1700 ns and this comprises mainly high frequencies. By 

analyzing the HT data from the B-field, perturbations within the plasma can be 

detected and the phase/magnitude envelope for the current within the plasma in 

the time-frequency space can be monitored. 

The E-field 3D plot for the Hilbert Transform of E-field follows the same form as 

above in Figure 48 and Figure 49, but with increased phase angle (spiral) around 

the arc event. It is possible that the low-frequency (below the RF drive frequency 

of 13.56 MHz) phase change could be utilized as a detector mechanism as the 

absence of the sub-drive indicates that the plasma is operating correctly. This 

requires further investigation. 

 

4.7. Wavelet Transform Detection of Arcing Events 

 

The Continuous Wavelet Transform (CWT) allows for the analysis of spectral data 

over time. It permits the investigation of frequency components over time and it 

is possible to perform time-localized filtering. The running system can be 

decomposed into a series of wavelets with coefficients for amplitude and time. The 

combination of these wavelets can be used to reconstruct the original signal.  
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4.7.1. Continuous Wavelet Transform Detection of Arcing Events 
 

In normal operation without an arc event, we have seen that that the Fourier 

Transform of the E- and B-fields shows in the main, the low-frequency 

components, i.e. the RF drive signal. The CWT shows these frequency components 

over time. The CWT of the B-field shows the main energy distribution in the RF 

drive frequency before the arc event and subsequent movement to the higher 

frequencies as the arc progresses. The analysis of the E-field with CWT shows a 

spreading of high-frequency components throughout the spectrum. (With the arc 

event, the movement from low-frequency to high-frequency is not as marked for 

the E-field as compared to the B-field. This will be shown later). If the arc events 

are included in the decomposition and tree creation for the CWT, then the 

production of high-frequency wavelets to reconstitute the arc event can be used 

as a detector as this indicates that the signal (or reconstituted version) contains 

high-frequency components indicating the occurrence of the arc event (Al-Shrouf, 

Saadawia, & Soffker, 2012). When the arc event occurs (at time base 1.35 µs) we 

note the movement from the constant RF drive frequency of 13.56 MHz to the 

higher frequency components at time = 1.4µs and at time = 1.7µs of the B-field in 

the plot. This is clearly delineated in see Figure 50 and Figure 51 shown below. 
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Figure 50 Plot of CWT of the B-field with Log Scale Frequency Bands with Confidence Curve  

The following diagram is the plot of the equivalent CWT of the E-field. 

 

 

Figure 51 Plot of CWT of the E-field with Log Scale Frequency Bands with Confidence Curve  
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For the Matlab CWT to converge, certain constraints and limitations are set (in our 

calculations, we limited the number of voices to 32 and the number of octaves to 

7 to cover the frequency span of interest i.e. 10 MHz to 150 MHz for the B-field 

analysis. We extended this for the E-field calculations to cover the low-frequency 

components post-ÁÒÃȢɊȢ 4ÈÕÓȟ ÔÈÅ ÐÌÏÔ ÉÎÄÉÃÁÔÅÓ Á ÌÅÖÅÌ ÏÆ ȬÃÏÎÆÉÄÅÎÃÅȭ ×ÈÅÒÅ ÔÈÅÓÅ 

values can be calculated with a convergent solution. 

Of note in the CWT of the E-field is the high energy density at 100 MHz, this not 

being a harmonic of the primary RF drive frequency. Also, of note in the 

spectrograms is the broad noise density throughout the e-field signal as compared 

to the B-field recording. The event is distinguished in the examination of the E-

field by a brief power increase in 100 MHz range and production of a low-

frequency component at 3.3 MHz, neither of which is a harmonic of the primary 

RF drive frequency. This requires further investigation. 

For the B-field, the energy density moves to the higher frequencies as the arc event 

occurs at time 1350 ns.  

4.7.2. Discrete Wavelet Transform for Detection of Arcing Events 
 

The same technique was then applied using the Discrete Wavelet Transform 

(DWT). We want to examine this version of the transform as it is more readily 

applied to an FPGA real-time solution for deployment in the field. Using a set of 

cascade filters, the DWT can be calculated.  Again, the original signal is as before 

and shown below is the block spectrogram of the signal in time, which is computed 

by the short-time Fourier Transform (in this case, the sample size is set to 128 and 

the default windowing is used). The Matlab toolbox short-term Fourier Transform 

is applied to the data set across the arc-event and the following plots are obtained. 
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Figure 52 B-field Short Window Spectrogram Arc Event (at time 1.350  µs) 

The equivalent E-field spectrogram is shown below. 

 

Figure 53 E-field Short Window Spectrogram Arc Event (at time 1.350  µs) 
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Note that the scale on the Y-axis is a log scale of frequency in MHz for the CWT and 

linear one for the short-time Fourier transform. As per the CWT plots, the energy 

density is initially located in the 13.56 MHz up to the 1350 ns time. There is some 

spectral spread on this signal and we can see this in the original recorded data 

wherein the B-field does not appear as a pure sine wave. We have already seen 

that there are harmonics from the 13.56 MHz RF drive signal with the FRES 

system. When the arc event occurs, the power moves to the higher frequencies 

and we see the spectral density is greatest beyond 100 MHz. The graph shows that 

the power density of the 13.56 MHz before the arc event goes from -115 dB/Hz to 

-125 dB/Hz after the event. Frequencies above approximately 150 MHz for a pre- 

arc event go from -155 dB/Hz to -110 dB/Hz. The high-pass filters will detect this 

energy and the most significant output coefficients for the DWT will increase.  We 

can see that by feeding these DWT coefficients into the KNN model, a classification 

can be obtained of the events as they are occurring in the operating plasma. This 

may be part of further work, i.e. to extract the DWT coefficients and build a KNN 

or RBF model to detect the different kinds of arcing events and properly classify 

them. 

  

4.7.3. DWT Cascaded Filter Design 
 

As can be seen from the B- and E-field analysis, in Figure 52 and Figure 53 above, 

the Discrete Wavelet Transform (DWT) is composed of a series of cascaded special 

low-pass (LP) and high-pass (HP) filters with decimation at each stage to meet the 

Nyquist criteria. The filters operate in parallel and cascade into pairs to divide the 

spectrum high and low. This process is repeated until the signal processing 
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spectrum is divided into the granularity required for the coverage of the expected 

signal spectrum. Note that the Matlab software implementation has some 

limitations and constraints in order to converge to a result in a suitable time-

frame. This set of cascaded filters is shown in Figure 54 below, as is the data flow 

in the DWT.  The high-speed data is acquired by the analogue front end, is digitized 

and then passes through the series of filters.  As can be seen, this is a cascade of 

digital HP and LP filters with suitable decimation for the frequency at each stage. 

(For the lower frequency filters, decimation involves just dropping samples). This 

can be readily integrated into the real time acquisition of the E- and B-field in a 

FPGA implementation with digital filters and decimation units. The output 

coefficients of the filters can be applied to the K-nearest neighbor (KNN) and radial 

basis function (RBF) neural network system described in the next chapter to 

classify the detected signals. 

 

Figure 54 Discrete Wavelet Transform Data Flow using HPF and LPF 
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The base scale of this is based upon the binary scale. This gives dyadic scaling 

and shifting 

Scaling = ς Ὦ ρȟςȟσȟτȣ  

 

and the translation is performed in multiples of this: 

 

Translation = ςά ά ρȟςȟσȟτȣ  

 

The function compares the incoming signal to discrete multi-rate filter banks and 

the outputs of the filter are the coefficients of the Discrete Wavelet Transform 

(DWT).  

 

4.7.4. Reconstruction of Signal from Wavelet Transform 
 

Using the Wavelet Transform and its coefficients (before applying any 

compression, Hamming code or decimation), the signal can be reconstructed. We 

apply the Inverse CWT (ICWT) ÔÏ ÇÅÎÅÒÁÔÅ ÔÈÉÓ ȬÒÅÃÏÎÓÔÒÕÃÔÅÄ ÓÉÇÎÁÌȭȢ  We can use 

this reconstructed signal to test the efficiency and accuracy of the Wavelet 

Transform of the input signal. Note that for an FPGA implementation for a practical 

detector, the DWT would be used. The reconstructed signals are shown in the 

figures (Figure 55, Figure 56, and Figure 57) below, with plots of the original 

signals as recorded by the Rigol and the reconstituted signal from the ICWT. It can 

be seen that the B-field can be accurately modelled with components from just 

below the RF drive frequency while the E-field requires frequency components 

from well below the primary RF-drive frequency. For the ICWT, the accurate 
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reconstruction of the B-field is from 10 MHz to 150 MHz and for the equivalent E-

field the range is from 2 MHz to 150 MHz. This is to cover the low-frequency 

component that is generated in the E-field when the arc event occurs. In both 

cases, the reconstructed signal matches very well, though for the same constraints 

in octaves and voices, the B-field is constructed more accurately. 

