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Abstract 

In microelectronics, semiconductors and automobiles industries, the surface properties 

of the adopted materials degrade continuously and also their applications are being constrained 

because of the issues of poor corrosion resistance, wear resistance, surface roughness, fatigue 

failure, and lower hardness. The performance of a material is determined by its surface 

properties. Therefore, in order to explore engineering industries in a greater detail, it is 

necessary to minimize hostile environments so that the material surfaces can be protected. One 

of the imperative ways to deal with such problems is the plasma-based material processing 

through the understanding of plasma-surface interactions. Plasma-based surface treatments are 

vitally used to modify the specific surface biological property while bulk properties remain 

unaltered. In order to understand the mechanism of plasma-surface interactions, it is necessary 

to understand the concept of sheath, which is a thin layer of charged species that is formed 

surrounding a metallic conducting surface when it comes into the contact of a plasma. 

Electronegative plasma is composed of electrons, negative ions and positive ions. Such 

plasmas are being widely adopted for the last two decades because of their expanding 

applications in many fields such as spacecraft propulsion, microelectronics industries, thin-film 

deposition and sputtering, mass spectroscopy, plasma-based surface processing, and many 

more. Such plasmas are preferred for these applications because of relatively less impact of 

electrons on the surface of the material under investigation. In many applications, they serve 

as ion source because of the requirement of both positive and negative ion beams; these have 

also been used in low energy beam applications and also when energetic electrons can produce 

destructive effects on the surface. The best method to ward off irregular shapes is the addition 

of negative ions to counterbalance the positive ions, assemble on the wafer and also to enhance 

the working of materials using in the fabrication of integrated circuits. Electronegative plasmas 

are widely adopted for soft substrates to have a defect-free analysis, as they develop immensely 

small sheath voltage in comparison with electropositive one. 

 A large number of theoretical models have been developed to study sheath formation 

criterion and behaviour of plasma parameters. However, these models still have some 

limitations. For example, in most of the investigations, the researchers assumed the behaviour 

of negative ions through their Boltzmann distribution, which is far from the reality due to the 

neglect of their mass. Since the difference of mobilities of the positive and negative ions is not 

much and it is not appropriate to consider Boltzmann distribution for only negative ions, both 
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these ions should be treated at equal footings with inclusion of their masses. Moreover, the 

mass-ratio of the ions is also neglected, which plays a crucial role in the sheath formation 

process during plasma-based material processing. A very few mathematical models are 

available in the literature which investigate the influence of non-extensive distributed electrons 

on the sheath characteristics. Therefore, it is desirable to develop new models to study the 

realistic situation in a greater detail. 

 In the present thesis, keeping in mind all the above points, we have developed 

theoretical models where the finite mass of ions is considered and the behaviour of both the 

positive and negative ions is taken to be governed by the fluid equations. We have also 

considered the drift term in the momentum transfer equation of the negative ions to explore the 

practical case by taking into account the generalized situation of their different masses from 

the positive ions. In view of the realistic situation, the cases of presence and absence of the 

negative ions’ drift term has been compared and it is shown that this drift term has a significant 

effect on the sheath formation criterion. The impact of negative-to-positive ion mass-ratio on 

the behaviour of plasma parameters and sheath characteristics has also been analyzed. We have 

established a relation which speaks about the sheath thickness. Our mathematical models have 

explained the exact sheath thickness determination and plasma parameters, like potential 

profile, the density of the charged species, ions velocity, etc. in the sheath region. The case of 

doubly charged ions is also considered herewith. A mathematical model has also been 

developed to investigate two-temperature non-extensive distributed electrons in the 

electropositive warm plasma having finite collisions and ionizations. Some singularities were 

encountered in the mathematical treatment, which have been discussed in detail and are 

removed while applying appropriate boundary conditions. One of the important results is the 

absence of oscillatory structure of the potential when the negative ions are described by their 

fluid equations (as that of the positive ions), instead of their Boltzmann distribution as assumed 

by the other workers. In magnetized collisional electronegative warm plasma if the magnetic 

field is strong, then the profile of positive-ion density near the sheath edge has shown a pulse-

like structure for the case when we neglect the components of the positive ions’ velocity 

parallel to the probe/wall at the sheath edge. This pulse-like structure disappeared when all the 

components of the positive ions velocity at the sheath edge have been included.  

 The outcome of this thesis would be advantageous in the experiments like plasma-based 

material processing where higher potential gradient is preferred to have a better thin films 

formation, since the positive ions are accumulated within a short region and results in preferred 
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thin film formed. These results would help experimentalists to select a particular plasma for a 

specific application. These results would help to understand those experiments where the 

negative ions are intentionally added to counterbalance the positive ions to ward off irregular 

shapes. Such results would enhance the working of materials used in the fabrication of 

integrated circuits. It is also expected to play a significant role in understanding astrophysical 

plasmas and plasma reactors at low-pressure conditions, where two types of the electrons are 

formed and the density distribution of these species is far from their usual Boltzmann 

distribution. The problem of communication blackout, which is occurred when a hypersonic 

speed is attained by space vehicles during their travelling through the atmosphere, can also be 

addressed.  
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सार 

माइक्रोइलेक्ट्र ॉनिक, अर्धचालक और ऑटोमोबाइल उद्योगोों में अपिाये गए पदार्थों की सतह के 

