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Abstract 

In modern science and technology the glow discharges have a wide varity of 

applications. In microelectronics industry the glow discharges are used for etching of surfaces 

to from topographical surface features, as well as for deposition of thin films. In material 

processing industry the glow discharges are used extensively for deposition of various thin 

films, coatings and surface layers. In the present work the diagnostics of pulsed DC generated 

nitrogen-hydrogen mixture plasma, using an Active Screen Cage is performed so that the 

optimum working conditions for the purpose of material processing are obtained. 

Trace rare gas optical emission spectroscopy is used to investigate the effect of current 

density, filling pressure and hydrogen concentration for the measurement of excitation 

temperature, vibrational temperature, dissociation fraction and nitrogen atom density. The 

nitrogen plasma is generated by using 50 Hz pulsed-DC power source.  The excitation 

temperature is determined from Ar-I line intensities, using Boltzmann’s plot method. It has 

been observed that the excitation temperature increases with both current density and 

hydrogen concentration, where as it decreases with filling pressure. In order to find out the 

vibrational temperature of the second positive 𝑁ʋ(𝐶3𝛱𝑢, 𝒱 ́ → 𝐵3𝛱𝑔, 𝒱 ̋) system, the Δ𝒱 = -2 

sequence is used due to comparatively longer lifetime (τ ~ 36 ns) using Boltzmann’s plot 

method. The behavior of the vibrational temperature remains similar like in the case of 

excitation temperature. The nitrogen dissociation fraction is calculated using actinometery and 

line ratio methods. It is observed that the dissociation fraction increases by adding 40% of 

hydrogen in the nitrogen plasma and then upon further increase of hydrogen concentration it 

decreases sharply.  The atomic density of nitrogen is also calculated using actinometery 

method, which also increase with hydrogen concentration up to 40% hydrogen in the mixture.  

Using the optimum condition of current density, filling pressure and hydrogen 

concentration, different types of steels including AISI 316, AISI 304, mild steel and high 
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carbon steel are nitrided in the presence of the active screen cage. The treated samples are 

analysed by X-ray diffractrometery (XRD) to investigate the changes in the crystallographic 

structure. Scanning electron microscope (SEM) is used to investigate the surface morphology 

of the plasma irradiated samples, where the changes in the surface hardness are measured by 

Vickers microhardness tester. The XRD pattern of all the samples confirms the presence of 

nitrides with iron, carbon and chorimum. Microhardness results reveal a 3-7 times harder 

surface for different samples.  

The nitrogen mass transfer mechanism in active screen cage plasma nitriding process is also 

investigated using optical emission spectroscopy. The dominant species including NH, Fe-

I, 𝑁2
+, N-I and N2 along with 𝐻𝛼and 𝐻𝛽 lines are observed using optical emission 

spectroscopy (OES). The factor of sample treatment time for both of Active screen cage and 

DC plasma nitriding of AISI 316 stainless steel are investigated. Increasing trend in 

microhardness is observed in both cases but three-fold more hardness is achieved using 

Active Screen Cage in comparision to direct current plasma nitriding. On the basis of 

metallurgical and OES observations a new phenomelogical scheme for a nitrogen mass 

transfer mechanism in active screen cage plasma nitriding process is proposed. 
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Introduction 

Technology is playing key role in the modern industrial development and the 

developments in the new and advanced technology is as important as any other thing to 

solve up growing problems of the society. Adaptation and development of latest and 

appropriate technology is key to success of the developed nations. Developed nations have 

a very strong connection with international technological community that plays a vital role 

for their industrial development. Increase in the industrial development increases the 

employment rate, which in turn improves living standards of their citizens. From the 

industrial point of view plasmas are very important because they possess many important 

characteristics. To name a few high power or energy density is the most important. As an 

example, DC electrical arcs or RF inductive plasma torches. Such plasmas are used for 

thermal plasma processing. They can melt or evaporate bulk materials and are used 

industrially for welding, plasma flame spraying, arc furnaces and other high temperature 

materials processing uses [1]. 

      An ionized gas having almost same amount of negative and positive charge particles 

with majority of neutral particles is known as plasma. The level of ionization can vary 

from partially ionized gases (10−4  −  10−6) to fully ionized gases (100%) [2]. Generally 

plasma is considered as the 4
th

 state of matter. About 99% of the universe (visible 

interstellar substances, stars) is in plasma state. At particular conditions the laboratory 

plasma can be produced for specific purposes. Table 1.1 shows two categories of plasma 

fully ionized also known as high temperature plasma or fusion plasma and low-

temperature plasma also called as weakly ionized plasma or gas discharges. These two 

categories are further subdivided in to thermal and non-thermal regimes [3]. Example of 

gas discharges is the molecular plasma.  
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𝑻𝒂𝒃𝒍𝒆 𝟏. 𝟏: 𝑻𝒚𝒑𝒆𝒔 𝒐𝒇 𝒑𝒍𝒂𝒔𝒎𝒂𝒔 

𝐿𝑜𝑤 − 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑃𝑙𝑎𝑠𝑚𝑎 

(𝐿𝑇𝑃) 

𝐻𝑖𝑔ℎ − 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑃𝑙𝑎𝑠𝑚𝑎 

(𝐻𝑇𝑃) 

Thermal LTP 

Te ≈ Ti ≈ T  210
4
 K 

e.g. arc plasma at normal 

pressure 

Non-Thermal LTP 

Ti ≈ T ≈ 300 K 

Ti << Te   10
5
 K 

Glow discharge 

Ti ≈ Te   10
7
 K 

e.g., fusion plasma, solar and 

Laser generated plasmas. 

 

The occurrence of four states of matter in nature according to their temperature of particles 

energy is shown in figure 1.1. The energy of the heavy particles corresponds to the 

temperature range for a plasma state. The phenomena in glow discharges were studied by 

Irving Langmuir and his co-workers in early 1920’s. Langmuir in 1929 uses the term 

“Plasma” for the first time describing electron cloud oscillations during discharge [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

Two groups of industrial plasmas are “equilibrium plasmas” and “non-equilibrium 

plasmas” given in figure 1.2. Plasma in which all the species (neutrals, electrons and ions) 

are at same temperature is in themodynamical equilibrium. The thermal plasma exists in 

stars and in fusion plasma having extraordinary temperatures to preserve the balance in 

plasmas. Plasma having same temperature only at localized areas is called the local 

thermal equilibrium (LTE) plasma. On the other hand, plasma species are not at the same 

𝑭𝒊𝒈𝒖𝒓𝒆 𝟏. 𝟏:    𝑴𝒂𝒕𝒕𝒆𝒓 𝒔𝒕𝒂𝒕𝒆𝒔  𝒂𝒔 𝒂 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 
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temperature is called non-LTE plasma. The electron temperature is much greater as 

compared to other species of the plasma. Glow discharge plasma comes in this category, 

while arc discharge can have both states.  

 

 

 

 

 

 

 

 

 

 

 

Charged components of plasma interact in two ways:  

i. Coulomb interaction between charge carriers.  

ii. Macroscopic space charge formation. 

Plasma and other applied sciences have strong relation. In precise, communications, power 

generators and the nuclear fusion bomb are applications of (positive or negative) plasma. 

To solve the energy problems for the upcoming generations motivated the nuclear fusion 

research. Now a day, there is world wide struggle to unravel the energy difficult and this is 

the main motivation for progress of laboratory plasma physics. 

With development of plasma exploration in the last few decades has created the modern 

science of plasma physics and related skills to create and manage plasmas over a huge 

variety of energies and densities. The use of different gases to generate plasma is further 

spreading the choice of its possible uses [5]. These comprise material waste reprocessing, 

microelectronics, flat panel displays, high power switches and high performance 

ceramics. Additional claims include are ion implantation, refining mechanical strength 

e.g. hardening. 

Figure 1.2 Different regions for LTE and Non-LTE plasmas  
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1.1 Plasma Parameters: 

Molecular gases plasma contains a multitude of dissimilar neutral and charged particles. A 

cluster of like particles in plasma is usually stated as a species. The plasma is generally 

categorized by the succeeding elementary restrictions: 

I. Neutral particles densities, 𝑛𝑛 

II. Densities of ions 𝑛𝑖 and densities of electrons 𝑛𝑒. Since the plasma is in quasi-

neutral state therefore ion number density is equal to electron number density i.e. 

𝑛𝑛 = 𝑛𝑒 = 𝑛. Where n is known as plasma density. 

III. The energy distribution functions of neutrals 𝑓𝑛(𝑊), ions 𝑓𝑖(𝑊) and electrons 

𝑓𝑒(𝑊) giving information about temperature or energy state of the species. 