 

 

Figure 55 Reconstructed and Original B-field  Signal  from Inverse CWT (almost indistinguishable)  
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These signals are almost indistinguishable and the differences are only noticeable 

when zoomed in. 

With the Matlab® toolbox, the number of octaves and the number of voices per 

octave of the frequency span for CWT is the limiting factor. For our examination, 

we tested with both fine grained and limited frequency span and with course-

grained and wider frequency span. We see from the CWT that the energy moves 

to frequencies greater than the reconstructed frequency of 150 MHz. We can 

perform the CWT and the inverse CWT using a coarser granularity. Therefore, it is 

only the frequencies greater than 150 MHz that are observed to show the 

discrepancy of the inverse CWT. For the B-field, this is shown below. 
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Figure 56 Inverse CWT  B-Field Showing the Reconstruction Deviation at Higher Frequencies  
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The corresponding reconstructed E-field signal is shown in Figure 57 below: 

 

Figure 57 Reconstructed and Original E-Field Signal from Inverse CWT 

The reconstructed E-field is readily discerned from the original signal with its 

high-frequency variation. 
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Slight variation in the reconstructed ICWT signal can be seen, but this should not 

affect the basic detection technique of a DWT HF filter output for detecting arc 

events. The variation can manifest itself via the absence of higher frequency 

components in the reconstructed signal. 

 

4.8. Plasma Arc Event Detection Techniques 

 
For the Oxford Instruments PlasmaLab 100 CCP tool, these three demodulators 

can be used to detect arcing events. The outputs of these detectors may be fed to 

neural net classifiers to determine the type of event that is occurring within the 

chamber. The initial decoding has been focused on the Oxford Instruments 

PlasmaLab 100 CCP tool with a primary RF drive frequency of 13.56 MHz. There 

is future work to narrow-bandpass the natural frequency of the plasma and apply 

the above techniques. The B-field for the TRES system for equivalent antenna 

locations produces a less noisy signal, and may be more suitable for these event 

detection systems. With the DWT filtering system, the vectors could be applied to 

an RBF or KNN subsystem and the operating events of the system could be 

classified. These novel plasma parameter detection techniques very much lend 

themselves to the characterization of chambers from an operations point of view, 

e.g. tool matching and also to the execution of recipes on a machine in an industrial 

environment. With the rich raw data of the TRES system and these computer 

digital-signal-processing (DSP) techniques combined with powerful AI 

techniques, complex but accurate systems may be developed for monitoring and 

controlling industrial plasmas in a production environment. 
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4.9. Summary 

The TRES processing techniques described are of great benefit to plasma 

processing operators as they may be used in real-time control mechanisms and 

also historical data processing. By combining the advantages of the real-time 

acquisition and the digital signal processing techniques, powerful tool-side 

monitoring equipment can be deployed. This can lead to enhanced quality, lower 

cost and improved performance of the complex plasma processing steps in an 

industrial environment. Accurate event-detection within a plasma and even real-

time monitoring of its correct recipe performance, are vital for the continued 

improvement in plasma processing. With the simple arc-detection schemes to the 

continuous vectorized AI processing of the recipes, these systems are greatly 

advanced over the simple parametric measurements that are made tool-side 

today. 

 

 

 
  



  138 
Submitted Nov 2020. 

 

This page intentionally blank  



  139 
Submitted Nov 2020. 

 

Chapter 5 Simulation Models of Capacitively Coupled Plasma 
 

5.1. Introduction 

 
We have seen the basic example of the equivalent circuit of the capacitively 

coupled plasma in Section 2.1. We further extend this model introducing enhanced 

models to map the recorded harmonic content of the Oxford Instruments 

PlasmaLab 100 CCP machine. There are two main motivations for this, one being 

the real-time calculation of plasma properties as the plasma is operating and the 

other is to permit the closing of feedback loops on the control of an industrial 

machine and the process. &ÏÒ ÅØÁÍÐÌÅȟ ÉÎ ÒÅÁÃÔÉÖÅ ÓÐÕÔÔÅÒÉÎÇȟ Ȱthe accurate 

prediction of thin film properties cannot be measured in situ or during the deposition 

processȱ (C. Woelfel, 2019 (Oct 8)). The motivation is that by using the radio-

spectra measurements and mapping those to a conveniently calculated electrical 

circuit model, the adjustments for the various process parameters may be targeted 

to quantifiable circuit components. These may be adjusted to and verified for a 

process control feedback mechanism. With reproducible steady-state process 

conditions and radio-spectra measurements, investigations of plasma control 

feedback become possible. 

Further investigations beyond the scope of this work include the modulation of 

the primary drive RF to see if the damping of the plasma for the CCP with a single 

source is a non-linear damped system and to extract values for the damping factor 

µ. The type of system emerges from, for example, models of a limit-cycle or Van 

der Pol oscillator that requires an RF drive. This limit-cycle oscillation may be 

represented from a mathematical point of view by 

ώͼ  Аώ ρώᴂ ώ ὦ  



  140 
Submitted Nov 2020. 

 

 

where 

 b is the forcing function (in this case the RF drive at 13.56MHz) 

 µ represents the nonlinearity and strength of the damping. 

7ÈÅÎ А Ѐ πȟ ÔÈÅ ÅÑÕÁÔÉÏÎ ÂÅÃÏÍÅÓ Ùȱ Ϲ Ù Ѐ πȟ ×ÈÉÃÈ ÉÓ Á ÓÉÍÐÌÅ ÈÁÒÍÏÎÉÃ ÏÓÃÉÌÌÁÔÉÏÎ 

around the RF drive frequency. For µ > 0, the system enters a limit-cycle; near the 

ÏÒÉÇÉÎ ɉÙ Ѐ Ùȭ Ѐ πɊȟ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÕÎÓÔÁÂÌÅȠ ÆÁÒ ÆÒÏÍ ÔÈÅ ÏÒÉÇÉÎȟ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÄÁÍÐÅÄȢ 

This can be seen in the diagram below (see Figure 58). 

 

 

Figure 58 Limit cycles of unforced Van der Pol oscillator representing a limit cycle system  

The resulting modification of the driving RF sinusoid can be calculated as below 

for the different values of µ for the time domain signal is shown in the figure below 

(see Figure 59) (Vaclav Satek, 2019 (Sept)). 
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Figure 59 Van der Pol oscillator in time domain with varying values of µ (Vaclav Satek, 2019 (Sept))  

 

This work is outside the scope of this thesis, but further studies may adapt the 

calculation of the Taylor series expansion for the time-domain output of the Van 

der Pol oscillator to the time domain signal as measured and shown in Chapter 4. 
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We will initially examine the basic electrical model as proposed by Schmidt et al. 

(Frederik Schmidt T. M., 2018). We expand upon the basic circuits to closely match 

the observed radio-spectra and derive circuits that can be simulated in readily 

available circuit simulators. This permits rapid deployment in an industrial 

environment with a robust calculation of model values for the observed radio-

spectra and the determination of the operating process state of the plasma system. 

 

5.2. Non-Linear Plasma Modelling 

As we have seen, the basic electrical model for the plasma is a lumped network of 

linear components, one of the most comprehensive examples which is shown 

below (Figure 60): 

 

 

Figure 60 Generator, Matching Unit, Cabling and Non-Linear Plasma Equivalent Circuit (Frederik 
Schmidt T. M., 2018) 

 

The diode is introduced to the sheath circuit to model the non-linear effect and the 

bulk is modeled as a resistive/inductive element. For simulation, the diode model 

has three linear regions of conduction: on, off and reverse breakdown, though the 

breakdown mode is not utilized. In Schmidt, (Frederik Schmidt J. T., 2019), we see 
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the simulation of the circuit using a linear circuit connected to a non-linear plasma 

model. The transfer matrix describing this non-linear (plasma) component is 

calculated using an iterative method evaluated over the transient currents 

entering the plasma as a finite Fourier series by evaluating over a small applied 

voltage (of the order of 1/100th of the main drive) for the harmonic frequency of 

interest. The model developed was for a symmetric chamber. For this simulation 

of the symmetric controlled chamber, they report very good simulation results 

compared with those observed, captured using a voltage-current (VI) probe on the 

generator cable for the first 12 harmonics. 