गुणोों में लगातार नगरावट आती है और खराब सोंक्षारण प्रनतरोर्, र्ातु श्ाोंनतकी प्रनतरोर्, सतह खुरदरापि, 

श्ाोंनतज पात और कम कठोरता के मुद्ोों के कारण उिके अिुप्रयोगोों को भी बानर्त नकया जा रहा है। नकसी 

पदार्थध का प्रदर्धि उसकी सतह के गुणोों से निर्ाधररत होता है। इसनलए, इोंजीनियररोंग उद्योगोों का अनर्क 

नवस्तार से पता लगािे के नलए, प्रनतकूल वातावरण को कम करिा आवश्यक है तानक पदार्थों की सतहोों 

को सोंरनक्षत नकया जा सके। ऐसी समस्याओों से निपटिे के अनिवायध तरीकोों में से एक प्लाज्मा-सतह की 

अन्योन्यनक्रया की समझ के माध्यम से प्लाज्मा-आर्ाररत सामग्री प्रसोंस्करण है। प्लाज्मा आर्ाररत सतह 

के उपचार का उपयोग नवनर्ष्ट सतह जैनवक गुण को सोंर्ोनर्त करिे के नलए नकया जाता है जबनक बल्क 

गुण अपररवनतधत रहते हैं। प्लाज्मा-सतह के अोंतः नक्रयाओों के तोंत्र को समझिे के नलए, म्याि की अवर्ारणा 

को समझिा आवश्यक है, जो नक आवेनर्त प्रजानतयोों की एक तिु परत होती है जो एक प्लाज्मा के सोंपकध  

में आिे पर र्ातु की सोंवाहक सतह के आसपास बिती है। 

इलेक्ट्र ोिगेनटव प्लाज्मा इलेक्ट्र ॉिोों, िकारात्मक आयिोों और सकारात्मक आयिोों से बिा होता है। 

इस तरह के प्लाज़्मा को नपछले दो दर्कोों से अोंतररक्ष याि प्रणोदि, माइक्रोइलेक्ट्र ॉनिक उद्योग, तिु-

निल्म जमाव और स्पटररोंग, मास से्पक्ट्र ोस्कोपी, प्लाज्मा-आर्ाररत सतह प्रसोंस्करण, और कई अन्य के्षत्रोों 

में उिके नवस्ताररत अिुप्रयोगोों के कारण व्यापक रूप से अपिाया जा रहा है । जाोंच के तहत पदार्थध की 

सतह पर इलेक्ट्र ॉिोों के अपेक्षाकृत कम प्रभाव के कारण इि अिुप्रयोगोों के नलए ऐसे प्लाज़्मा को 

प्रार्थनमकता दी जाती है। कई अिुप्रयोगोों में, वे सकारात्मक और िकारात्मक आयि बीम दोिोों की 

आवश्यकता के कारण आयि स्रोत के रूप में कायध करते हैं; इिका उपयोग कम ऊजाध बीम अिुप्रयोगोों 

में भी नकया गया है और तब भी जब ऊजाधवाि इलेक्ट्र ॉि सतह पर नविार्कारी प्रभाव पैदा कर सकते हैं। 

अनियनमत आकार को दूर करिे का सबसे अच्छा तरीका वेिर पर इकट्ठा हुए सकारात्मक आयिोों को 

सोंतुनलत करिे के नलए िकारात्मक आयिोों को जोड़िा है, और एकीकृत सनकध ट के निमाधण में उपयोग की 

जािे वाली सामनग्रयोों के काम को बढािे के नलए भी है। इलेक्ट्र ोिगेनटव प्लाज़्मा को व्यापक रूप से िरम 

सब्सटर ेट के नलए एक दोष-मुक्त नवशे्लषण के नलए अपिाया जाता है, क्ोोंनक वे इलेक्ट्र ोपोनसनटव प्लाज़्मा 

की तुलिा में अत्यनर्क छोटे म्याि वोले्टज नवकनसत करते हैं। 

म्याि निमाधण मािदोंड और प्लाज्मा मापदोंडोों के व्यवहार का अध्ययि करिे के नलए बड़ी सोंख्या 

में सैद्ाोंनतक मॉडल नवकनसत नकए गए हैं। हालााँनक, इि मॉडलोों की अभी भी कुछ पररसीमािताएाँ  हैं। 

उदाहरण के नलए, अनर्काोंर् जाोंचोों में, र्ोर्कताधओों िे बोल््टजमाि नवतरण के माध्यम से िकारात्मक 

आयिोों के व्यवहार को अपिाया है, जो नक उिके द्रव्यमाि की उपेक्षा के कारण वास्तनवकता से बहुत दूर 

है। चूाँनक र्िात्मक और ऋणात्मक आयिोों की गनतर्ीलता का अोंतर अनर्क िही ों है और केवल ऋणात्मक 

आयिोों के नलए बोल््टजमाि नवतरण को अपिािा उनचत िही ों है, इि दोिोों आयिोों को उिके द्रव्यमािोों को 