IV. The information about densities and temperature of the relevant plasma species is 

also required to estimate the rest of the plasma parameters like Debye length 𝜆𝐷 ∝

(
1

𝑛
)1/2, number of particles in the Debye sphere𝑁𝐷 ∝ 𝜆𝐷

3 𝑛 and natural frequency of 

the plasma oscillation 𝜔𝑝 ∝ (
𝑛𝑒2

𝜀0𝑚
)1/2. 

In plasma processing the density of plasma plays an important role, since it is directly 

related to processes existence and its reaction rates. The key issue accountable for 

transport of the energy from external field to discharge gas is electrons. They are 

electrically charged, the ions and electrons are accelerated in the electric field by getting 

energy from it. Being lightest particles in plasma electrons are accelerated very easily and 

grip a huge quantity of energy from the applied field. They deliver their energies to the 

molecules of the gas via collisions causing ionization and dissociation. The increase in the 

electron number density increases the probability of occurrence of these processes. In 

plasma a significant chemical reactions are organised or affected by the ion chemistry. 

Therefore it is essential to gain a great ion density to raise the amount of reactions 

including ions.  

In any gaseous plasma, particles are in nonstop motion, producing collisions between 

them. Two sorts of collisions are taking place in the plasma, elastic or inelastic. Collisions 

between electrons and heavy targets (i.e., neutral or charged particles) in which the 

excitation/ionization is not attained are called elastic collisions, whereas those collisions 

that results an excited/ionized state are called inelastic collisions. 

Mass ratio of particles determines the energy transported (𝑊𝑇𝑟 ) in an elastic collision 

among electron and a heavy target.  
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𝑊𝑇𝑟 =  
2𝑚𝑒

𝑀
 𝑊                  (1.1) 

Where 𝑀 and 𝑚𝑒 is the mass of heavy particle and electron respectively and 𝑊 is the 

electron energy. 

The amount of energy transferred during an elastic collision between electron with argon 

atom is small and is given by [6].  

𝑊𝑇𝑟

𝑊
 ~ 

1

40,000
        (1.2) 

While the energy transferred in an electron-electron collision is very significant [7].  

The externally applied electric field which sustains the plasma, accelerates the electrons 

due to which they gain energy. The accelerated electrons transfer their energy to the 

neutral gas molecules through inelastic collisions causing their excitation, ionization or 

dissociation. The fraction of transferred energy in an inelastic collision between two 

particles is given by 

𝑊𝑇𝑟

𝑊
=  

𝑀

𝑚𝑖𝑛 +  𝑀
      (1.3) 

Where 𝑚𝑖𝑛 is the energy of incident particle.  

If there is an inelastic collision between electron and heavy particle where (𝑚𝑖𝑛 = 𝑚𝑒 ≪

𝑀) then according to Eq. (1.3), the electron will transfer almost all of its energy to the 

heavy particle, creating an energetic plasma species. The inelastic collisions therefore 

sustain the plasma by producing the particles that form it and giving the plasma its special 

features. Inelastic collisions involve energy transfer in amounts that vary from less than 0.1 

eV (for rotational excitation of molecules) to more than 10 eV (for ionization) [6]. 

The degree of ionization of a gas defines the density of the charged particles in the plasma. 

It gives the number of ionized particles in the gaseous state. The degree of ionization, 𝛼 is 

defined as 

𝛼 =  
𝑛𝑖

𝑛
        (1.4) 

For low-pressure plasmas, the degree of ionization is typically 10−6 𝑡𝑜 10−3. However, if 

the plasma is restricted by an extra magnetic field, the ionization rate can be enhanced to 

the values of 10−2 or higher, as for example, in ECR and MaPE ICP plasma. Different 

values for ionization rate in different low-pressure plasmas are being used for processing 

of solids are given in table 1.2 
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Table 1.2   Ranges of parameters for different Low-pressure plasmas  

Plasma Type Pressure 

(Torr) 

Ion Density (cm
-3

) Degree of 

Ionization 

Deposition/etching < 10 < 10
10

 10
-6

 

Reactive ion etching 10
-2

 - 10
-1

 10
10

 10
-6

 - 10
-4

 

Magnetron sputtering 10
-3

 10
11

 10
-4

 - 10
-2

 

Electron cyclotron resonance < 10
-4

 - 10
-2

 10
12

 < 10
-1

 

Magnetic Pole Enhanced 

Inductively Coupled Plasma 

< 10
-2

 10
13

 < 10
-1

 

 

The degree of ionization in plasma depends on the elements present in the plasma. As an 

example, the ionization rate of the sputtered metal is greater than that of the employed gas 

for sputtering in magnetron sputtering. 

The value for critical ionization  is given by [7] 

𝛼𝑐 ≈ 1.73 × 1012𝜎𝑒𝑎𝑇𝑒
2        (1.5) 

Where 𝜎𝑒𝑎 is the collisional cross section in cm
2
 between electron and atom at electron 

average velocity, and 𝑇𝑒 is the electron temperature in eV. 

For charged particles to behave as they behave in fully ionized gas, the degree of 

ionization must be higher than the critical ionization value. 

In thermodynamic equilibrium the physical parameter giving the state of a neutral gas is 

the temperature. Particles in plasma have different charges and masses, thus it can be 

measured, thermally, as comprising of two schemes: the electrons and the heavy species 

and neutral molecular fragments. 

The electrons get energy from the applied field, and transfer a part of it to the heavy 

species either by elastic or inelastic collisions. The heavy particles lose energy to the 

surroundings. Both the species can be measured almost as two subsystems, having their 

own thermal quasi-equilibrium. Therefore they can be considered by their precise diverse 

average temperatures: the ion temperature Ti and the electron temperature Te. Several 

temperatures of the heavy species makes the situation more complex [8]: the temperature 

of the gas 𝑇𝑔, which characterizes the translational energy of the gas; the excitation 

temperature, 𝑇𝑒𝑥𝑐, which characterizes the excited particles energy in the plasma; the 

ionization temperature, 𝑇𝑖𝑜𝑛, the dissociation temperature, 𝑇𝑑, which characterize the 

ionization and dissociation energies; and the radiation temperature 𝑇𝑟 which characterizes 
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the radiation energy. The plasma will be in themodynamical equilibrium only if the 

following equation is satisfied, 

𝑇𝑔 = 𝑇𝑒𝑥𝑐 = 𝑇𝑖𝑜𝑛 = 𝑇𝑑 = 𝑇𝑟 = 𝑇𝑒     (1.6) 

𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 thermodynamic 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 is not probable in entire 𝑝𝑙𝑎𝑠𝑚𝑎 since 𝑇𝑟 at the 

𝑝𝑙𝑎𝑠𝑚𝑎 border is not similar to bulk temperature. However, it is possible to attain LTE in 

𝑝𝑙𝑎𝑠𝑚𝑎 in volumes of order of the mean free path length. These conditions are not 

satisfied in low pressure plasmas, produced by DC glow discharge or RF excitation. That 

is why they are called non-LTE plasmas. 

As the temperature of the heavy particles in non-LTE plasmas is very small to initiate 

chemical reactions therefore the supreme temperature in non-LTE plasma is electron 

temperature.  

The density of particles in the velocity space for a system of particles satisfying equation 

1.7 is called velocity distribution function 𝑓(ʋ). 

𝑛 (𝑐𝑚−3) =  4𝜋 ∫ 𝑓(ʋ) ʋ2 𝑑ʋ         (1.7)

∞

0

 

Where ʋ and 𝑓(ʋ) is the velocity and 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 respectively and 

𝑛 is the density of the particles in geometrical space.For isotropic velocity 

distribution of the electrons, perturbation is due to inelastic collisions, neglecting electric 

field. Such a distribution is called Maxwellian having electron temperature equal to gas 

temperature, 𝑇𝑒  =  𝑇𝑔. 

If the electron velocity distribution is considered as Maxwellian, then it can be described 

as follow [9, 10] 

𝑓 (ʋ) =  𝑛𝑒 (
𝑚𝑒

2𝜋𝑘𝑇𝑒
)

3

2
𝑒𝑥𝑝 (− 

𝑚𝑣2

2𝑘𝑇𝑒
)       (1.8) 

Equation 1.9 relates the electron energy distribution function 𝑓 (𝑊) and velocity 

distribution function 𝑓 (ʋ) [10] 

𝑓 (𝑊) =  
4𝜋

𝑚𝑒
 ʋ 𝑓 (ʋ)                                     (1.9) 

Hence for electron the Maxwellian energy distribution function is given by 

𝑓 (𝑊) =  2.07 𝑊𝑎𝑣
−3/2

 𝑊1/2 𝑒𝑥𝑝 (
−1.5 𝑊

𝑊𝑎𝑣
)     (1.20) 

Where 𝑊𝑎𝑣 is the average electron energy. 