 

 

Figure 61 Voltage and Current Using the Global Plasma Model (Frederik Schmidt J. T., 2019)  

(a) Transient solution. The solid lines indicate the results obtained using ngSPICE, 
while the dotted lines represent the results obtained using the harmonic balance 
algorithm. (b) The absolute values of the different current harmonics. In black are 
the results obtained by ngSPICE, and in gray are those that are obtained from the 
harmonic balance algorithm. (Frederik Schmidt J. T., 2019) 
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The Oxford Instruments PlasmaLab 100 has a high order of asymmetry (as can be 

seen in the photo (Figure 62) below with a central active plate and the large cavity 

area connected to ground). Also, the monitoring system in use (Kelly & McNally, 

2017) is placed where the ports are available on the machine giving rise to 

additional asymmetries of the radio spectra B field measurement. 

 

 

Figure 62 Asymmetric Electrode Plasma Chamber with Location of Flush Antenna . 

 

As can be seen from the photo (Figure 62), the antenna is radial to the plasma and 

axial to the bulk current flow . As the voltage applied to the drive plate increases, 

the amplitude of the fundamental frequency of the discharge current increases, 

but this is not so for the higher harmonic frequencies (Dvorak, 2013). A difficulty 

with the B-field antenna system is that it does not take account of the specific areas 

of the high frequency harmonic generation location. This spatio-temporal data is 

lost due to a number of factors: 

¶ Axial height between the plates 

¶ Radial location from the axis of plasma 
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¶ View of both sheaths which are asymmetric 

¶ Near field  falloff 

¶ Dynamic range of antenna (E-field rejection) with respect to harmonic 

signal levels 

¶ Frequency response / transfer function of the RF antenna 

¶ Averaging function of spectrum analysis recording. 

¶ Skin effect within the sheath boundary, which effects different 

frequencies to differing degrees. 

 

For the Oxford Instruments PlasmaLab 100, up to 102 harmonics were discernible 

and recorded for the experiments with the antenna and spectrometer 

configuration as shown in Chapter 3. In later chapters we will describe 

examinations and transform methods applied to the harmonic data to determine 

the operating parameters of the plasma. Earlier examinations were with the first 

few harmonics (Frederik Schmidt T. M., 2018), but as can been seen in Chapter 4 

and later chapters, the various higher order harmonics are very informative of the 

operation of plasma processes. The recent work of Dvorak et al. uses the static 

harmonic-balance matrix approach in a symmetrical chamber for a particular 

operating mode (Dvorak, 2013). All of these matrices would have to be calculated 

for each of the steps of the process for a particular recipe within a plasma chamber. 

With the chamber running a known portion of the recipe, the correct matrix would 

be then selected. This matrix would then be inserted into the global model to 

deduce the operating parameters of thÅ ȬÓÔÅÁÄÙ-ÓÔÁÔÅȭ ÐÌÁÓÍÁȢ &ÏÒ Á ÍÕÌÔÉ-

frequency chamber with hundreds of harmonics of each frequency and possibly 
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beat-harmonics being recorded, the non-linear harmonic-balance matrices could 

become quite unwieldy. 

Lieberman et al. recently conducted an analysis of a symmetric large-area 

capacitively coupled discharge (where the wafers being processed correspond to 

half a metre in area) driven by high frequencies up to 200 MHz (M A Lieberman, 

2002 (June 14)). They concluded that the observed inhomogeneities are caused 

by electromagnetic effects which were classified as standing wave and skin effects 

using a transmission line model. 

 

Analytical and numerical methods have been employed to investigate the 

operation of plasma systems (R.P. Brinkmann, 1996). Such numerical methods 

include Monte Carlo and particle in cell (PIC) techniques (R.W. Boswell, 1987) 

(Kushner, 1988), fluid-dynamic calculations (E. Gogolides, 1992) (Sk Park, 1990) 

and kinetic methods (H.Leyh, 1998). These models give quantitative values for the 

external control parameters of the plasma and the ÖÁÒÉÏÕÓ ÉÎÔÅÒÎÁÌ ÑÕÁÎÔÉÔÉÅÓȢ ȰIn 

spite of this effort, however, it seems that even today most progress has been in the 

design and the characterization of plasma processes is achieved by purely empirical 

ÍÅÔÈÏÄÓȱ (R.P. Brinkmann, 1996). In the electrical circuit model, we lose much of 

the spatial-temporal framework, but rapid calculation permits an industrial 

go/no-go processing control system. 

 

The equivalent circuit models using lumped components will model the primary 

sinusoidal current but are far less effective in simulating the observed plasma RF 

harmonics. In low pressure CCPs, while the RF energy is being applied, the electron 

power gain occurs at the sheath expansion (Sebastian Wilczek, 2016). This is due 
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to the electric field reversal during sheath collapse. While there is sheath 

expansion, beams of energetic electrons are generated, which penetrate into the 

plasma bulk. (This temporal phenomenon will be examined in further work). 

These beams of energetic electrons have a unique rise and sustain time during a 

portion of the RF cycle and sustain the discharge through ionization. Using Particle 

in Cell / Monte-Carlo collisions, (PIC/MCC) simulations, Wilczek et al.  (Sebastian 

Wilczek, 2016) were able to calculate electron density and movement in a spatial 

dimension at the electrodes over the application of an RF cycle. This produced the 

following density map for an Ar plasma with an applied cycle of 55 MHz (18 ns 

cycle time). 

 

 

 

Figure 63 Hot Energetic Beams of Electrons During RF Cycle (Sebastian Wilczek, 2016)  

 
In these spatio-ÔÅÍÐÏÒÁÌ ÐÌÏÔÓ ÏÆ ÔÈÅ ÄÅÎÓÉÔÙ ÏÆ ȬÈÏÔȭ ÅÌÅÃÔÒÏÎÓ ɉᾦ > 11 eV) that move 
upwards(a) and ÄÏ×Î×ÁÒÄÓɉÂɊ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÄÅÎÓÉÔÙ ÏÆ ȬÃÏÌÄȭ ÅÌÅÃÔÒÏÎÓ ÂÅÌÏ× ψ eV that move 
downwards(c) and upwards(d)  are calculated . The time axis covers one RF period (~18 ns). 
The densities are given in □ . The powered electrode is located at x=0 mm while the 

grounded electrode is located at x=15 mm. 
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The penetration of these beams of energetic electrons into the plasma bulk starts 

as the sheath begins expanding due the applied potential. The PIC model was for 

a symmetric electrode, so equal beams occur at the grounded electrode half an RF 

cycle later. For the Oxford Instruments PlasmaLab100, the asymmetry would 

affect the timing and density of the beams. As the sheath expands, the beams of 

electrons gain high velocities. This leaves a space of positive charge behind which 

attracts colder bulk electrons towards the powered electrode which have an 

inertia. This leads to powerful non-sinusoidal current effects between the bulk and 

the powered electrode. 

 

It can be seen that the non-linear action of the plasma is quite difficult to model 

given the variable parameters of the measurements, the plasma constitution and 

the enclosing chamber and electrodes. We examine a scalable electrical model to 

match the observed measurements so as to build descriptive operating point for 

the plasma process in a production environment to close the loop on its correct 

operation. The extended model can be calculated in real-time, and evaluated for 

correct operation for each part of the recipe of a plasma process and appropriate 

actions can be taken should the plasma operation be determined to be out of 

bounds. 

 

5.3. Capture of B-field Harmonics in a Capacitively Coupled Plasma 
System 

The B-field was recorded using the custom RF ID plain-coil loop antenna and the 

SignalHound SA44B Spectrum Analyzer. By recording as many harmonics as was 

practical, the multi-node extended electrical model could be tuned to match the 
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recordings.  With the antenna located outside of the chamber, the higher 

harmonics were very attenuated (6th was reduced to -100 dBm). (Note: The 

wavelength of the primary drive is ~22 metres and the 35 mm KF40 opening may 

ÁÐÐÅÁÒ ÁÓ Á ȬÓÌÉÔȭ, i.e.  ḻ ). To obtain a better signal, the following 

configuration was employed. The B-field antenna was inserted into the test-tube 

until it was flush with the inside wall of the chamber of the operating plasma. An 

Argon plasma was operated with fixed parameters to get a level steady state and 

the frequency sweep was acquired with the novel patent-pending cabled balun 

system ɍȰ%ÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÓÉÇÎÁÌ ÁÃÑÕÉÓÉÔÉÏÎ ÓÙÓÔÅÍ ÆÏÒ ÈÉÇÈ ÓÉÇÎÁÌ-to-noise 

ÒÁÔÉÏÓȟ ÁÎÄ ÅÌÅÃÔÒÉÃÁÌ ÎÏÉÓÅ ÉÍÍÕÎÉÔÙȱȟ '" 0ÁÔÅÎÔ !ÐÐÌÉÃÁÔÉÏÎ .ÏȢ '"ςππυψςψȢυȢ  - 

filed 21 April 2020.] and the SA44B spectrum analyzer.  