र्ानमल करते हुए समाि स्तर पर व्यवहार नकया जािा चानहए। इसके अलावा, आयिोों के द्रव्यमाि-

अिुपात की भी उपेक्षा की जाती है, जो प्लाज्मा-आर्ाररत सामग्री प्रसोंस्करण के दौराि म्याि निमाधण 

प्रनक्रया में महत्वपूणध भूनमका निभाता है। सानहत्य में बहुत कम गनणतीय मॉडल उपलब्ध हैं जो म्याि 

नवरे्षताओों पर गैर-व्यापक नवतररत इलेक्ट्र ॉिोों के प्रभाव की जाोंच करते हैं। इसनलए, यर्थार्थधवादी स्थर्थनत 

का अनर्क नवस्तार से अध्ययि करिे के नलए िए मॉडल नवकनसत करिा वाोंछिीय है।  

वतधमाि र्थीनसस में, उपरोक्त सभी नबोंदुओों को ध्याि में रखते हुए, हमिे सैद्ाोंनतक मॉडल नवकनसत 

नकए हैं जहाों आयिोों के पररनमत द्रव्यमाि पर नवचार नकया गया है और सकारात्मक और िकारात्मक 
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दोिोों आयिोों के व्यवहार को द्रव समीकरणोों द्वारा नियोंनत्रत नकया गया है। हमिे सकारात्मक आयिोों से 

िकारात्मक आयिोों के नभन्न द्रव्यमािोों की सामान्यीकृत स्थर्थनत को ध्याि में रखते हुए व्यावहाररक मामले 

का पता लगािे के नलए िकारात्मक आयिोों के गनत हस्ताोंतरण समीकरण में बहाव र्ब्द पर भी नवचार 

नकया है। वास्तनवक स्थर्थनत को देखते हुए ऋणात्मक आयिोों की प्रवाह अवनर् की उपस्थर्थनत और 

अिुपस्थर्थनत के मामलोों की तुलिा की गई है और यह नदखाया गया है नक इस प्रवाह र्ब्द का म्याि गठि 

मािदोंड पर महत्वपूणध प्रभाव पड़ता है। प्लाज्मा मापदोंडोों और म्याि नवरे्षताओों के व्यवहार पर 

िकारात्मक-से-सकारात्मक आयि द्रव्यमाि-अिुपात के प्रभाव का भी नवशे्लषण नकया गया है। हमिे एक 

सोंबोंर् थर्थानपत नकया है जो म्याि की मोटाई के बारे में बताता है। हमारे गनणतीय मॉडल िे म्याि के्षत्र में 

सटीक म्याि मोटाई निर्ाधरण और प्लाज्मा मापदोंडोों, जैसे सोंभाव्यता प्रोफाइल, आवेनर्त प्रजानतयोों का 

घित्व, आयिोों का वेग, आनद की व्याख्या की है। दोगुिे आवेनर्त आयिोों के मामले पर भी इसके सार्थ 

नवचार नकया गया है। पररनमत टकराव और आयिीकरण वाले इलेक्ट्र ोपोनसनटव गमध प्लाज्मा में दो-तापमाि 

गैर-व्यापक नवतररत इलेक्ट्र ॉिोों की जाोंच के नलए एक गनणतीय मॉडल भी नवकनसत नकया गया है। गनणतीय 

उपचार में कुछ नवलक्षणताओों का सामिा करिा पड़ा, नजि पर नवस्तार से चचाध की गई है और उपयुक्त 

सीमा र्तों को लागू करते हुए हटा नदए गए हैं। महत्वपूणध पररणामोों में से एक सोंभाव्यता की दोलि सोंरचिा 

की अिुपस्थर्थनत है जब िकारात्मक आयिोों को उिके बोल्टज़मैि नवतरण के बजाय जैसा नक अन्य श्नमकोों 

द्वारा मािा गया है उिके तरल समीकरणोों (सकारात्मक आयिोों की तरह) द्वारा वनणधत नकया जाता है। 

मैगे्नटाइज्ड कोनलजिल इलेक्ट्र ोिगेनटव वामध प्लाज़्मा में यनद चुोंबकीय के्षत्र मजबूत है, तो म्याि नकिारे के 

पास सकारात्मक-आयि घित्व के प्रोिाइल में एक पल्स जैसी सोंरचिा नदखाई देती है जब हम म्याि 

नकिारे पर जाोंच/दीवार के समािाोंतर र्िात्मक आयिोों के वेग के घटकोों की उपेक्षा करते हैं। यह पल्स 

जैसी सोंरचिा गायब हो जाती है जब म्याि के नकिारे पर सकारात्मक आयिोों के वेग के सभी घटकोों को 

र्ानमल नकया गया। 

इस र्थीनसस का पररणाम प्लाज्मा-आर्ाररत पदार्थध प्रसोंस्करण जैसे प्रयोगोों में लाभदायक होगा, 

जहाों अपेक्षाकृत अच्छी तिु निल्मोों के निमाधण के नलए उच्च सोंभाव्यता ढाल को प्रार्थनमकता दी जाती है, 