Since the average energy and temperature of electron is related by  
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𝑊𝑎𝑣 =  
3

2
 𝑘𝑇𝑒                                                    (1.21)  

This gives only a first approximation of the electron energy (or velocity) distribution in the 

plasma because of the simplified assumptions. 

Assumptions made for the Maxwellian distribution can be replaced by the following 

assumptions in low temperature plasmas: 

i. The power of the applied field is such that inelastic collisions are negligible, 

but 𝑇𝑒  ≫ 𝑇𝑖.  

ii. The electric field frequency 𝜔 is very much lower than the collision frequency ʋ. 

iii. The collision frequency does not depend on the electron energy.  

Using these conventions electrons distribution is governed by a Druyvesteyn distribution 

[10]. The Druyvesteyn distribution for electrons is given by 

𝑓 (𝑊) =  1.04 𝑊𝑎𝑣
−3/2

 𝑊1/2𝑒𝑥𝑝 (−
0.55 𝑊2

𝑊𝑎𝑣
−3/2

)         (1.22) 

In this distribution, the average electron energy and temperature are functions of  
𝐸𝑜

𝑝 ⁄ , 

where 𝐸𝑜 is the electric field strength and 𝑝 is the pressure in the plasma [10, 11]. 

Figure 1.3 showing a Maxwellian and Druyvesteyn distributions for a sample of several 

average electron energies. Significant information demonstrated by Fig. 1.3 is that both 

energy distributions are categorized by a high-energy tail. For average electron energy of 5 

eV, a significant amount of electrons have energies above 8 eV, reaching even values up to 

14 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3  Electron energy distributions according to Druyvesteyn and Maxwell.  
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Thus the electrons in the high-energy tail of the distribution, though in small 

concentrations, have a significant impact on the overall reaction rates in the plasma. The 

Druyvesteyn distribution predicts a larger number of electrons to contribute to reactions 

requiring high energies. 

1.2 Plasma Generation 

When energy is supplied to a gas free charges are created. This process is called ionization. 

In order to sustain the gas in the plasma state this energy must be continuously supplied. 

Plasma forming temperature in pure substances ranges between 4000 K (~0.5 𝑒𝑉), for 

elements having high ionization potential it is about 20,000 K (~3 eV). This huge amount 

of energy to produce plasma can be supplied by different ways. However in industry 

electric or electromagnetic fields are used for neutral gases discharges. Different methods 

are used for production of plasma, e.g. direct current (DC)plasma, pulsed dc plasma, 

radio frequency (RF) plasma and ECR plasma etc.  

1.2.1  Direct Current (DC) Discharges 

The DC discharges is produced in a cylindrical vacuum tube at low pressure. Two 

electrodes are housed inside the vacuum tube separated by a small distance. A battery with 

a variable resistor is connected with the discharge tube. The electrode connected to the 

positive terminal of the battery is called anode and the electrode connected to the negative 

terminal of the battery is called cathode as shown in figure 1.4 

 

  

 

 

 

 

 

 

 

 

 

The 

 DC voltage is applied through the battery across the two electrodes in the discharge tube 

filled with certain gas at low pressure. As a result of cosmic rays and background 

Figure 1.4  Schematic arrangement of DC discharges  
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radiations some free electrons always exits in the gas. Without application of the electric 

field, electrons are not able to produce the discharge. However, when a potential difference 

is applied, the electrons are accelerated by the electric field near the cathode and collide 

with the gas atoms. The collisions leading to excitations and ionizations are the inelastic 

collisions. When the excited atom de-excites, it emits a characteristic radiation. This 

radiation is responsible for the commonly known as ‘glow’ discharge. 

New electrons are created as a result of ionization. The ions are 

accelerated toward the cathode by the electric field, where they collide with the 

cathode releasing new electrons by ion induced secondary electron emission. The electrons 

give rise to new ionization collisions, creating new ions and electrons. These processes of 

electron emission at the cathode and ionization in the plasma make the glow discharge 

self-sustaining. 

1.2.1.1 I-V Characteristic Curve 

A non-linear I-V characteristic curve is obtained while increasing the applied voltage and 

measuring the corresponding discharge current. This curve contains different regions 

corresponding to different regimes of the discharge on the basis of physical phenomena 

involved. The I-V characteristic curve is shown in figure 1.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In DC discharge there are three important regions 

1. Dark region 

Figure 1.5 The general behavior of I-V characteristic curve for DC glow discharges 
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2. Glow region 

3. Arc region 

These regions can easily be explained with the help of I-V characteristic curve as follow: 

The point A→B in the figure 1.5 shows the presence of small amount of free electron due 

to background radiations and cosmic rays. The presence of small amount of current 

between these two points is due to the moment of already present free electrons.  

B→C: by increasing the applied voltage the available free electrons are collected at the 

cathode and saturation in current occurs. In this region, the net power increases where 

current remains same and voltage increases. The strength of the current is proportional to 

the strength of the background radiations. The region is called “saturation regime”. 

C→D: by increasing the applied voltage, the available free electrons continue to gain the 

energy. Beyond point “C” the electrons have sufficient energy to start inelastic collisions 

with the neutral atoms and molecules of the gas. As a result of these inelastic collisions the 

atoms and molecules are excited and ionized, causing an increase in the number density of 

electrons and ions. These newly formed ions are accelerated towards the cathode where 

they strike with the cathode with sufficient high energy to produce secondary electrons 

emissions. Thus an electron multiplication process is initiated. This region is called the 

“Townsend region”. It is also termed as dark discharge region. 

D→E: The corona discharge occurs in the Townsend dark discharge region in the presence 

of high electric field. Internal resistance of the power supply is responsible for corona 

discharge. E: For extra increment in the applied voltage the secondary electrons ejected 

from cathode increases hugely causing electric breakdown. The discharge current increases 

extremely at breakdown voltage VB and is only controlled by internal resistance of the 

power supply. Electrical breakdown gives normal glow regime. Pressure and electrode 

distance effects 𝑉𝐵. Region from F→H in the figure 1.5 is called glow discharge regime. 

The glow discharge is divided into normal and abnormal glow regions. 

F→G: In the normal glow region the number of ions produced by energetic electrons is 

equal to the number of secondary electrons produced by ion impact with the cathode. Thus 

a self-sustaining glow is established. Because of stronger electric field at edges ion 

collision at edges are more effective. The maximum numbers of emitted electrons from 

edges of the cathode are accelerated towards anode. Collision between these electrons and 

neutral atoms of the gas produces ionization.  
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G→H:  increasing voltage spreads the discharge on entire cathode surface. The electrons 

are emitted from the entire surface of the cathode and the hollow cylinder is converted into 

filled cylinder. This region is called abnormal glow. This region in the I-V characteristic 

curve is very important in material processing because in this region the cathode is 

completely covered by the plasma.  

H→K: On reaching the point “H”, the whole surface of the cathode is covered with the 

discharge. The ions that are responsible for the secondary electrons emissions from the 

cathode are now transferring their energy to the cathode causing heating of the cathode. 

The heated cathode emits thermal electrons and the discharge goes from a glow to arc 

transition, denoted by 𝐇 → 𝐈 region.  

1.2.1.2 Discharge Structure: 

A discharge will occur inside a discharge tube containing a gas at low pressure by applying 

potential difference between two conducting electrodes placed at some distance inside the 

discharge tube. The discharge can be divided in to the following regions according to the 

variation in plasma parameters. 

 Aston dark space 

 Cathode glow 

 Cathode dark space 

 Negative glow 

 Faraday’s dark space 

 Positive column 

 Anode glow 

 Anode dark region 

Aston Dark Space 

Aston dark space exists immediately to the right of the cathode region. In this region the 

electric field is very strong while the thermal velocity of electrons is very slow. Though 

the electrons are accelerated by the field yet their energy is not sufficient to produce 

excitations and ionizations. Therefore, it is a thin dark region closely connected with the 

cathode.   

Cathode Glow 

It is a thin shining region. The reason for its faint luminosity is the recombination of free 

electrons (which are present in the plasma) with the slow ions which reflect back from the 

cathode.  
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Cathode Dark Space 

The energies of the electrons in this region still remain below the  excitation and 

ionization thresholds.  