 

 
 
Using the photo in Figure 62 above as to the layout of the electrodes and the 

relative location of the KF40 port, the following picture (Figure 64) shows a close-

up of the antenna location in the plasma chamber wall. The antenna is inserted 

into the test tube until  it is flush with the chamber wall. It can be seen that the 

antenna is co-located between the electrodes and radial to the bulk plasma. 
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Figure 64 Antenna Flush to Oxford Instruments PlasmaLab 100 CC Plasma Chamber Wall  

 
The following (Figure 65) is a plot of the measured near-field B-field harmonic 

content. The initial high-power RF drive fundamental is excluded from the 

acquisition such that the reference level of the spectrum analyzer is not 

overloaded. The picture below (Figure 65) is an overlay of the background signal 

(the low underlying grey plot) and the harmonic reception with the Ar plasma 

operating. This is to compare the reception of (higher order) harmonics with the 

background noise. The active harmonics can be clearly observed over the 

underlying noise. The high order harmonic signal level from the plasma is of the 

order of 10 to 20 dB greater than the background noise. When evaluating changes 

in the values of the harmonics, values of the order of 0.25 dB are significant. When 

taking background measurements, it is found that the active spectra region in the 

850 MHz area is being received from an adjacent mobile phone cell tower. The 

harmonic content from the plasma in this region is relatively low. When the 
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antenna is withdrawn from the test-tube and operates outside the wall of the 

chamber the spectrum of the high-frequency components is severely attenuated 

such that approximately only the first 10 harmonics could be ascertained from the 

underlying noise floor. 

 

 

Figure 65 Harmonic B-Field  Spectrum 20 MHz to 1 GHz (power scale is dBm)  
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To extend the operation of the equivalent electric circuit (Lieberman M. A., 1988) 

for the asymmetric electrodes and the variance in capacitance at the electrodes 

due to the applied field, the equivalent circuit for the plasma is extended with 

varactors in place of the diodes. The varactors combined with the biasing network 

permits the tuning of the capacitance variation due to the applied field for both 

the powered and the grounded electrode. We also extend the internal tuned 

components to account for the high-frequency resonances as seen in the spectrum. 

This permits the electrical modelling of an equivalent circuit that matches the real-

time acquisition of harmonic content and to determine ÔÈÅ ÔÙÐÉÃÁÌ Ȱgo/ no-goȱ 

operation of a plasma system within an industrial environment. In the later 

chapters, by examining the principal component analysis (PCA) of the harmonic 

content, the high-order harmonics relay significant information on the operation 

of the plasma. It will also be shown that significant information can be gleaned 

from the higher-frequency components for detection and analysis for transient 

events within the plasma (arcing) (see previous chapter). 

 

5.4. Revised Equivalent Circuit and Spice Simulation. 

The revised circuit is as shown below (see Figure 66). We note that the plasma 

operates in a non-linear mode insofar that by applying a single-tone sine wave, we 

record a complex current and voltage waveform at the viewport and this produces 

a high order harmonic waveform when viewed in the frequency domain. What is 

also of note is that all the harmonics are present to some extent, not just the even 

or the odd ones. This reflects the observed experimental situation and is in 

ÃÏÎÔÒÁÓÔ ÔÏ ÐÒÅÖÉÏÕÓ ÍÏÄÅÌÌÉÎÇȡ ȰEven harmonics are not excited due to the 

symmetry of the dischargeȱ (Sebastian Wilczek, 2016) indicating an asymmetric 
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discharge. The equivalent diodes in the circuit perform as mixers which 

implement this frequency multiplying effect. In the model we initially introduce a 

diode whose capacitance is a function of the applied voltage as per the voltage 

applied to the sheath. For consistency and comparative purposes, we model the 

matching networks necessary for operating capacitively coupled plasmas from the 

paper by Schmidt, Mussenbrock and Triesmann (Frederik Schmidt T. M., 2018). 

We have omitted the steady-state reverse ion current sources as we are interested 

in the dynamic simulation and the corresponding FFT of the time-domain 

response. We will examine later, incorporat ing these hot and cold electron beams 

as phase-controlled sources to the applied RF to better match the Ȱhot and coldȱ 

electrons that are injected into the sheath as shown in Figure 63 above. This gives 

us the equivalent circuit as shown in the diagram below (Figure 66). 

 

 

 
Figure 66 Capacitively Coupled  Plasma Equivalent Circuit Model with Varactor  
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The potential divider around the diodes is simply to adjust the applied voltage to 

the varactor to adjust its capacitance range with respect to the fixed capacitor 

representing the standing sheath capacitance. The MV2201 varactor has 

capacitance range of approximately 15 pF (0.1 ὠ) to 3 pF (30 ὠ). When the applied 

voltage from the generator is set at 150 V at 13.56 MHz, the following time-series 

result is obtained for the voltage within the simulated plasma bulk. 

 

 
 
Figure 67 13.559  MHz Simulated Equivalent Circuit with Tunable Varactor CCP Time-Series  

 

In the time series simulation, the output is direct coupled and includes a charging 

effect from the two diodes with the non-symmetrical capacitors. This leads to a dc-

charge pump of the bulk. The measurements taken with the B-field antennae are 

inductively coupled and those of the E-field are capacitively coupled and no bias 

will be recorded. The ὠ  is the monitored voltage at the centre of the bulk. The 

measurement of ὠ  is a monitor of the applied voltage after the simulated 

matching unit. The bulk current is monitored as the current through the resistor 
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R1. This is shown as the red plot in Figure 67 above. The output is slightly non-

sinusoidal and when the FFT is taken of this output voltage, the high order 

harmonics are observed (Figure 68).  

 

 
 
Figure 68 FFT of CC Plasma Varactor Equivalent  Circuit 10  MHz to 250 MHz V(ANT) 

The calculated FFT for the current flowing in the resistive element for the plasma 

ohmic equivalent resistor R1 (I(R1)) is shown in the figure (Figure 69) below. 

 

Figure 69 FFT of CC Plasma Varactor Equivalent Circuit 10 MHz to 350 MHz I(R1)  
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This circuit demonstrates an equivalent harmonic content with the measured 

spectrum analyzer recorded output on the Oxford Instruments PlasmaLab 100 

CCP.  This is for a simple Argon plasma with no adjustment for pressure or gas 

flow. We will examine later the waveform that gives rise to the frequency 

components and how this changes dramatically for different gas flows and 

chamber recipes. By having a relatively simple model circuit that may be 

calculated in real-time that is tool-side, diagnostic information may be extracted 

from the processing recipes as they are executed on the tool. 

 

In Kelly and McNally (Kelly & McNally, 2017), the 5th, 6th, 7th and 8th harmonics 

have increased gain. This can be seen from the plot below of the observed B-field.  

 
Figure 70 RES Measured B-fi eld Response Curve  (Kelly,  McNally),  
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The increased intensity of these harmonics has been attributed to a geometric 

resonance associated with the physically smaller grounded sheath. The larger 

high-voltage sheath was correlated with higher frequency geometric resonances, 

which were roughly located around the 20th to 25th harmonics (Kelly & McNally, 

2017). We plot the simulated FFT output of the current in R1 in a similar manner 

to the graphs in Figure 70 to compare the simulated results with that of the 

measured B-field curve. 

 

Figure 71 Simulated Harmonic Content Equivalent Circuit  

 

We see the monotonic decay of the harmonics, until harmonics 5-8 of the 

fundamental of 13.56 MHz are reached. At this point there is a slight increase in 

the measured current. For a given pressure, the impedance of a discharge 

decreases with increasing frequency (Chapman, 1980). If the frequencies are 

being generated by the virtual diodes in the equivalent circuit and the mixer 

function is generating these frequencies, we can simulate these by resonant 

circuits at these harmonics. We add resonant circuits to model the increased 

current for these by loading the current flow through the bulk resistance to 

ground. This is only a simplification to increase the current flow based on fixed 

value resonances of the fundamental. This is scalable for the multi-harmonics that 
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are recorded. The circuit below in Figure 72 simply shows the tuning for the first 

8 harmonics, but parallel units could be added to match the number of recorded 

harmonics. The following circuit shows these tuned circuits. By the addition of 

cascaded lumped circuits that are tuned for the particular harmonics by being 

resonant at the harmonic frequencies, the bulk current resonates and this is 

reflected in the measurement of the current through bulk (I(R1)). When the FFT 

is plotted, this resonance boosts the current flow through the bulk. The relative 

values of the tank circuits may be adjusted or additional resistors installed in 

series with the tanks to modify the specific harmonic. 