क्ोोंनक सकारात्मक आयि एक छोटे के्षत्र के भीतर जमा होते हैं और इसके पररणामस्वरूप वाोंनछत तिु 

निल्म बिती है। ये पररणाम प्रयोगवानदयोों को एक नवनर्ष्ट अिुप्रयोग के नलए एक नवरे्ष प्लाज्मा का चयि 

करिे में मदद करें गे। ये पररणाम उि प्रयोगोों को समझिे में मदद करें गे जहाों अनियनमत आकार को दूर 

करिे के नलए सकारात्मक आयिोों को सोंतुनलत करिे के नलए जािबूझकर िकारात्मक आयिोों को जोड़ा 

जाता है। इस तरह के पररणाम एकीकृत पररपर्थोों के निमाधण में उपयोग की जािे वाले पदार्थों के कामकाज 

में वृस्द् करें गे। इि पररणामोों से एस्ट्र ोनिनजकल प्लाज़्मा और कम दबाव की स्थर्थनत में प्लाज़्मा ररएक्ट्रोों 

को समझिे में भी महत्वपूणध भूनमका निभािे की उम्मीद है, जहाों दो प्रकार के इलेक्ट्र ॉि बिते हैं और इि 

प्रजानतयोों का घित्व नवतरण उिके सामान्य बोल््टज़माि नवतरण से बहुत दूर है। सोंचार बै्लकआउट की 

समस्या, जो तब होती है जब अोंतररक्ष वाहिोों द्वारा वातावरण के माध्यम से यात्रा के दौराि एक अनतध्वनिक 

गनत प्राप्त की जाती है, को भी सोंबोनर्त नकया जा सकता है। 
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charged species densities (c) and net space charge density (d) with normalized distance from 

the sheath edge (𝜉𝑠) for different collisional parameters (𝛼) when 𝛿 = 0.005, 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑃 = 

𝛾𝑁 = 10, 
𝑀𝑁

𝑀𝑃
 = 0.5, 𝑁𝑁0 = 2, 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 25. Comparative 

study of the sheath thickness for 𝛾 = 0 and −1 as a function of the collisional parameter is 

depicted in (e). In Fig. 4.16(c), solid, dash-dot and dotted lines correspond to 𝛼 = 0.01, 0.1 and 

1, respectively. Here, dark and light lines are represented for positive and negative species 

density profile, respectively. 

Figure. 4.17: Variation of normalized charged species densities (a), electrostatic potential (b), 

positive ion velocity (c) and net space charge density (d) with normalized distance from the 

sheath edge (𝜉𝑠) for different electronegativity (𝑁𝑁0) when 𝛿 = 0.005, 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑃 = 𝛾𝑁 = 

10, 
𝑀𝑁

𝑀𝑃
 = 0.5, 𝛼 = 0.01 , 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 25. Comparative study 

of the sheath thickness for 𝛾 = 0 and −1 as a function of electronegativity is depicted in (e). In 

Fig. 4.17(a), solid, dash-dot and dotted lines correspond to 𝑁𝑁0 = 1, 5 and 10, respectively. 

Here, dark and light lines are represented for positive and negative species density profile, 

respectively. 

Figure. 4.18: Variation of normalized electrostatic potential (a), positive ion velocity (b) and 

charged species densities (c) with normalized distance from the sheath edge (𝜉𝑠) for different 

temperature ratio of electrons to negative ions (𝛾𝑁 ) when 𝛿 = 0.005, 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑃 = 10, 
𝑀𝑁

𝑀𝑃
 

= 0.5, 𝛼 = 0.01 , 𝑁𝑁0 = 2, 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 25. Comparative study 

of the sheath thickness for 𝛾 = 0 and −1 as a function of temperature ratio of electrons to 

negative ions is depicted in (d). In Fig. 4.18(c), solid, dash-dot and dotted lines correspond to 

𝛾𝑁 = 2, 4 and 10, respectively. Here, dark and light lines are represented for positive and 

negative species density profile, respectively. 

Figure. 4.19: The behaviour of normalized positive ion velocity (a), electrostatic potential (b), 

charged species densities (c) and net space charge density (d) with normalized distance from 

the sheath edge (𝜉𝑠) for different mass ratio of negative to positive ions (
𝑀𝑁

𝑀𝑃
 ) when 𝛿 = 0.005, 

𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑃 = 𝛾𝑁 = 10, 𝛼 = 0.01 , 𝑁𝑁0 = 2, 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 
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25. Comparative study of the sheath thickness for 𝛾 = 0 and −1 as a function of mass ratio of 

negative to positive ions is depicted in (e). In Fig. 4.19(c), solid, dash-dot and dotted lines 

correspond to 
𝑀𝑁

𝑀𝑃
   = 0.275, 0.5 and 1, respectively. Here, dark and light lines are represented 

for positive and negative species density profile, respectively. 