𝐍𝐞𝐠𝐚𝐭𝐢𝐯𝐞 𝐆𝐥𝐨𝐰 

During their journey from cathode to anode the maximum energy gained by the electrons 

is in the negative glow region. In this region they produce intense excitation and ionization 

because they lose almost all of their kinetic energy by making inelastic collisions with the 

gas atoms and molecules. This region is the brightest part of the discharge. High density of 

electron in this region is responsible for most of the excitations and ionizations. In this 

region the charge neutrality exists but because of their lesser mass and greater movement 

maximum current is taken by the electrons. At the end of this region the process of 

excitation and ionization is decreased because electrons lost their energy during inelastic 

collisions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Faraday Dark Space 

Here the energetic electrons lost most of their energy via inelastic collisions. In this region 

the electrons will again reinforce them self by gaining energy from the applied flied, and 

therefore during this time no glow exists.  

Positive Column 

It is an extended glowing region having wide energy distributions. Some electrons have 

excitation/ionization energy and some are acquiring energy.  

Anodic Glow 

The anode glow occurs on the border of the anode sheath and is strictly attached with 

positive column. It arises due to the recombination of space charge electrons around anode 

with ions at the boundary of the positive column. 

Figure 1.6: Different regions of DC Glow Discharge 
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Anode Dark Space 

This region is called “anode sheath” which is formed by the space charge electrons near 

the anode.  This sheath appears as a dark region near the anode. 

1.2.2 Pulsed Glow Discharge 

Instead of providing a continuous dc voltage to discharge, it can be applied as discrete 

pulses, typically in milli to microsecond pulse durations [12-16]. Higher instantaneous 

sputtering, ionization and excitation and better efficiencies are expected. As the excitation 

and ionization which are basic phenomena happening in plasma are highly non-linear with 

field strength. The charge induced damage and etches profile distortions associated with 

the semiconductor industry are reduced by using pulsed power operation. Reduced 

impedance matching network and electromagnetic interference giving cheap power 

supplies for larger reactors is another benefit of pulsed-dc discharges compared to RF 

discharge. Figure 1.7 shows a systematic of the pulsing-dc plasma source. Moreover, there 

is also non-chemical equilibrium because ionization (fragmentation) occurs on a different 

time-scale compared to recombination (versus off period). 

 

 

 

 

 

 

 

 

 

 

Figure 1.7  Schematic diagram of pulsed-dc plasma generation system. 

Pulsed sources have the following advantages over dc discharges: 

 operation at higher power 

 prevent abnormal to arc transition 

 additional performance control of active plasma regime 

 homogenous thin film deposition can be achieved. 
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1.2.3 Radio Frequency Discharges: 

In RF discharge the power interacts with the plasma almost by displacement current 

produced by radio frequency (RF) source. The RF power can be either capacitively or 

inductively.  

In capacitively coupled plasmas (CCP), two electrodes are associated with the RF power 

source. This system is operated with RF frequencies between 1 and 100 MHz [6]. In CCP 

the RF electric fields directly heats the plasma. It is used in 𝑚𝑖𝑐𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦.  

When power is transferred to plasma by transformer action, then this arrangement is 

called inductively coupled plasma (ICP). Its frequency ranges from 10 kHz to 30 MHz 

[4].  

1.3 Cold Plasma Applications: 

For useful industrial applications high temperatures, energetic ions and electrons with 

wide density range are very advantageous.  

Daily life applications of glow discharge plasma are shown in figure 1.8. Ionization, 

recombination, excitation and de-excitation processes are responsible for luminosity of 

plasma discharges. Boriding, carburizing and nitriding are used to modify the surface 

properties of materials like aluminum, titanium, polymers, stainless steel etc. [5]. These 

techniques improve the surface properties without changing the bulk properties. 

Nitriding is a beneficial technique to improve tribological properties of the materials and to 

escape fatigue of materials. The surface stiffness is also enhanced. Nitriding temperature 

is usually great. Suitable temperature for thermal nitriding is between 480 and 650 
0
C. A 

long time up to 50 hours is used to achieve desired hardness. Fabrication of integrated 

circuits is carried out by plasma deposition and etching processes. Large storage capacity 

of small silicon wafer is due to the plasma discharges. Etched rate uniformity, 

anisotropy and selectivity are the advantages of plasma etching [15, 17]. Plasma based 

sterilization and decontamination of medical equipment is a hot topic for research today. 

Since sterilization and decontamination of medical equipment are fundamental steps in 

health care facilities in order to assure safety of patients. The development of new highly 

efficient methods for sterilization of materials is of profound importance in medicine, 

ecology, light and food industries. Today medical devices, such as tools and implants, are 

treated depending on their material mainly by heat, radiation, hydrogen peroxide or 

ethylene oxide (C2H4O) and active radicals from plasma. 
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1.4 Nitriding 

Nitriding is thermo-chemical process of diffusing nitrogen atoms into the material surface. 

The solubility of nitrogen into metal matrix is the basic of diffusion process. Figure 1.9 

shows the significant evolution of nitriding from the original patent of Adolf Machlet in 

1913. After few years of the Machlet study, Adolf Fry in 1921 developed a patent 

pertaining to nitride steels containing aluminium. As the design and production of 

materials was improved, nitriding became a viable solution to many engineering problems 

involving metal to metal wear. In 1931 it was Bernhard Berghaus who developed 

ionitriding. Less than ten years later salt bath nitriding was developed. However, the most 

undesirable side effect associated with this new technique was the brittleness of the surface 

layers that required extensive treatment to remove. In order to overcome the problem of 

surface brittleness a novel way was developed by Carl. Sometime later, the idea of 

ionitriding was floated by General Electric. It was claimed that the ionitriding had become 

in full scale production. In 1987 a patent was approved for the development of an 

innovative process called post discharge nitriding and in 1999 the active screen plasma 

nitriding (ASPN) system was developed by Georges [18]. 

 

 

 

 

Figure 1.8  𝐏𝐫𝐚𝐜𝐭𝐢𝐜𝐚𝐥 𝐚𝐩𝐩𝐥𝐢𝐜𝐚𝐭𝐢𝐨𝐧𝐬 𝐨𝐟 𝐩𝐥𝐚𝐬𝐦𝐚 𝐩𝐫𝐨𝐜𝐞𝐬𝐬𝐢𝐧𝐠 
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Depending upon the nitriding process, technical equipment and nitrogen source the 

following processes are used for nitriding: 

• Gas Nitriding  

• Salt Bath Nitriding 

• Plasma Nitriding 

• Post Discharge Nitriding 

• Active screen cage plasma Nitriding 

1.4.1 Gas nitriding: 

The gas nitriding was developed in early 20
th

 century [19]. It is achieved by placing a 

nitrideable material inside a gas tight chamber as shown in figure 1.10. 

The material of the nitriding chamber and fittings must be of such type that it will not 

significantly react with the nitriding gas. The heating elements located inside the nitriding 

chamber are used to heat the chamber and the parts to be nitrided to the desired 

temperature (520 
0
C – 700 

0
C). The uniformity in the temperature is maintained with the 

help of a circulating fan located at an appropriate position inside the chamber. Ammonia 

gas NH3, controlled by a flow meter and needle valve, is then allowed to flow into the 

nitriding chamber for a specific time. The hot metal components catalytically dissociate 

the ammonia gas according to the reaction,  

NH3  → N + 3H    

 

 

 

Figure 1.9 Nitriding time-lines with significant events in the nitriding era. 
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A percentage of atomic nitrogen specy (𝑁) reacts with the surface of the components to 

form iron nitrides,  FeNx. The rest of atomic N is converted back to its molecular state, 

described by, 

2N → N2 

The atomic hydrogen (H) also recombines as  

2H → H2 

Once re-combination has started the probability of the reactions with the material surface 

is very less due to the size of the molecules in comparison with the metallic space lattices. 

It is then necessary to wash out the remaining  H2, N2 and diluted ammonia gas by 

replacing it with fresh ammonia gas. The degree of ammonia dissociation is measured by 

utilising the fact that ammonia is water soluble where N2 and   H2 are not. Thus, an 

evaluation of the flow rate level is readily obtained by using a water filled pipette. The 

biggest drawback of gas nitriding is that it uses ammonia, which in concentrations of 15-

26% in air, produces a flammable environment. In addition, the dry ammonia gas in 

contact with moist air produces corrosive. For this reason the components of a gas 

nitriding chamber must be regularly examined aganist signs of fatigue or corrosion, if 

discovered, must be replaced. Typical gas nitriding systems can operate for 90 hours for 

significant nitriding depths, but treatment times between 40 and 60 hours are more typical. 