 

 

Figure 72 Tuned Harmonic Equivalent Circu it for CCP 

 

 
The time response simulated output for this tunable circuit is shown in Figure 73 

below. In (Kelly & McNally, 2017), the observation of two distinct resonance 

frequencies is due to the significant size difference between the driving electrode 

size and the grounded electrode in the PlasmaLab100 tool. The lower-voltage 
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grounded sheath contributes to the lower-frequency geometric resonances and 

the high-voltage driving electrode sheath to the high frequency geometric 

resonances. In the equivalent circuit it is possible to modify the Q of each 

individual harmonic. As given by (Kelly & McNally, 2017) the series resonance 

bandwidth is given by the ratio ÏÆ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ ÔÏ ÔÈÅ ÑÕÁÌÉÔÙ ÏÒ Ȭ1ȭ ÆÁÃÔÏÒ 

(as shown in the figure (Figure 70) above). There is a direct relation of the 

bandwidth (BW) to the electron-neutral collision frequency. The equivalent 

circuit permits the model to be able to set the Q factor by adjusting each individual 

harmonic gain and thus set the expected electron-neutral collision rate for a 

particular operating mode of the plasma under observation.  

 

 

Figure 73 Time Response Simulation for Tunable Varactor CCP Equivalent Circuit  for Plasma Bulk 
Current  (I(R1)  

 

In this plot we see the non-sinusoidal waveform of the I(R1) representing the bulk 

current. Also, in the plot is the applied voltage to the plasma. The circuit is started 
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from time t = 0 so the initial charging of the capacitors and the establishment of 

the bias is being shown. The FFT is taken of the current in R1 representing the 

bulk current (See figure 72). 

 

 

Figure 74 FFT of Tunable Equivalent Circuit of CCP for Bulk Plasma Current  

 

The cascaded tank circuits may be tuned to modify this current and this is 

reflected in the power measurement of the various frequency high order harmonic 

components. We plot the normalized FFT harmonic values for this tunable 

equivalent circuit (see figure 72) and compare with those as observed in Figure 

70 (Kelly & McNally, 2017). 
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Figure 75 Simulated Harmonic Content Tuned Equivalent Circuit  for Bulk Plasma Current  
(comparison to untuned  circuit model ) 

 

We see a better match to the initial harmonic monotonic attenuation with the 

characteristic rise in signal for the boosted tuned harmonics. Further work is 

required to calculate the cascaded filters to model the change in bandwidth of the 

geometric harmonic for particular operating modes and recipe parameters of the 

operating plasma in the chamber.  This model may be pre-calculated for observed 

operations of the plasma and its recipes. The tool-side equipment may then 

observe the correct operation of the plasma parameters to determine if a 

production process is operating correctly. 

 

5.5. Hot and Cold Electron Jets Simulation 

With the circuits shown, the diodes are used to introduce the current modulation 

for the non-sinusoidal harmonic generation. In the work of Wilczek et al. 

(Sebastian Wilczek, 2016), it appears that the modelling of the hot and cold 

electron jets in different directions is not included. For the hot electrons travelling 

ÉÎ ÔÈÅ ȬÒÅÖÅÒÓÅȭ ÄÉÒÅÃÔÉÏÎȟ ×Å ÉÎÔÒÏÄÕÃÅ Á simple voltage source with a source 

resistance, a pulse output for one quarter of the RF drive cycle time but with a 

phase delay.  The following diagram (Figure 76) shows the circuit. 

 



  162 
Submitted Nov 2020. 

 

 

Figure 76 Equivalent Circuit of CCP with Provision for ' Reverse' Hot Electrons  

 

By varying the source resistance of the reverse voltage source, it is possible to 

introduce the current spike that is seen when recording the B-field using the high-

speed scope. This is shown in Figure 77 below, where the Agilent AG 80000 10 

GHz scope was used to acquire signal from the custom plain coil antenna and the 

Beehive E-field antenna on two channels. 
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Figure 77 B-field and E-field High-Speed Acquisition using Agilent 40  Gs scope for TRES 

 

The reverse current spike can be observed in the waveform for the B-field as the 

RF cycle is applied. 

The following diagram (Figure 78) shows the time-resolved simulation of this 

circuit. 

 

 

Figure 78 Equivalent Plasma Circuit Time-Resolved with ' Hot Reverse' Electrons  
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The FFT of the bulk resistance current I(R1) was captured and this is plotted 

below in Figure 79. 

 

 

Figure 79 Simulated FFT Output of Plasma Equivalent Circuit with ' Hot Reverse' Electrons  

 

The circuit shows significant boost to the lower-order harmonics over the circuit 

×ÉÔÈÏÕÔ ÔÈÅ ȬÒÅÖÅÒÓÅ ÈÏÔ ÅÌÅÃÔÒÏÎÓȭ ÖÏÌÔÁÇÅ ÓÏÕÒÃÅÓȢ  

 

Figure 80 Comparison of Normalized Harmonics for Equivalent Circuit with Tuned Elements and 
Reverse Phase Currents for Hot & Cold Electron Beams  
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We then compared the simulated results with the measured harmonics for the 

Oxford Instruments PlasmaLab 100 CCP tool running a recipe of Ar plasma at 30 

mTorr with ὕ at 20 sccm. We apply a scaling factor and offset to account for the 

measurement absolute values. This is a linear correction and can be accounted for 

with a combination of resistive dividers in the equivalent circuit. The following 

comparison is obtained. See Figure 81 below. 

 

 

Figure 81 Comparison of Measured Harmonics and Simulated Harmonics with Varactor, Tuned 
Elements and Single Shot Phased Hot ÁÎÄ #ÏÌÄ Ȭ2ÅÖÅÒÓÅȭ #ÕÒÒÅÎÔÓ 

 

Further work beyond the scope of this thesis will be required to simulate the range 

of voltages, time delays and source impedances to more properly match the 

operation of the test setup of the Oxford Instruments PlasmaLab 100, and indeed 

to generalize this to other plasma processing tools. 
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5.6. Improved model for Geometric Resonance and Hot & Cold Electron 
Injection 

To further improve the dynamic nature of the operating capacitively coupled 

plasma, we present a novel circuit that more closely mimics the operation for the 

hot and cold electrons that are observed in the sheath expansion and contraction 

phases. The basic operation is to insert current sources in parallel with the non-

linear diode and sheath capacitance and set the timings for these to match the 

spatio-temporal values as simulated by Wilczek et al.  (Sebastian Wilczek, 2016). 

(See Figure 63 above). For the particular circuit, the values for the rise, sustain and 

ÆÁÌÌ ÏÆ ÅÁÃÈ ȬÅÌÅÃÔÒÏÎ ÊÅÔȭ ×ÁÓ ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ ÔÈÅ ÐÌÏÔ ÉÎ Figure 63. Each section of 

density of electron jets is simulated by a current source with the phase, timing and 

intensity extrapolated from the plot with adjustment for the 13.56 MHz timebase 

of the Oxford PlasmaLab 100 tool. To further improve the geometric resonance 

phenomena as observed by (Kelly & McNally, 2017), an eight-pole passive 

bandpass filter is inserted to load the plasma and enhance the current for the 

geometric resonance. We also balance for the two-sheath configuration and insert 

a dc-bias load to control the effects of rectification that occur in the simulation. In 

the simulation, with the simulation components, the plasma bulk continues to 

charge through the diode charge-pump. In the operation of the plasma, the 

production of the ions and electrons stops once the current stops flowing and the 

ÓÈÅÁÔÈ ÄÉÓÁÐÐÅÁÒÓȢ 7Å ÍÏÄÅÌ ÔÈÅ ȬÌÏÁÄ-ÒÅÓÉÓÔÏÒȭ ÁÓ ÔÈÅ ×ÏÒË ÂÅÉÎÇ ÐÅÒÆÏÒÍÅÄ ÂÙ 

ÔÈÅ ÐÌÁÓÍÁȢ 4ÈÉÓ ȬÌÏÁÄ-ÒÅÓÉÓÔÏÒȭ ÄÉÓÃÈÁÒÇÅÓ ÔÈÅ ÂÕÌË-plasma and controls its plasma 

potential. The geometric resonance is modelled as a bandpass-filter centred 

around the geometric resonance frequency and additionally loads the plasma. The 

plumes of hot and cold electrons are extrapolated from the timing as shown by 
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Wilczek et al. as shown in Figure 63 taking into account the 13.56 MHz timebase 

of the Oxford Instruments PlasmaLab100 tool.  We set the current to the 10 % of 

the peak bulk current and adjust for the density calculated. The rise and fall times 

are calculated from the density rise-times, and the hold-times are calculated from 

the period of the density pattern. We mirror the current for both electrodes, but 

allow for the adjustment due to electrode asymmetry with voltage adjustment 

resistors which change the applied voltage into the sheath. The matching unit is 

not modelled and the Ȭlosses and stray parasiticȭ load as modelled in Schmidt et al. 