Figure. 4.20: The behaviour of normalized positive ion velocity (a) and electrostatic potential 

(b) as a function of normalized distance from the sheath edge (𝜉𝑠) for different temperature 

ratio of electrons to positive ions (𝛾𝑃) when 𝛿 = 0.005, 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑁 = 10, 
𝑀𝑁

𝑀𝑃
  = 0.5; 𝛼 = 

0.01, 𝑁𝑁0 = 2, 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 25. Comparative study of the 

sheath thickness for 𝛾 = 0 and −1 as a function of temperature ratio of electrons to positive 

ions is depicted in (c). 

Figure. 4.21: Behaviour of normalized electrostatic potential (a), positive ion velocity (b) and 

net space charge density (c) as a function of normalized distance from the sheath edge (𝜉𝑠) for 

different non-neutrality parameter (δ) when 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾𝑃 = 𝛾𝑁 = 10, 𝛼 = 0.01, 
𝑀𝑁

𝑀𝑃
 = 0.5, 

𝑁𝑁0 = 2, 𝛾 = 0, 𝐴 = 0.0005, 𝐷 = 0.0015 and 𝜓𝑃(𝜉𝑃𝑃) = 25. Comparative study of the sheath 

thickness for 𝛾 = 0 and −1 as a function of non-neutrality parameter is depicted in (d). 

Figure. 4.22: Comparative study of normalized electric potential as a function of normalized 

distance for 𝜈𝑖𝑜𝑛 > 𝜈𝑑𝑒𝑡 > 𝜈𝑎𝑡𝑡 and 𝜈𝑑𝑒𝑡 > 𝜈𝑎𝑡𝑡 > 𝜈𝑖𝑜𝑛 when 𝛿 = 0.005, 𝑍𝑃 = 𝑍𝑁 = 1, 𝛾 = −1, 

𝑀𝑁

𝑀𝑃
 = 0.5, 𝛾𝑃 = 𝛾𝑁 = 10, 𝛼 = 0.01 , 𝑁𝑁0 = 2 and 𝜓𝑃(𝜉𝑃𝑃) = 25. 

Figure. 5.1: Normalized values of the lower allowed ion velocity at the sheath edge, i.e. 

𝑈𝑃0𝑀𝑖𝑛, as a function of the non-extensive parameter (𝑞) for (a) different values of the 

collisional parameter (𝛼) and non-neutrality parameter (𝛿) with 𝛼 = 0.1 and 𝛿 = 0.025 (curve-

1),  𝛼 = 0.1 and 𝛿 = 0.05 (curve-2) and 𝛼 = 1 and 𝛿 = 0.05 (curve-3) when 𝛼𝑐 = 0.6, 𝜓0
′  = 0.1, 

𝑇𝑃 = 0.2 eV, 𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV and 𝑍𝑃 = 1; (b) for different values of the cold electron 

density (𝛼𝑐) and ion temperature (𝑇𝑃) with 𝛼𝑐 = 0.3 and 𝑇𝑃 = 0.2 eV (curve-1), 𝛼𝑐 = 0.6 and 

𝑇𝑃 = 0.5 eV (curve-2) and 𝛼𝑐 = 0.6 and 𝑇𝑃 = 0.2 eV (curve-3) when 𝛿 = 0.05, 𝛼 = 1, 𝜓0
′  = 0.1, 

𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV and 𝑍𝑃 = 1; and (c) for different values of the hot electron temperature 

(𝑇ℎ) when 𝛼𝑐 = 0.6, 𝛿 = 0.05, 𝛼 = 1, 𝜓0
′  = 0.1, 𝑇𝑃 = 0.2 eV, 𝑇𝑐 = 2 eV and 𝑍𝑃 = 1.  

Figure. 5.2: Normalized values of the allowed band for the ion velocity at the sheath edge as 

a function of the initial electric field at the sheath edge (𝜓0
′ ) when 𝛼𝑐 = 0.6, 𝛿 = 0.05, 𝛼 = 1, 

𝑇𝑃 = 0.2 eV, 𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV, 𝑞 = 0.1 and 𝑍𝑃 = 1. Here, curve-1 and curve-2, respectively, 

correspond to 𝑈𝑃0𝑀𝑎𝑥 and 𝑈𝑃0𝑀𝑖𝑛. 
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Figure. 5.3: Normalized densities of electrons (curve-1) and ions (curve-2) as a function of the 

normalized distance from the sheath edge (𝜉𝑠) for (a) 𝑈𝑃0 < 𝑈𝑃0𝑀𝑖𝑛, i.e. 0.55; (b) 𝑈𝑃0 > 

𝑈𝑃0𝑀𝑎𝑥, i.e. 1.35; and (c) 𝑈𝑃0𝑀𝑖𝑛 < 𝑈𝑃0 < 𝑈𝑃0𝑀𝑖𝑛, i.e. 0.7 when 𝛼𝑐 = 0.6, 𝛿 = 0.05, 𝛼 = 1, 𝜓0
′  

= 0.1, 𝑇𝑃 = 0.2 eV, 𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV, 𝑞 = 0.25 and 𝑍𝑃 = 1. 