Treatment for long nitriding times increase the overall cost associated with nitriding a 

component such as an automotive crankshaft when compared to other case hardening 

methods. A direct effect of the long treatment times used in gas nitriding is the formation 

Figure 1.10  Cross sectional sketch of gas nitriding chamber and equipment. 
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of thick compound layers. The limitation of gas nitriding on commercial scale is due to the 

health and environmental considerations associated with ammonia gas. Even though low 

concentration ammonia gas is not considered harmful still it causes irritation and 

discomfort for personnel’s working in the environment. However, at high concentrations 

which are present during gas nitriding the hazards can be fatal in the event of a large leak 

[20]. In addition, ammonia is fatal for aquatic species even in minute quantities which 

constitutes a significant environmental hazard. 

1.4.2 Salt Bath Nitriding 

The essential ingredients in salt bath nitriding are the mixture of molten potassium and 

sodium cyanide salts. Typically, the salt mixture consists of 60-70% sodium salts and 30-

40% potassium salts [12]. These salts form a molten eutectic when raised within a 

temperature range of 535ºC and 595ºC [21] for 24-48 hours. To avoid an explosion it is 

necessary that the nitriding salts are free from moisture before melting takes place [21]. 

Also during the melting phase the bath cover (Figure 1.11) should be in place to prevent 

splash and splatter of the molten salts from the bath [21]. The nitriding process takes place 

when the salts are completely melted. The process temperature is around 565ºC and 

treatment times vary from 3-48 hours depending on the system and desired results. Various 

techniques can accelerate this nitriding process, such as adding sulphur to the salt bath, 

pressurising the salt bath and aerating the salt bath [21]. 

 

 

 

 

  

 

 

 

 

 

 

One major drawback of molten salt bath nitriding is the high maintenance required. To 

minimize the corrosion of the bath the nitriding salts must be changed regularly after 3-4 

months [21]. This raises the issue of waste disposal of these toxic chemicals. For the 

correct quantities of the constituent chemicals the salt bath composition must be weekly 

Figure 1.11  Cross sectional sketch of a typical molten salt bath. 
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analysed.  The salt bath contamination can be minimized by regular dislodging of the salt 

bath. The presence of poisonous cyanide containing salts causes serious health and 

environmental risk if an accident or leak occurs. To minimize the corrosion and health 

effects appropriate safety measures need to be taken in terms of personal protective 

equipment and adequate ventilation [21]. 

1.4.3 Plasma Nitriding 

For many modern manufacturing technologies the plasma based processing technologies 

are significant. The vital role of plasma based processing was in the field of 

microelectronics industry, but has been contributing a major role in aerospace, automotive 

and biomedical industries. An important area of interest for application to the automotive 

industry is its potential for exploiting plasma processing on tooling and components [15]. 

In Direct Current Plasma Nitriding (DCPN) systems, also known as Ionitriding and Glow-

Discharge nitriding [17], the parts to be treated are placed on a conducting metal plate 

(cathode) inside a vacuum chamber (Figure 1.12). A cathodic potential up to 1500 V is 

applied to the metal plate and the samples to be treated. The heating of the workload and 

plasma production is due to this cathodic potential. After reaching to a satisfactory base 

pressure, N2 and H2 gas mixtures are typically introduced into the chamber using flow 

meters and an appropriate treatment pressure is established. Normally, the addition of 

 H2 in the gas mixture gives aid in the cleaning process of the samples to be treated. By 

applying a potential difference between the electrodes of the low pressure gas, excitation 

and ionization of the molecular   N2 and  H2 gas mixture takes place. The de-excitation of 

the atoms and molecules gives rise to an emission of visible light which can be seen 

through a viewing screen and is commonly referred to as the glow-discharge. Once a glow-

discharge is established, the ionised particles are accelerated towards the negatively 

charged cathode where the samples has to be treated. During the collisions with the 

samples the charged particles transfer their kinetic energy which provides the required 

heating [34]. The temperature is monitored with a thermocouple and the power supply bias 

can be adjusted such that the samples remain at the nitriding temperature. Over the last 40 

years plasma based nitriding technologies have been increasingly used in preference to the 

traditional gas and salt bath nitriding [22, 23]. Plasma based processing not only provides a 

complete removal of environmental hazards [24, 25] in comparison to the gas and salt bath 

nitriding. 
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For this purpose based advantages different geometries and systems have been proposed 

[24, 26]. These advantages include economy of gases and energy consumption, small 

nitriding times, reduced distortion and consequently reduced post-treatment like polishing 

and finishing. In addition, plasma based processing enables enhanced nitriding uniformity 

and control over the sample surface properties such as brittleness. 

Despite these advantages, the application of a large bias voltage to the samples can lead to 

problems of maintaining a uniform temperature in components with different mass. Other 

known problems which exist in this process are hollow cathode and edge effects [27]. 

Hollow cathode effects occur when parts to be treated are located close to each other or 

contain deep holes of small diameter, where the plasma from other part or wall overlap and 

produce high localised currents and temperatures which in turn can melt or overheat the 

parts to be treated [24]. 

The use of auxiliary heating and pulsed bias power are the attempts to overcome 

shortcomings in DCPN. These tactics have met with some achievement, although high 

cathodic potential is still applied directly to the parts to be treated. Li et al. [27] pointed 

that conventional DC systems are only efficient for the treatment of simple homogeneous 

loads. DCPN systems therefore have intrinsic deficiencies when more complex loads are 

treated due to difficulties in maintaining uniform temperatures. 

1.4.4 Post discharge Nitriding 

In order to overcome the limitations of DCPN, several researchers have hunted a different 

tactic. Most notably had been the study of Ricard et al. [28] with their development of post 

discharge nitriding (Figure 1.13). A gap type microwave power generator (2.45 GHz), 

which is commonly known as surfaguide was utilized by Ricard et al. [18] and Malvos et 

Figure 1.12 Typical chambers for Glow-Discharge Ionitriding, also known as DC plasma 
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al. [29] to produce plasma. According to Malvos [29], the plasma generated in the quartz 

tube (Figure 1.13) remained in this position, while it is the role of the flow of the process 

gas to transport the neutral excited species to the sample to be treated. In a post discharge 

nitriding reactor, the samples to be treated are at an electrically floating potential and are 

maintained at nitriding temperature by use of an external heater (Figure 1.13). The samples 

were located 100 cm from the surfaguide plasma generator and were embedded with a 

thermocouple. Malvos et al. [29], based on the study of Ricard et al. [28], claimed that the 

species that are mainly responsible for nitriding are atomic nitrogen (𝑁) since there is 

good correlation between the (𝑁) concentration in the surface and the atomic nitrogen 

density at the surface of the sample. 

 

 

 

 

 

 

 

 

 

 

 

Malvos et al. [29] made the point that the mean gas velocity must be sufficiently high 

enough so the neutral energetic N species do lose their kinetic energy before they reach the 

sample surface. A more recent contribution to the mechanism of nitriding in post discharge 

nitriding reactors was presented by Ricard et al. [18], where it was observed using optical 

emission spectroscopy that the nitriding response of Iron based alloys in a post discharge 

nitriding reactor is due to N atoms and not N2 molecules. Furthermore it was also found 

that there was a good correlation between the nitrided layer thickness and the spatial 

distribution of N atoms [18]. However, due to variance in nitriding response relating to 

non-uniform workload temperature and geometries, post discharge nitriding was not 

commercially successful  and therefore not commonly employed in industry [24]. 

  

Figure 1.13 A schematic of a post discharge nitriding reactor, as developed by Ricard et al.  
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1.4.5 Active Screen Cage Plasma Nitriding 

In recent years, an innovative system was developed which is called Active Screen 

(Through Cage) Plasma Nitriding (ASPN) [24]. Since ASPN is applied to avoid 

fundamental problems associated with DC plasma nitriding therefore it has been the focus 

of much interest [24, 30, 31]. ASPN reduces the damage caused by arcing and hollow 

cathode effect, and most important benefit of ASPN is the skill to process samples with 

different geometries at a time. Georges [24] the inventor of ASPN technology, applied the 

high cathodic potential to a screen which is surrounding the parts to be treated. The active 

screen is acting as a new cathode for the system and the plasma is forming on the active 

screen cage rather than directly on the load.  Samples to be treated are placed on an 

insulator base plate which is fenced by large metal screen made of expanded mesh. Since 

the base plate is an insulator therefore the samples are at floating potential or subjected to a 

small negative bias of 100 to 200V [27]. The motivation was the claim that the active 

nitriding species in the plasma are the energetic neutrals rather than ions [18], so forming 

the plasma directly on the samples is out of question. In this new scheme the part of the 

plasma generated on the active screen are to provide uniform temperature to the samples 

by radiations and to generate active neutral species. 

Li et al. [27] have studied different aspects of ASPN in their laboratory scale system 

shown in figure 1.14. According to their demonstration if the distance between the samples 

and the screen cage is 12 mm the nitriding behaviour of low alloy steels was similar to DC 

plasma nitriding using 500 𝑉 DC bias without, hollow cathode effect and edge effect 

problems.   