(See Figure 60) is not included, as this represents a phase-adjusted parallel load 

to the plasma bulk. For process matching, we required a harmonic generator with 

geometric resonance to build a model to match the operation of the plasma on the 

Oxford Instruments PlasmaLab 100 CCP unit. The following shows an overview of 

the circuit components. 

 

 

Figure 82 Geometric Resonance with Hot & Cold Electron Injection Simulation Overview  
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The variable units L2 and L3 as depicted in the circuit in Figure 82 represent the 

current generators for the timed injection of electrons that are in the sheath region 

as per the simulations of Wilczek et al.  (Sebastian Wilczek, 2016). They can be 

seen in the full schematic in Figure 84. The unit marked A1 is a calculable 8-pole 

2,# ÆÉÌÔÅÒ ×ÉÔÈ ÁÎ ÉÍÐÅÄÁÎÃÅ ÏÆ ρππ ЏȢ We utilized a Chebyshev bandpass with a 

maximum of 3 dB ripple in the passband. The transfer function is shown below in 

Figure 83. This parallel combined load with the dc-load resistor (R6) provides the 

work -load for the simulation. 

 

Figure 83 Normalized 8 pole Chebyshev Bandpass Filter for Geometric Resonance Simulation (Red is 
gain plot and Blue is phase plot)  
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The Chebyshev filter was chosen for the multiple phase reversals across the 

passband so as not to attenuate any particular harmonic in the time-domain 

analysis in the simulator. The complete schematic is shown below  in Figure 84, 

and the circuit listing is in Appendix U. 
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Figure 84 Geometric Resonance with Hot & Cold Electron Injection Circuit  
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When we run the simulation of this circuit, we can model the harmonic generation 

that occurs in the sheath of the plasma and also the geometric resonance location. 

We note that the impedance of the filter remains relatively constant for the range 

of frequencies produced by the non-linear sheath elements (the diode and the 

simulated hot and cold electron currents). We may adjust the filter coefficients to 

adapt the harmonic geometric resonance to match those of the operating plasma. 

Of note in the simulation is that we measure the harmonic current through the 

plasma bulk. We must be careful not to attenuate the harmonic generation in the 

sheath too much by having large amounts of inductance in series with the sheaths 

as this has a damping effect on the harmonic generation. (This can be used to 

model increased power as the harmonics fall off as the power is increased.) This 

is modelled with the Ȭ.stepȭ function in the simulation to execute simulations for 

the varying values of inductance. The following is the harmonic spectra with and 

without the geometric simulation model. 
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Figure 85 Spectrum Response from Hot and Cold Electron Injection Model with Characteristic 
Geometric Resonance 

 

We take the frequency harmonic components generated by the simulation model 

and apply these to the filter system to test the applicability of the bandpass filter 

model for incorporation in the electrical circuit simulation. We extract the first 30 

harmonic values, convert these to linear measurements and build a circuit to test 

the function of the simulated geometric resonance filter. 

 

The circuit for this test simulation is as follows (see Figure 86 below): 
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Figure 86 Eight Pole Geometric Resonance Simulation Test  

 

This produces more than the required bump (+70dB) for the harmonics as 

observed in Kelly/M cNally (Kelly & McNally, 2017) and may be suitably 

attenuated in the overall model. The harmonic output of the filter is as plotted 

below (see Figure 87). 
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Figure 87 Geometric Resonance Harmonic Output with Simulated Plasma Harmonic Drive  

 

 

We then plot this is in the familiar harmonic bar-graph to show the characteristic 

geometric resonance as observed by Kelly/McNally (Kelly & McNally, 2017).  The 

geometric resonance as modelled by the eight-pole bandpass filter with its 

calculable corner frequencies. The model bandwidth can be matched to the 

bandwidth of the resonant frequencies in the higher harmonics for increasing 

power in the plasmaȢ ȰDamping of the series resonance is caused by the electronɀ 

neutral collisiÏÎÓ ÇÉÖÅÎ ÂÙ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ʉm [see Eq. (8)]3) and is constrained in the 

ÕÐ×ÁÒÄ ÄÉÒÅÃÔÉÏÎ ÂÙ ÔÈÅ ÄÒÉÖÉÎÇ ÆÒÅÑÕÅÎÃÙ ʖ ɉÉȢÅȢȟ ʉm Ј ʖrf). Continuing our RLC 

circuit analogy, the series resonance bandwidth (BW) is given by the ratio of the 

ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ ÔÏ ÔÈÅ ÑÕÁÌÉÔÙ ÏÒ Ȱ1ȱ  factor  ‫  = Q, where the Q factor is 
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found using the relation XC=R or XL=R for the capacitive reactance XC = 1 = ʖ# ÏÒ 

inductance XL Є ʖ,Ȣȱ Kelly/McNally (Kelly & McNally, 2017).   

There is a direct relationship of the bandwidth of the geometric resonance 

harmonics to the electron-neutral collision. In this model, the eight-pole bandpass 

filter controls the spread of the series resonance at the geometric resonance. We 

adjust the poles of the filter to control the gain of the harmonics. In this case we 

plot for two different filters (8pole Number 1 and 8pole Number 2). We can see 

how the harmonic resonance is attenuated for Number 2 and there is gain for 

Number 1. For reference purposes, we have plotted the normalized 50 millitorr 

20 sccm ὕ spectra as recorded in the experiments for Chapter 4. The filter poles 

ÍÁÙ ÂÅ ÁÄÊÕÓÔÅÄ ÔÏ ÍÁÔÃÈ ÔÈÅ ÒÅÃÏÒÄÅÄ ÇÅÏÍÅÔÒÉÃ ȬÂÕÍÐȭ ÁÓ ÏÂÓÅÒÖÅÄ ÉÎ +ÅÌÌÙ Ǫ 

McNally. 

 

 

Figure 88 Simulated Hot and Cold Electron Beams with Characteristic Geometric Resonance Mapping  

 

 

This extended model gives a tunable system to match the recorded spectra as 

observed with the recording of the B-field. By operating the plasma system with a 
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known steady-state and building a set of models to match the observed conditions, 

a calculable model may be built that may be used in the feedback control system 

of the Oxford PlasmaLab 100 tool. Other systems would require characterization 

and parameterization to build similar models leading to an improved empirical 

model of plasma systems. We can see that by tuning the bandpass filter we can 

ÍÁÔÃÈ ÔÈÅ ȬÇÅÏÍÅÔÒÉÃ ÒÅÓÏÎÁÎÃÅȭ ÁÓ ÄÅÔÅÒÍÉÎÅÄ ÂÙ Kelly/McNally (Kelly & 

McNally, 2017) and also the individual harmonics may be set by varying the model 

parameters. While the match between the simulated data and the experimental 

data is far from perfect, it points the way to a new methodology. By operating the 

plasma system with a known steady state and building a set of models, the 

operation of the plasma in an industrial environment may be configured in a 

closed-loop mode. This will improve the accuracy and repeatability of the 

operating tools and thereby the output product. 

 

5.7. Tool Side Monitoring Models 

The monitoring of plasma tools being used in industrial plants must be fast, non-

invasive and deterministic. Most industrial plasma systems are open-looped and 

the monitoring is of the static parameters, for example power being applied, gas-

pressure set-point and gas-flow rates. By monitoring the high-order harmonics 

and matching those to pre-calculated equivalent circuit parameter values, the 

overall status of the process may be determined for event detection and non-

conformance. These equivalent circuits may also be used for tool matching.  In the 

next chapters, we will examine further transform methods to determine the 

correct operating mode of plasmas and event or anomaly detection. 
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Chapter 6 K-Nearest Neighbour & Radial Basis Function 
Modelling for Spectral Analysis 

 

6.1. Introduction 

K-Nearest Neighbour (KNN) is one of the more simple classifiers along with 

regression classifiers (Guo, Wang, Bell, & Bi, 2004). In Chapter 4 we have seen how 

the Wavelet Transform can be used to identify the instantaneous frequency 

components of the plasma system and we would like to use a mechanism to 

classify these instantaneous events. The primary focus here is on a practical 

implementation of the KNN that would be applicable to FPGA devices for 

classifying the FRES output or the output of the Hilbert or the Wavelet transforms 

in real time from the TRES acquisition. KNN can be used for both classification and 

regression predictive problems although the former is more prevalent 

(Bolandraftar, 2013 Vol3 Issue 5). It has a relatively inexpensive compute time 

and its output can be determined at a fairly quick rate with a compute time of 

O(ὲ  for a space complexity of O(n), if the space is maintained at a modest level. 