Figure. 5.4: Variation of electric potential with the normalized distance from the sheath edge 

(𝜉𝑠) for (a) different values of the cold electron density (𝛼𝑐), collisional parameter (𝛼) and 

non-neutrality parameter (𝛿) with 𝛼𝑐 = 0.7, 𝛼 = 0.1 and 𝛿 = 0.05 (curve-1), 𝛼𝑐 = 0.3, 𝛼 = 0.1 

and 𝛿 = 0.2 (curve-2), 𝛼𝑐 = 0.3, 𝛼 = 0.1 and 𝛿 = 0.05 (curve-3) and 𝛼𝑐 = 0.3, 𝛼 = 1 and 𝛿 = 

0.05 (curve-4) when 𝜓0
′  = 0.1, 𝑇𝑃 = 0.2 eV, 𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV, 𝑞 = 0.1 and 𝑍𝑃 = 1; and (b) 

for different values of the ion temperature (𝑇𝑃), hot electron temperature (𝑇ℎ) and non-

extensive parameters (𝑞) with 𝑇ℎ = 6 eV, 𝑇𝑃 = 0.2 eV and 𝑞 = 0.99 (curve-1), 𝑇ℎ = 2 eV, 𝑇𝑃 = 

0.2 eV and 𝑞 = 0.25 (curve-2),  𝑇ℎ = 6 eV, 𝑇𝑃 = 0.8 eV and 𝑞 = 0.25 (curve-3) and 𝑇ℎ = 6 eV, 

𝑇𝑃 = 0.2 eV and 𝑞 = 0.25 (curve-4) when 𝛼𝑐 = 0.6, 𝛿 = 0.05, 𝛼 = 1, 𝜓0
′  = 0.1, 𝑇𝑐 = 2 eV and 𝑍𝑃 

= 1. 

Figure. 5.5: Normalized sheath thickness as a function of the (a) cold electron density (𝛼𝑐) for 

different values of the collisional parameter (𝛼) and non-neutrality parameter (𝛿) with 𝛼 = 1 

and 𝛿 = 0.05 (curve-1),  𝛼 = 0.1 and 𝛿 = 0.05 (curve-2) and 𝛼 = 0.1 and 𝛿 = 0.2 (curve-3) when 

𝜓0
′  = 0.1, 𝑇𝑃 = 0.2 eV, 𝑇ℎ = 6 eV, 𝑇𝑐 = 2 eV, 𝑞 = 0.1 and 𝑍𝑃 = 1; and as a function of the (b) 

non-extensive parameter (𝑞) for different values of the ion temperature (𝑇𝑃) and hot electron 

temperature (𝑇ℎ) with 𝑇ℎ = 10 eV and 𝑇𝑃 = 0.2 eV (curve-1), 𝑇ℎ = 10 eV and 𝑇𝑃 = 0.8 eV 

(curve-2) and 𝑇ℎ = 6 eV and 𝑇𝑃 = 0.2 eV (curve-3) when 𝛼𝑐 = 0.6, 𝛿 = 0.05, 𝛼 = 1, 𝜓0
′  = 0.1, 

𝑇𝑐 = 2 eV and 𝑍𝑃 = 1.  

Figure. 5.6: Behaviour of UP0 as a function of the non-extensive parameter (q) for (a) different 

values of the collisional parameter (α) when ψ0
′  = 0.1, NN0 = 5, 𝛾P = 10 and 𝛾N = 10; (b) for 

different values of electronegativity (NN0) when ψ0
′  = 0.1, α = 0.1, 𝛾P = 10 and 𝛾N = 10; (c) 

for different values of negative ion temperature (𝛾N) when ψ0
′  = 0.1, α = 0.1, 𝛾P = 10 and 𝑁N0 = 

5; and (d) for different values of positive ion temperature (𝛾P) when ψ0
′  = 0.1, α = 0.1, 𝛾N = 

10 and NN0 = 5. 

Figure. 5.7: Behaviour of charged species densities, i.e. NP, NN and Ne as a function of 

distance from the sheath edge to probe/wall position for different values of (a) 𝛾P = 5 and (b) 

𝛾P = 25 when ψ0
′  = 0.1, α = 0.1, 𝛾N = 10, q = 0.5 and NN0 = 2. Behaviour of net space charge 
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density, NNet (c) as a function of distance from the sheath edge to probe/wall position for 

different values of 𝛾P with the similar aforesaid parameters. 

Figure. 5.8: Behaviour of (a) electric potential (ψ) and (b) positive ion velocity (UP) as a 

function of distance from the sheath edge to probe/wall position for different values of 

collisional parameter (α) when ψ0
′  = 0.1, 𝛾N = 10, 𝛾P = 15,  q = 0.5 and NN0 = 5. 

Figure. 5.9: Comparative study of charged species densities as a function of distance from the 

sheath edge to probe/wall position for electropositive (thin lines) and electronegative plasma 

(thick lines) when ψ0
′  = 0.1, 𝛾N = 10, 𝛾P = 5,  q = 0.5 and α = 0.1. Here, NN0  = 0 corresponds 

to electropositive plasma. 

Figure. 6.1: Geometry of the system. 