 

 

 

 

 

 

 

 

 

 

 
Figure 1.14  A schematic of a laboratory based ASPN system employed by Li et al. 
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On the basis of their experimental observations they concluded that the material sputtered 

from the screen cage and deposited on the samples is the key mechanism by which N is 

transported from the plasma to the surface. They also demonstrated different experiments 

by changing the top lid of the screen cage with different metals. It was found that if the top 

lid is replaced by copper then copper layers were formed on the samples and when 

titanium top lid is used they found titanium deposits on the electrically floating samples 

surfaces. These results confirm that mass transfer occurs between the active screen and the 

samples. As the plasma is generated around the active screen, so the screen cage will be 

nitrided as in conventional DCPN, therefore it is expected that iron nitride material from 

the active screen will be transferred to the sample surface. Therefore it was concluded that 

the iron nitride active screen material deposited on the sample surface was responsible for 

the nitriding response in ASPN. In support of this conclusion a parallel experiment was 

conducted by Zhao et al. [32] In this experiment they have used an active screen without 

top lid. A two stage response on the sample surface was observed with somewhat similar 

edge effects produced form DCPN treatments. The surface which is closest to the active 

screen shows a dark grey appearance showing a high nitriding response, whereas the 

surface farthest from the active screen i.e. centre of the sample revealed the original 

metallic shined surface, which failed N diffusion case depth tests. 

Zhao et al. [32] also concluded that the sputtering of iron nitrides from the active screen is 

the tool of mass allocation in ASPN. Based on these studies, Zhao et al. [32] proposed a 

model for the tool of mass transfer in ASPN (Figure 1.15) which is an addition to the 

Edenhofer model. Zhao et al. [32] suggested that the sputtered iron nitride particles from 

the active screen either physically or chemically adsorb active N atoms. These N rich 

particles are then randomly deposited on the load. Accordingly the dissociation of the 

physically adsorbed particles at the high substrate temperature causes the diffusion of N 

into the steel. 

 

 

 

 

 

 

 

 Figure 1.15 Model proposed by Zhao et al. for the nitriding mechanism in ASPN. 
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It was concluded on the basis of his model that sputtering is not necessary as nitriding 

could be attained by having the samples in either cathodic potential (600-700V bias) 

(Figure 2.16a), floating potential (Figure 2.16b) or grounded potential (Figure 2.16c). 

 

  

Figure 1.16  A schematic of the three laboratory based nitriding arrangements a) Sample at cathodic potential 

(DCPN), b) sample at floating potential, c) sample at ground potential 
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Recently, Alves et al. [33] compared the nitriding response between DCPN samples 

treated with 500V bias and electrically floating ASPN samples in the same nitriding 

chamber which was similar to that shown in Figure 1.14. The distance from the sample 

surface and the active screen top lid was less than 15 mm in the ASPN experiments [51]. 

Alves et al. [33] showed that the DCPN samples had a non-uniformly nitrided surface due 

to edge effects. On the other hand, the ASPN samples had a uniform matt grey surface 

finish after the nitriding treatment. After a standard metallographic analysis, Alves et al. 

[33] concluded that the surface hardness and composition of the ASPN samples were 

similar to that of the uniform central area of the DCPN samples without the undesirable 

sample edge effects.  

1.5 Aims and Objectives: 

The main objectives of this thesis are to: 

 Optimize the ASPN reactor in terms of pressure, current density and gas 

compositions using trace rare gas optical emission spectroscopy (TRG-OES). 

 Investigate the effect of hydrogen addition on plasma active species and plasma 

parameters in the presence of active screen cage. 

 Investigate the effect of treatment time on microhardness of various steels treated 

under optimum conditions. 

 To explore the nitrogen mass transfer mechanism in ASPN 

This is an effort to thoroughly investigate ASPN system by using TRG-OES. 

1.6 Layout of the Thesis: 

The thesis contains seven chapters. Glow discharges with their working mechanism are 

described in chapter one. Diagnostic techniques and experimental setup are explained in 

2
nd

 and 3
rd

 chapter respectively. Effect of hydrogen mixing in nitrogen plasma on 

excitation temperature, vibrational temperature, nitrogen dissociation and nitrogen atomic 

density is discussed in 4
th

 chapter. The plasma based nitriding of different types of steel is 

performed and their characterizations are discussed in 5
th

 chapter. In sixth chapter nitrogen 

mass transfer mechanism in ASPN is discussed in detail and a new model is proposed.  

In the last, discussion and conclusions of the presented work are summarized in chapter 

seven. 
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Optical and Electrical Diagnostics of Plasma 

In this chapter a brief description of Optical Emission Spectroscopy and Langmuir probe 

is presented. Different methods used to calculate plasma parameters of our interest by 

using OES are discussed and also the important and various types of Langmuir probes are 

considered.   

2.0 Introduction 

The measurement of plasma parameters is essential to have information about the physical 

processes occurring there. These informations are gathered by using different plasma 

diagnostic techniques. The basic purpose of applying diagnostics are to know about 

changing behaviour of plasma parameters and hence the physical processes occurring in 

the plasma which are responsible for the changes. The various diagnostic schemes based 

on the variety of plasma density and temperature, are available. In-situ and Ex-situ are the 

two types of these diagnostic techniques. In the first technique samples are removed from 

chamber for analysis. Later technique is used for mass spectrometry and gas phase 

electron paramagnetic resonance. In-situ or on-line techniques are those in which plasma 

is characterized during the discharge. This can be separated into 

“intrusive” and “nonintrusive” methods. Diagnostic is intrusive when plasma is also 

being perturbed. Depending upon applied technique and information required this 

perturbation has its significance. While the nonintrusive method does not disturb the 

plasma. 

2.1 Electromagnetic Spectrum 

All of the electromagnetic radiation that surrounds us are not visible by human being, but 

can be detected by dedicated sensing instruments. The visible portion of the 

electromagnetic spectrum constitutes a small part of the total radiation spectrum. The 

electromagnetic spectrum ranges from very short wavelengths (including gamma and x-

rays) to very long wavelengths (including microwaves and broadcast radio waves). Figure 

2.1 displays many of the important regions of this spectrum, and demonstrate the inverse 

relationship between wavelength and frequency [1]. 
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Figure 2.1 Electromagnetic radiation spectrums. 

𝑣 =  𝑐
𝜆

⁄  

Where 𝒗, 𝞴 and c is frequency, wavelength and velocity of light in vacuum (c= 3×10
8
 ms

-1
). 

The corresponding energy of the radiation is given by 

𝐸 = ℎ𝑣 

Here E is energy and h is Plank’s constant (h=6.62×10
-34

Js) 

The above mentioned equations relate the energy, frequency and wavelength of the 

radiation for particular segment of the spectrum.  The spectroscopy analysis of the 

radiation can be subdivided into two types. 

i) Absorption spectroscopy. 

ii) Emission spectroscopy. 

2.2 Absorption Spectroscopy 

When electromagnetic radiations are allowed to fall on certain material, it is partially 

absorbed, reflected and refracted depending upon the nature of the material, the energy, 

wavelength, intensity and frequency of the radiation involved. The reduction in the 

intensities of certain wavelengths after beam of light passing through a material is called 

absorption and the information so obtained regarding a particular target material is called 

absorption spectroscopy. The elementary aims to study absorption spectroscopy of light 

are:  

 To learn which wavelengths are engrossed? 

 How much radiation is engrossed, and 

 Why a radiation is engrossed? 

The intensity for a given wavelength of light being transmitted through a plasma, is given 

by Beer’s law, 

I = Ioe−σnℓ                    (2.1) 
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Where Io intensity of incident light, σ is cross section for absorption, n is density of 

absorbing species, ℓ is the optical path length. 

The total concentration can be calculated from the intensity of the transmitted light if the 

absorption cross-section of the different species is known. The light source, a 

monochromator, a detector, some related electronic devices and data display are the basic 

instruments required for the atomic absorption spectroscopy. 

2.3  Emission Spectroscopy 

The spectra emitted from the excited atoms or ions in the optical range are studied by 

emission spectroscopy. When the outer orbital electrons in the atom receive energy from 

some source they may jump from their ground state to a higher energy state. The excited 

atoms return to their ground state after a small time. They emit electromagnetic radiation 

in the cold plasma discharges are generally in form of light. The various emitted 

wavelengths are separated and analysed by means of the monochromator. Electromagnetic 

radiations are then characterized by a wavelength or frequency. Wavelength is defined, as 

the distance between adjacent peaks (or troughs), and may be designated in meters, 

centimetres or nanometres (10−9 meters) or in terms of wave numbers (cm
-1

). Number of 

wave cycles passing through point per second is known as frequency, usually measured 

in cycles per second, or Hertz (Hz). Range from approximately 400 to 800 nm is called 

visible. Red and violet are the two extremes. Other colours of spectrum, in decreasing 

wavelength order can be remembered as: ROY G BIV. Typical spectrum of the observed 

colour is given below. In horizontal diagram, on the bottom left, the wavelength will 

increase on moving from left to right.  