The hardware solution uses a parallelizable method and the results can be 

obtained on the fixed hyperspace array size in a deterministic manner. The basic 

function is to calculate the radial distance from all the points and find the points 

with the nearest locale. For example, the KNN hardware function of the Intel 

Quark® microprocessor running at 4 MHz can find the nearest point to a vector 

within a 128 X 8bit unsigned array at a rate of 25,000 per second. An Intel i7 

processor doing it in the software presented running at 3.6GHz can only search 

the same hyperspace at a rate of 12,000 per second (see Appendix I). This is singly 

threaded, non-optimized non-parallelized code. This is of importance in the design 
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of a detector for arcing events within an industrial plasma chamber where events 

occur in only a number of RF cycles of the machine. With 13.56 MHz being a 

common drive frequency and events of the order of a few microseconds, the KNN 

would have to be evaluating input vectors approximately every microsecond. 

 

6.2. K-Nearest Neighbour (KNN) Operation 

 
The KNN algorithm is non-parametric (though the classifying vectors may make 

use of parametric values) in that it does not make any assumptions on the 

underlying data distribution. The operation uses a database in which the data 

points are separated into several separate classes to predict the classification of a 

new sample point. The model structure is derived from the data itself (Laguna & 

de Andrade Lopes, 2010). A subset of recorded data is taken (approximately 20% 

for practical purposes) and the classifiers are labelled and used as training data. 

This training data is then used to build a model describing the complete set of 

classifications. These classification labels are then used to populate the 

hyperspace. The remaining recorded data (perhaps 80%) is then run through the 

classifier and its classification is compared to its predicted classification and the 

accuracy of the model is calculated. This can be an iterative problem until the 

optimum model is derived. 

For industrial use this allows it to be used when there is little or no prior 

knowledge of the distribution of the data. All the training data is used to build the 

classifiers and then the new data is compared to the classifiers to determine a 

classification. To decide whether observations taken at a different time are of a 

similar class, clearly the method of comparison is germane. This is the 
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classification problem. Even when we have decided on a method to compare two 

observations and can quantify their similarity, there is still the problem of 

deciding which observations from the database are similar enough to our new 

observation such as to take their classification into account when classifying the 

new observation. 

6.3. Radial Basis Function (RBF) Network / Operation 

 
The Radial Basis Function (RBF) network is one type of neural network and can 

be used as a non-linear classifier. As per the KNN algorithm, it is not too 

computationally intensive. It is similar in computational load to the KNN 

algorithm, of the order of O(ὲ . Each neuron in the Prototype Classification (as 

seen in Figure 89 below) takes a weighted sum of the input vector. This vector 

could be the input from the FRES harmonic detector, Wavelet Transform, the 

Laplace Transform or the other detectors described (and shown in Figure 89). 

Each input value is modified by a normalizer or preprocessor and fed to each 

Prototype Classifier. The output of the combination of the weighted prototype 

classifiers produces a category-score for each category. This combination permits 

a non-linear classifier (Goshvarpour, 2012).  This is a single-instruction multiple -

data problem (SIMD) and lends itself very much to a hardware implementation 

(Ahmed Shamsul Arefin, May 15 2014) .   It may be implemented on FPGA for the 

classification of high-speed transient events for real time performance. The RBF 

network performs classifications by measuring the input observation similarities 

to examples from a training set. Each node of the network stores a particular 

labelled classification. For the classification of a new observation, the input vector 

is weighted or normalized and it is applied to all the linear Prototype Classifiers. 
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The Prototype Classifiers output values are then combined to produce a Category 

Score for each of the possible classifications. This is shown below. 

 
Figure 89 RBF TRES Event Neural Network Data Flow  

 
The front-end acquires data and in this case, we are considering down-sampled 

zero-IF acquisitions. These may be transformed in a linear manner, e.g. by using a 

LPF, square law modulation detector, Hilbert or Wavelet transform to produce an 

input vector. The vector is applied to each of the prototype classifications. Each of 

these produces an output between 0 and 1 where the 1 is an exact match and 0 is 

no match with an exponential response. The response curve is nominally a 

Bell/Gaussian curve where the calculation is (Mehdi, 2016): 

Ὢὼ  
ρ

„Ѝς“
Ὡ  

 
where µ is the mean and ʎ the standard deviation. 

Note that ʎ controls the spread of the normal curve and determines the 

categorization of the input vector for each neuron. Should the input vector match 

the neuron category exactly, the output will be at maximum. 
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It is possible to use other types of prototype classification functions such as the 

sinc function where: 

ίὭὲὧὼ  
  

 
  

This is referred to as the sampling function and is very similar to the windowing 

function that we see in the SDR spectrum analysis and as before, the multiplication 

in the time domain produces convolution in the frequency domain. 

The outputs of the category classifiers are then weighted and summed individually 

which produces a category weighted classification. This output vector can then be 

applied to the KNN or RBF classifier to determine the observation from the 

continuous acquisition or used directly. The prototypes must be trained (selected) 

to produce the required Category Selectors. In the KNN method, we must define 

the hyperspace to contain the input vector and this hyperspace must be divided 

up into the various classifications. In the particular model built, it is 128 vectors 

of 128 unsigned 8-bit  integer (uint8_t). In the RBF case, the number of neurons 

(prototype comparators) determines the hyperspace of the input range and the 

weighted sums contribute to the number of categories that can be determined. 

 

6.4. Software Implementation of KNN Engine. 

 
Early software development for investigation of the data acquired from a Nikon 

712 Electron Cyclotron Resonance (ECR) plasma tool was developed on the Intel 

Quark® processor which included a General Vision derived Pattern Matching 

Engine (PME). This PME is a hardware implementation of a basic KNN device. This 
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engine is able to process 25,000 KNN searches per second in hardware with the 

processor running at its maximum clock rate of 4 MHz. It is designed with 128 

vectors of 128 x uint8_t (unsigned 8-bit integer)  values that describe the 

hyperspace. The software modelling developed here was adapted to process the 

RF spectrum analyzer data acquired using the SignalHound SA44B on the Oxford 

Instruments PlasmaLab 100 using the bespoke software acquisition tool, the 

differential cabled balun system and the chamber flush mounted B-field antenna 

within the prototype test -tube. The software was developed using Matlab® to 

process the data and the test-code for the real-time high speed KNN classifier is 

included in the appendix (See Appendix I). A similar approach is adopted for the 

Hilbert and Wavelet transform characterization. As we wanted a general-purpose 

system that could be implemented tool-side to analyze the data acquired from the 

FRES or TRES acquisition subsystem, a KNN system engine was ÃÏÄÅÄ ÉÎ Ȭ#ȭ. This 

was used to process and test the design of a classifier for the event detection of the 

FRES/TRES system. The modelling software code for the KNN model is included 

in Appendix R. The software version of the KNN engine running on an Intel 64bit 

i7 processor at 3.6 GHz can evaluate 12,000 first -nearest-neighbours per second. 

The results of the performance monitor are included with the code in Appendix I. 

For an FPGA system, either a smaller number of multipliers and hyperspace 

dimension KNN or a feed-through RBF system is more suitable. Multipliers are 

expensive in gate count for FPGAs. The design would be to minimize the columns 

and calculate iteratively over the rows. Also, by setting the hyperspace to 

normalized uint8, the multiplications are scaled integers and are bounded. This 

requires reduced resources for routing and gate count permitting the use of 

smaller devices thus reducing cost. The software implementation permits the 
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testing and evaluation of the method for the captured data in a batch-mode 

processing and may be transferred to FPGA implementation either using bespoke 

development or tools such as Simulink®. We implement the algorithms and test 

the efficacy of evaluation process in the following sections. 

6.4.1. Oxford Instruments PlasmaLab 100 KNN Modelling Engine. 
 
To build a KNN model for the Oxford Instruments PlasmaLab 100 tool, a number 

of experiments were performed. This was a two-stage process, the first being to 

step the pressure using fixed flows of gas and the second was to keep the pressure 

constant while stepping the flow rate of gas. This permits the building of two 

distinct basis models for the linear classification of the operating parameters of 

the plasma. The FRES harmonics were recorded using the bespoke BBS recording 

software operating on the SignalHound SA44B with the patent-pending balun 

transmission system. The custom B-field plain-coil probe was inserted into the 

fashioned Pyrex® test-tube to operate parallel to the wall of the plasma chamber 

(see Figure 62 and Figure 64 above). In Chapter 5, the pictures including the 

chamber, the patented balun cabling system, the antenna and the test tube show 

the orientation of the apparatus to acquire the RF harmonics as the plasma is 

operating. 