Figure. 6.2: Minimum allowed values of z-component of positive ion velocity at the sheath 

edge, i.e. 𝑈𝑃0𝑧𝑀𝑖𝑛, for  (a) distinctive non-neutrality parameter (𝛿) with 𝛼 = 1 and 𝑞 = 0.4,  𝛼 

= 1 and 𝑞 = 0.75 and 𝛼 = 2.5 and 𝑞 = 0.4 when 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝜃 

= 30, C = 1, 𝑁𝑁0 = 2 and 𝛼𝐵 = 1.2869; (b) distinctive initial electric field at the sheath edge 

(𝜓0
′ ) with 𝛾𝑃 = 0.01 and 𝛾𝑁 = 0.05, 𝛾𝑃 = 0.01 and 𝛾𝑁 = 0.2 and 𝛾𝑃 = 0.1 and 𝛾𝑁 = 0.05 when 

𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝑁𝑁0 = 2, 𝑞 = 0.4, 𝜃 = 30, C = 1 and 𝛼𝐵 = 1.2869; (c) distinctive 

incidence angle of magnetic field  (𝜃) with C = 1, C = 5/3 and C = 3 when 𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 

= 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.4, 𝑁𝑁0 = 2 and 𝛼𝐵 = 1.2869; and (d) distinctive 

negative ion background density (𝑁𝑁0) with 𝑈𝑃0𝑦 =
𝜓0
′ sin𝜃

𝛼𝐵
 and 𝑈𝑃0𝑦 = 0 when 𝛿 = 0.05, 𝛼 = 

1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.4, 𝜃 = 30 and 𝛼𝐵 = 1.2869. 

Figure. 6.3: Impact of boundary conditions (the components of positive ions velocity parallel 

to the probe/wall at the sheath edge) on the positive ion density (a) and negative species 

densities (b) as a function of distance from the sheath edge with 𝑈𝑃0𝑥 = 𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 𝑈𝑃0𝑦 =

𝜓0
′ sin𝜃

𝛼𝐵
 (solid line), 𝑈𝑃0𝑥 = 0 and 𝑈𝑃0𝑦 =

𝜓0
′ sin𝜃

𝛼𝐵
 (dotted-dashed line), 𝑈𝑃0𝑥 = 𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 

𝑈𝑃0𝑦 = 0 (dashed line) and 𝑈𝑃0𝑥 = 0 and 𝑈𝑃0𝑦 = 0 (dotted line) when 𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 

𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 = 2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.7, 𝜃 = 30, C = 1 and 𝛼𝐵 = 1.2869.  

Figure. 6.4: Impact of boundary conditions (the components of positive ions velocity parallel 

to the probe/wall at the sheath edge) on x-, y- and z-components of positive ion velocity with 

𝑈𝑃0𝑥 = 𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 𝑈𝑃0𝑦 =
𝜓0
′ sin𝜃

𝛼𝐵
 (a), 𝑈𝑃0𝑥 = 0 and 𝑈𝑃0𝑦 = 0 (b), 𝑈𝑃0𝑥 = 𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 



xxii | P a g e  
 

𝑈𝑃0𝑦 = 0 and 𝑈𝑃0𝑥 = 0 and 𝑈𝑃0𝑦 = 0  when 𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 = 

2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.7, 𝜃 = 30, C = 1 and 𝛼𝐵 = 1.2869.  

Figure. 6.5: Profiles of electric potential (a) and positive ion density (b) as a function of 

distance from the sheath edge with distinctive strength of the magnetic field (𝛼𝐵) and initial x-

component of positive ion velocity (𝑈𝑃0𝑥) when  𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 

= 2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.7, 𝜃 = 30 and C = 1. 

Figure. 6.6: Profiles of x-, y- and z-components of positive ion velocity with distinctive 

magnetic field values when  𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 = 2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 

0.1, 𝑞 = 0.7, 𝜃 = 30, C = 1, 𝑈𝑃0𝑥 = 0 and 𝑈𝑃0𝑦 =
𝜓0
′ sin𝜃

𝛼𝐵
.  

Figure. 6.7: Profiles of electric potential (a) and z-component of positive ion velocity (b) as a 

function of distance from the sheath edge with distinctive incidence angle of magnetic field  

(𝜃) when 𝛿 = 0.05, 𝛼 = 1, 𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 = 2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.7, 𝛼𝐵 = 

1.2869, C = 1, 𝑈𝑃0𝑥 = 𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 𝑈𝑃0𝑦 =
𝜓0
′ sin𝜃

𝛼𝐵
.  

Figure. 6.8: Profiles of electric potential (a) and z-component of positive ion velocity (b) as a 

function of distance from the sheath edge with C = 1, C = 5/3 and C = 3 when 𝛿 = 0.05, 𝛼 = 1, 

𝑍𝑃 = 1, 𝑍𝑁 = 1, 𝜓0
′  = 0.1, 𝑁𝑁0 = 2, 𝛾𝑁 = 0.2, 𝛾𝑃 = 0.1, 𝑞 = 0.7, 𝜃 = 30, 𝛼𝐵 = 1.2869, 𝑈𝑃0𝑥 =