  

Figure 2.2 Optical spectra, which constitutes a small part of the total electromagnetic radiation spectrum.  
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Optical emission spectroscopy is the most widely used technique to investigate and 

analyse the light emitted from the plasma. This simple and non perturbative technique 

gives the physical information about discharge, such as plasma composition, electron 

temperature, electron density and electron energy distribution function (EEDF).  The 

neutral particles and ions can be identified by measuring the wavelengths and intensities of 

the emitted spectral lines from the plasma [2]. Optical emission spectroscopy is limited to 

species that emit characteristic light. The spontaneous de-excitation from the excited state 

E_h to ground state E_l is responsible for radiation emission. Since every species (atoms, 

molecules, ion and radicals) has certain energy levels, therefore, each emits a 

characteristic spectral line of frequency 𝒱hl =  
Eh− El

h
  and wavelength  λhl =  

hc

Eh− El
 . 

Following relation relates the intensity of the spectral line with population nh, of the upper 

state of the transition [3], 

Ihl = nhAhlh𝒱ℎ𝑙                        (2.2) 

Where ‘Ahl’ is the transition probability, ‘𝒱hl’ the frequency of the emitted photon. 

2.4 Plasma Spectroscopy 

The identity and structure of the atoms and molecules in the gaseous discharge are studied 

by means of plasma spectroscopy which is based on the emission spectra. The free 

electrons in the plasma make elastic and inelastic collisions with the plasma species, the 

most important collisions being the inelastic collisions causing excitation and ionization of 

the plasma species. Characteristic light of discharge is the result of excitation and the 

subsequent radiative decays to lower levels [4]. Spectrum consists of discrete lines and 

bands used for the analysis of emitted light. Each line or band is characteristic of a 

particular atom or molecule, and once the characteristic line pattern of a particular specie is 

identified, its appearance in the spectrum establishes the presence of the particular specie 

in the source [5]. This type of spectroscopy is known as spectrochemical analysis, and it 

can provide quantitative information by measuring relative intensities as well as the 

wavelength. Secondly, the information regarding characteristic energy levels, stationary 

states of atoms or molecule can be deduced from the line or band pattern. Finally, the 

physical properties of the gas or plasma containing the emitting particles affect the 

intensity and wavelength distribution of the radiation in various ways. Using these 

techniques, one is concerned either with studying wavelengths and intensities of radiation 
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emitted by atoms, molecules under various conditions or with radiation absorbed by 

plasma in various ways.  

2.5 Optical Actinometery 

The changes in the emission intensity resulting from the changes in the electron energy 

distribution function (EEDF) can give misleading results regarding the direct 

measurements of free radicals’ concentration from emission intensity. Plasma induced 

optical emission actinometry offers a simple technique for determining the radicals’ 

concentration in reactive plasmas after normalizing the EEDF by using optical emission of 

an inert gas such as argon [6-8]. For quantitative analysis of the emission spectra, a first 

supposition will be that intensity “I” from a specific species is proportional to its 

concentration [F], 

I =  ak [F]              (2.3) 

 The proportionality factor  𝑎𝑘 is given by 

ak = K ∫ ne(ε)
εmax

ε1

σ (ε)dε       (2.4) 

where 𝐾 is a constant depending on the sensitivity of the detector, s(e) is cross section for 

excitation of the emitting species for a given excited state caused by the impact of an 

electron of energy e, 𝑛𝑒(e) is the number of electrons in the energy range de present in the 

volume of the reactor viewed by the detector.  

Since 𝑛𝑒(e)  depends on the gas composition, filling pressure and applied power, therefore,  

𝑎𝑘 is not constant. The excitation efficiency of the discharge can be assumed as constant if 

the plasma parameters are not changed significantly. If the discharge parameters are 

changed significantly than this assumption is no longer valid and the intensity of emission 

cannot be assumed as proportional to the density of ground state species. Since most of the 

fluctuations in the discharge parameters influence the density of plasma species and the 

electron energy distribution function (EEDF), one cannot simply use the optical emission 

intensity as an observer of the density of reactive plasma species [8, 9]. To avoid these 

complications, a small amount (≤ 5%) of a rare gas is  added to the reactive plasma, for 

the purpose of optical diagnostics without disturbing the plasma properties called as trace 

rare gas-optical emission spectroscopy (TRG-OES) [8-10]. Optical emission from trace-

rare gas may be used to calculate the excitation efficiency of the reactive species for 

different discharge parameters (like gas pressure, power etc.).  
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In optical actinometry, one has to monitors both the emission of radiation from the reactive 

species and rare actinometer gas: 

IR

II
 ~ 

[FR] ∫ ne(ε)σR(ε)dε
εmax

ε1

[FI] ∫ ne(ε)σI(ε)dε
εmax

ε2

              (2.5) 

The exact solution of this equation encounter principal difficulty associated mainly with 

the electron energy distribution function. However, these difficulties can be overcome if 

the conditions of actinometry are fulfilled (i.e. σR(ε) ≅ σI(ε) ). By considering these 

conditions, the above equation can be written as. 

IR

II
 ~

[FR]

[FI]
                (2.6) 

Where [𝐹𝑅] is the concentration of the reactive species and [𝐹𝐼] is the concentration of the 

inert actinometric gas, 𝐼𝑅 is the intensity of emission from reactive species and 𝐼𝐼 is the 

intensity of emission from the actinometric gas. 

Here we assume that the cross section for excitation of the actinometer and the reactive 

species are equal. Although there might be differences between the values of the cross 

sections, the error introduced is not large and is in the acceptable range [11]. A large error 

may not allow us to use equation (2.6), in case if the excitation threshold of the 

actinometer is significantly different from that of the active species. Optical actinometry is 

used only for the emission of species that have excitation thresholds close to that of the 

actinometer. Although actinometry is not an accurate technique, but provide a good 

approximation for the evaluation of densities of active species. 

2.5.1  Active Species Relative Concentration 

Generally, the emission intensities of a specific type of atom/molecule are not simply 

related to their concentration in 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒. To estimate 𝑡ℎ𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 

concentration of these species in ground state, optical actinometry is used. For example, 

the electronic excitation cross section of nitrogen (a reactive gas) of particular energy 

levels is quite similar to particular energy levels of argon (an actinometer gas). For those 

levels: 

Iik = niAikh𝒗𝒊𝒌         (2.7) 

= n0nek0iAikh𝒗𝒊𝒌τi 

Here 𝑛𝑖= n0nek0iτi, 𝐼𝑖𝑘 is the emission intensity of the spectral line from i→k, 𝐴𝑖𝑘 is the 

transition probabilities from i→k, 𝑣𝑖𝑘 is the frequency of radiation from i→k, 𝑛𝑖 is the 

population density of the excited state i, 𝑛0 is the population density of the ground 
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electronic state, 𝑛𝑒 is the electron number density of electron concentration, and 𝜏𝑖 is the 

radiative life time of emitting state i. 

Ground to excited state excitation is given by rate constant of excitation. 

k0i =< σ0i𝑣 >= √
2e

m
∫ f(ε)σ0(ε)ε

1

2dε       (2.8)
∞

ε

 

Where 𝜎0 is the size of excitation cross section of atom or molecule, 𝜀 is the excitation 

threshold of the emitting states and  𝑓(𝜀) is the electron energy distribution function. 

From equation (2.8), the emission intensities of the actinometer (i.e. argon) and the 

reactive gas (i.e. nitrogen) will be given as: 

IAr = [Ar]nekArAArh𝑣ArτAr              (2.9) 

And 

IN = [N]nekNANh𝑣NτN                      (2.10) 

The ratio between emission intensities of actinometric gas and reactive gas is given by. 

IAr

IN
=

[Ar]kArAArh𝑣ArτAr

[N]kNANh𝑣NτN
                (2.11) 

IAr

IN
=

[Ar]√
2e

m
∫ f(ε)σAr(ε)ε

1

2dε
∞

εAr
AArh𝑣ArτAr

[N]√
2e

m
∫ f(ε)σN(ε)ε

1

2dε
∞

εN
ANh𝑣NτN

      (2.12) 

The basic problem in finding the exact solution of this equation is associated with the 

electron energy distribution function (𝜀) . However, these problems can be detached if the 

actinometery circumstances are satisfied as discussed above (i.e. 𝜎𝐴𝑟(𝜀) ≅ 𝜎𝑁(𝜀) and 

𝜀𝐴𝑟 ≅ 𝜀𝑁). By considering these conditions, the above equation can be written as. 