In the figure (Figure 90) below, the PC connected to the SignalHound SA44B 

running the developed application code acquires the individual harmonics and 

displays them as continuous graphs in time. On the PC screen, three harmonics are 

being recorded in time, with step changes being made to the plasma process. 
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Figure 90 Screenshot Capture of Collection of FRES Harmonics with Plasma Recipe Variation  

 
By inserting the B-field probe inside the test tube flush to the inside chamber wall 

(see Figure 64), a signal with a much richer harmonic content was obtained. The 

near-field FRES high frequency harmonics are greatly attenuated when recorded 

outside of the KF40 flange.  The recorded data is used to build a multivariate 

dataset for the learning phase of the KNN models. There was no measurement of 

harmonics below the drive frequency.  In addition to the harmonics generated by 

the non-linearity of the sheath operation, Ȭslow surface ×ÁÖÅÓȭ ÍÁÙ ÅØÉÓÔ (Steven, 

Sowa, & Cecchi, 1996-01-01), these are of shorter wavelength than the drive. 

Owing to the complex interaction of the sheath non-linearity with the specific 

ÂÏÕÎÄÁÒÙ ÃÏÎÄÉÔÉÏÎÓȟ ÔÈÉÓ ȬÓÌÏ× ×ÁÖÅȭ may be observed. 4ÈÉÓ ȬÓÌÏ× ×ÁvÅȭ ÓÔÉÌÌ ÈÁÓ 

a frequency higher than the drive frequency. For example, in Steven et al (Steven, 

Sowa, & Cecchi, 1996-01-01) with their experiment at a drive frequency of 

135MHz, the wavelength reduction was in the order of 5. The wavelength 

reduction is thought to occur as the E-field is confined to the thin sheath region, 
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and the magnetic field penetrates further towards a value equal to the RF skin 

depth, which can be much larger than the sheath thickness. This magnetic-field 

penetration increases the inductance per unit length of the equivalent 

transmission line, thereby slowing the wave. This is modelled as increased 

inductance that tends to oppose the applied field (Paul A Miller, 2006).  There is a 

large spatial variation in the generation of the frequencies and the models did not 

take into account the probe position with respect of the electrodes. Further work 

is required to reposition the probe and build models taking this positional 

variation into account. The measurements were taken radially to the bulk plasma, 

flush to the surface of the grounded chamber (as seen in Chapter 5).  See Figure 

91 below. 

The FRES measurements were captured up to the 103rd harmonic 

(1,396,646,794.0 Hz) of the drive frequency (13,559,677 Hz). Earlier studies only 

examined the RF spectral range up to 54 MHz (the fourth harmonic) (M J Colgan, 

1994) and in the work of (Paul A Miller, 2006) a spatial variation analysis 

produced only the first 10 harmonics from the FFT analysis for a 13.56 MHz driven 

capacitively coupled plasma system. As we will show later, the examination via 

principal component analysis (PCA) confirms that the varying contribution of the 

higher order harmonics describes a complex plasma interaction to parameter 

changes. 
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Figure 91 Antenna Location for FRES acquisition for High Harmonic Content  

 

Two experimental regimes were utilized. These were modifying the pressure and 

keeping the gas-flow constant and the second was keeping the pressure constant 

and modifying the gas-flows. The experiments may be summarized as follows: 

 

Experiment  

 

ὕ Flow rate 

Pressure 20 sccm 25 sccm 30 sccm 

20 millitorr     

30 millitorr     

40 mill itorr     

50 mill itorr     

Table 5 Experimental Cross Table 

 

The FRES harmonics were recorded for each experimental regime. The data was 

tagged with the recipe parameters. An example of each harmonic recorded is 

shown below showing the narrow band frequency content with an acquisition 
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bandwidth of 250 kHz. The individual harmonics are narrowband and move with 

the base drive frequency. The drive generator for the Oxford Instruments 

Plasmlab100 is an Advanced Energy Hilight 136 13.56 MHz 600 W power supply 

shown in the picture below: 

 

 

Figure 92 Oxford Instruments PlasmaLab 100 Tool RF Power Supply Unit  

 
The power supply / signal generator is not very accurate and drifts significantly 

in frequency with load, time and temperature. The drift is of the order of 200 kHz 

when the power supply is first turned on until it settles to its steady-state 

frequency. The power supply frequency in the adjacent chamber on the machine 

is within approximately 500 Hz of the first chamber. This may be seen in the figure 

(Figure 93) below. 
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Figure 93 Adjacent RF PSU Frequenc ies on Two Chambers of Oxford Instruments PlasmaLab100 CCP 
Tool  (screenshot taken from Spike  Ά ÓÏÆÔ×ÁÒÅɊȢ 

 

The primary drive frequency generates the harmonics which are very 

narrowband. To find the high-order harmonics, a bandwidth (BW) of 250 kHz 

around the estimated harmonic is recorded. Peak-value finding is then performed 

on these vectors of frequencies to extract the value of the particular harmonic. 

This peak value is then used for each recorded harmonic for further processing. 

 

Figure 94 Recording of Example FRES Harmonic (50th of 13.5596  MHz) at 677.98  MHz 
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This is a narrowband acquisition with high resolution and accuracy. Based on the 

primary drive frequency, rounding errors in the high-order harmonic frequency 

calculation and errors in the calibration of the spectrum analyzer must be taken 

into account. Signals received by the B-field antenna are of the order of -80 dBm 

(22.36 microvolt) to 155 dBm (1.257 microvolt). These are recorded and tagged 

with their operating parameters. A subset of the recorded data is used to build the 

KNN model and the remainder is used to test the model and the results are then 

tabulated. 

 

6.4.2. Experimental Data Set 
 
The experiments consisted of recording the FRES harmonics on the Oxford 

Instruments PlasmaLab100 while adjusting the pressure and the gas-flow for ὕ 

in an Ar plasma. The pressure was adjusted for 20, 30, 40 and 50 millitorr and the 

gas flow was modulated from 20, 25 and 30 standard cubic centimetres per 

minute (sccm). Sufficient time was allowed for the plasma to settle and a suitable 

number of recordings of each of the 102 (primary was not recorded) harmonics 

were taken. Within the limits of the SignalHound SA44B, each harmonic requires 

approximately 300 ms to record and to complete a sweep of ~100 harmonics 

requires 30 seconds. Three to five recordings of each harmonic at a particular 

experiment steady state were recorded. This necessitated making the parameter 

change to the plasma and then recording for approximately 2 minutes at each step. 

 

Some preliminary statistics of the results were first generated to evaluate the 

linear KNN model usage and the visualization of the FRES data. The data was 
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analyzed over the evaluation of the pressure change with the three gas-flows kept 

constant. This permits the visualization of the data in the pressure regime. The 

following graphs show the three experiments side-by-side. 

 

 

Figure 95 Plot of RES Harmonics as a Function of Varying Chamber Pressure  

 

 

Figure 96 Plot of  RES Harmonics as a Function of Gas Flow Change 
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As can be seen, there is little or no change to the harmonic content based on the 

flow rate of the ὕ whilst there is significant change for the pressure changes. We 

will see this later in the KNN results. 

 

 

6.4.2.1. Harmonic Surface, Box and Principal Component Plots 
By plotting the harmonics (normalized) as a function of pressure and comparing 

for the different gas-flows, the same common feature set can be observed. The 

following figures (Figure 97) show the plane of harmonics as the pressure is 

ÖÁÒÉÅÄȢ 5Ð ÔÏ υ ÈÁÒÍÏÎÉÃ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÍÁÄÅ ÁÔ ÅÁÃÈ ȬÓÔÅÁÄÙ ÓÔÁÔÅȭ ÍÏÄÅ ÏÆ 

the plasma. The steady-state mode was a change to a particular pressure with a 

constant flow rate or a change to flow rate entering the plasma while maintaining 

Á ÃÏÎÓÔÁÎÔ ÐÒÅÓÓÕÒÅȢ 7Å ÇÒÁÐÈ ÔÈÅ ÈÁÒÍÏÎÉÃÓ ÁÓ Á ȬÐÌÁÎÅȭ ×ÉÔÈ ÔÈÅ ÃÈÁÎÇÅ ÉÎ 

ÐÒÅÓÓÕÒÅ ÐÅÒÐÅÎÄÉÃÕÌÁÒ ÔÏ ÔÈÅ ÐÁÇÅ ÏÎ ÔÈÅ : ÁØÉÓȢ 4ÈÅ ȬÂÁÎÄÓȭ ÏÆ ÐÒÅÓÓÕÒÅ ÃÈÁÎÇÅ 

can be clearly observed. 

 

The graph legends are as follows: 

¶ X = Harmonic number 

¶ Y = normalized power of harmonic 

¶ Z = samples (number) 

o 1-16 for 50 millitorr,  

o 17-34 for 40 millitorr  

o 35-50 for 30 millitorr and  

o 51-66 for 20 millitorr  

The three planes are then plotted for the different flow rates of ὕ. 
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