𝑈𝑃0𝑧 𝑡𝑎𝑛𝜃 and 𝑈𝑃0𝑦 =
𝜓0
′ sin𝜃

𝛼𝐵
.  
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List of Symbols 

𝛼 = Normalized collisional parameter 

𝛼𝑐 = Background concentration ratio of cold electrons to total electrons  

𝛼ℎ = Background concentration ratio of hot electrons to total electrons 

𝜀0 = Permittivity of the free space 

C = Polytropic constant 

𝑐𝑠 = Sound/acoustic speed 

𝛿 = Ionization parameter/non-neutrality parameter 

∇⃗⃗ 𝑃𝑁 = Pressure gradient term for negative ions 

∇⃗⃗ 𝑃𝑃 = Pressure gradient term for positive ions 

𝑒 = Electronic charge 

𝐹 𝑐 = Collisional drag force 

𝛾 = Power factor or dimensionless factor ranging from −1 to 0 

𝛾𝑐 = Normalized cold electrons temperature 

𝛾ℎ = Normalized hot electrons temperature 

𝛾𝑁 = Normalized negative ions temperature 

𝛾𝑃 = Normalized positive ions temperature 

𝑖𝑁 = Negative ion current collected by probe 

𝑖𝑃 = Positive ion current collected by probe 

𝑗𝑁 = Negative ion current density 

𝑗𝑃 = Positive ion current density 

𝐾𝐵 = Boltzmann constant 

K = Geometric constant 

𝐿 = Finite plasma size/characteristics length of plasma 
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𝜆𝐷 = Debye length 

Λ = Ionization length 

𝑀𝑒 = Mass of electrons 

𝑀𝑁 = Mass of negative ions 

𝑀𝑃 = Mass of positive ions 

𝜇 = Mass ratio of electrons to positive ions 

𝑛𝑐 = Cold electrons density 

𝑛𝑒 = Electron density 

𝑛𝑒0 = Electron density in plasma/background density of electrons 

𝑛𝑔 = Neutral gas density 

𝑛ℎ = Hot electrons density 

𝑛𝑁 = Negative ions density 

𝑛𝑁0 = Negative ion density in plasma/background density of negative ions 

𝑛𝑃 = Positive ions density 

𝑛𝑃0 = Positive ion density in plasma/background density of positive ions 

𝑁𝑐 = Normalized cold electrons density 

𝑁𝑒 = Normalized electron density 

𝑁ℎ = Normalized hot electrons density 

𝑁𝑁 = Normalized negative ion density 

𝑁𝑁𝑒𝑡 = Net space charge density 

𝑁𝑁0 = Electronegativity 

𝑁𝑃 = Normalized positive ion density 

𝑁𝑃0 = Electropositivity 

𝜐 = Collisional frequency 
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𝜐𝑎𝑡𝑡 = Attachment frequency 

𝜐𝑑𝑒𝑡 = Detachment frequency 

𝜐𝑖𝑧 = Ionization frequency 

𝑣𝑁 = Speed/velocity of negative ions 

𝑣𝑁0 = Negative ion velocity at sheath edge 

𝑣𝑃 = Speed/velocity of positive ions 

𝜙 = Electric potential 

𝜙𝑤𝑎𝑙𝑙 or 𝜙𝑃 = Electric potential at wall/probe 

𝜓 = Normalized electric potential 

𝜓′ = Normalized electric field 

𝜓𝑤𝑎𝑙𝑙 or 𝜓𝑃 = Normalized potential at the wall/probe 

𝜓0 or 𝜓𝑠 = Normalized potential at sheath edge 

𝜓0
′  or 𝜓𝑠

′  = Normalized electric field at sheath edge 

𝑞 = Non-extensivity of the system 

𝑟 = Distance from the surface of spherical/cylindrical probe 

𝜎(𝑣) = Momentum-transfer collisional cross-section between the ions and the neutrals 

𝑇𝑐 = Temperature of cold electrons  

𝑇𝑒 = Temperature of electrons 

𝑇𝑒𝑓𝑓 = Effective temperature 

𝑇ℎ = Temperature of hot electrons  

𝑇𝑁 = Temperature of negative ions 

𝑇𝑃 = Temperature of positive ions 

𝑈𝑁 = Normalized negative ion velocity 

𝑈𝑁0 = Normalized negative ion velocity at sheath edge 
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𝑈𝑃 = Normalized positive ion velocity 

𝑈𝑃0 = Normalized positive ion velocity at sheath edge 

𝑈𝑃𝑃𝑟𝑜𝑏𝑒  = Positive ion velocity at probe/wall surface 

𝑣𝑃0 = Positive ion velocity at sheath edge/positive ion drift velocity at x = 0 

x = Distance 

z = Space coordinate in pre-sheath scale 

𝜉 = Normalized distance 

𝜉𝑃𝑃 = Normalized position of probe/wall 

𝜉𝑠 = Normalized distance corresponding to sheath edge 

𝑍𝑁 = Charge on negative ions 

𝑍𝑃 = Charge on positive ions   
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List of Tables 

Table 4.1: Minimum allowed values of negative ions’ velocity at the sheath edge (𝑈𝑁0)𝑀𝑖𝑛 for 

different combinations of positive to negative ions mass ratio 
𝑀𝑃

𝑀𝑁
 and temperature ratio 𝛾𝑁 of 

negative ions to electron.