IAr

IN
= 𝐶1

[𝐴𝑟]

[𝑁]
                         (2.13) 

The value of constant 𝐶1 depends only upon the properties of particular atoms. Thus, the 

concentration of reactive species (N) in the ground electronic state is given by. 

[N] = C1

IN

IAr

[Ar]                 (2.14) 

Similarly the concentration of molecular nitrogen in the discharge is given by. 

[N2] = C1

IN2

IAr

[Ar]                 (2.15) 

Where [N2] and IN2
 are the concentration and emission intensity of nitrogen molecule 

respectively. 
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2.5.2 Dissociation Fraction of Molecules 

The dissociation of molecular gas into its neutral or charged (positive and negative ions) 

fragments usually takes place due to inelastic collision between electrons and molecules. 

Because of their chemical reactivity these fragments play a vital role in plasma processing 

[12]. The electron impact dissociation of molecule may result from the following 

reactions; 

e + A2 → A + A + e              (2.16) 

e + AB → A + B + e             (2.17) 

To break the molecular bond the incident electron must have the energy higher than the 

threshold energy [12, 13]. 

The dissociation of nitrogen (N2) molecules in the discharge is considered as an example. 

The ratio between the number of nitrogen atoms [N] to the initial number of nitrogen 

molecules [N2]i  defines dissociation fraction [14, 15]. 

D =
[N]

2[N2]i
                       (2.18) 

Using equation (2.13) the dissociation of nitrogen molecule can be calculated as 

D = C3

IN

IAr

[Ar]

[N2]i
             (2.19) 

Where C3 is constant depending upon the excitation rate coefficients and the spectroscopic 

data [16, 17]. 

2.5.3 𝐏𝐥𝐚𝐬𝐦𝐚 𝐄𝐱𝐜𝐢𝐭𝐚𝐭𝐢𝐨𝐧 𝐓𝐞𝐦𝐩𝐞𝐫𝐚𝐭𝐮𝐫𝐞 

Population density of excited atomic 𝑠𝑡𝑎𝑡𝑒𝑠 is measured by Optical emission 

spectroscopy (OES). The line intensity is proportional to upper state number density. They 

are related as follows [18]. 

Iij ∝ hvijAijni                               (2.20) 

Where ℎ is Plank’s constant, 𝒱𝑖𝑗 is the frequency of the emitted photon, 𝐴𝑖𝑗  is the 

transition probability, and 𝑛𝑖 is the number density of atoms in the excited state 𝑖. 

𝑆𝑖𝑛𝑐𝑒 it is 𝑙𝑜𝑤 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 plasma, where the dominant process is radiative processes, hence 

it belongs to corona balance and documented as non − LTE plasma. Therefore 

Boltzmann plot method is used to calculate excitation temperature [19, 20]. Several 

spectral lines are used to estimate the excitation temperature in this method. Slope of the 

following equation gives excitation temperature 



37 

 

ln (
Iijλij

giAij
) =  −

Ei

KBTexc
+  C                    (2.21) 

Where λij is the wavelength, Iij is the measured intensity, Aij is transition probability, gi is 

statistical weight of the upper excited level, KB is Boltzmann constant, and C is 

constant for a given atomic species,Ei is energy of upper excited level.  

2.6 Molecular Spectroscopy 

The changes in the electronic arrangements and electronic energy along with the changes 

in rotational and vibrational energies of the molecules are responsible for their absorbance 

and emission of radiations.  The energy changes involved in a transition from one 

electronic state of a molecule to another, corresponding to the radiation in the visible or 

ultraviolet regions [12, 21]. The vibrational and rotational energy of the molecules will 

also change in the course of such high-energy transitions. It can be easily observed that 

electronic transitions results in broadening of the absorption or emission bands and that 

these bands contain a large amount of fine structure. Furthermore, diatomic molecules 

exhibit many different excited electronic states, and the energies of these states can also be 

deduced from studies of electronic transitions [22]. 

2.6.1 Vibrational Structure of Electronic Bands 

Figure 2.3 shows the variation of potential energy with inter-nuclear distance of a diatomic 

molecule for two different electronic states. Several vibrational states are associated with 

the electronic state. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Potential energy curve of a diatomic molecule 
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Certain rules have to be followed when the molecule makes a transition from one 

electronic state to the other. The question is, what type of transitions is expected between 

the various vibrational levels. Following factors are considered to answer this question. 

1. There is no restriction on the changes in vibrational state quantum number 𝒱 for a 

transition going from one electronic state to another. This result is in contrast to the rule of 

𝒱 = 1 that is operative in vibrational transitions within a given electronic state. 

2. Electronic transition in a molecule takes place so rapidly compared to the vibrational 

motion of the nuclei that the inter-nuclear distance can be regarded as fixed during the 

transition (Frank-Condon principle). 

2.6.2 Rotational Structure of Electronic Bands 

If a high resolution spectrograph is used to study the electronic band, it is observed that 

each of the vibrational components does not consist of a single line but rather a sub-band 

of considerable detail. This additional detail can be attributed to changes in the rotational 

energy of the molecule that accompany the vibrational-electronic transitions. If 𝑣0 

represents the frequency of a particular vibrational component of an electronic transition, 

𝐸𝑗
` the rotational energy of the excited molecule in the 𝑗` rotational state, and 𝐸𝑗

`` the 

rotational energy of the molecule in a lower electronic state and the 𝑗`` rotational state, the 

details of the sub band are given below [22]. 

∆Etotal =  ∆Ee +  ∆E𝒱 +  ∆Ej                       (2.22) 

The rotations and vibrations in diatomic molecules are quite independent. This also 

includes electronic transitions. (Born-Oppenheimer Approximation). The corresponding 

energy levels are given by 

𝐸𝒱  ≈  (𝑛 +  
1

2
) ℎ𝑣                                 (2.23) 

𝐸𝑗 =  
𝑗(𝑗 + 1)ℏ2

2𝐼
                                     (2.24) 

There is essentially no selection rule for vibrational transitions when a molecule undergoes 

an electronic transition, i.e., every transition 𝒱
𝒱

 has some probability, and many 

spectral lines would therefore, be expected. These are conventionally labeled according to 

their(𝒱
,𝒱

) numbers (upper state first), that is, (0, 0), (1, 0), (2, 0), (0, 1), (0, 2) etc. Such a 

set of transitions is called a band since; under low resolution each line of the set appears 

somewhat broad and diffuse. In electronic transitions, rotational fine structure is ignored 

because rotational transitions lie in the microwave region of the electromagnetic spectrum. 
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2.7 Langmuir Probe 

The IV characteristic in a gas discharges by inserting a conductive wire in the plasma was 

first measured by Irvin Langmuir by publishing his theory regarding determination of 

plasma density [23]. This simple device was used for measuring plasma parameters and is 

commonly called as the Langmuir probe. It provides information regarding the electron 

temperature, plasma density, plasma potential, and electron energy distribution function. 

Velocity distributions of the charge carriers are responsible for the evaluation of plasma 

parameters as probe characteristic.  

The derivation of the actual electron velocity distributions forms the I-V characteristic was 

shown for the first time by Druyvesteyn. After that the double probe technique was 

developed by Johnson and Malter in (1950) [24]. This method permits the investigation 

even of those plasmas in which a reference potential of an electrode is absent or where the 

space potential is not defined. (e.g., eletrodeless high frequency discharges afterglows and 

the ionosphere). 

Electrical probes are of two types i) single and ii) double Langmuir probes. This section 

also includes triple Langmuir probe which removes shortcomings associated with 

previous types of electrical probes. 

2.7.1 𝐒𝐢𝐧𝐠𝐥𝐞 𝐋𝐚𝐧𝐠𝐦𝐮𝐢𝐫 𝐏𝐫𝐨𝐛𝐞  

A tiny wire, inserted inside plasma constitutes single Langmuir probe. Usually it is linked 

to a potential source of a reference electrode. Measuring current as a function of input 

voltage gives I-V cure. Assuming Maxwellian distribution of velocities, concentration of 

charge carriers, velocity and potential distribution of electrons in equilibrium plasma can 

be estimated from this curve. 

𝐒𝐢𝐧𝐠𝐥𝐞 𝐋𝐚𝐧𝐠𝐦𝐮𝐢𝐫 𝐏𝐫𝐨𝐛𝐞 𝐂𝐡𝐚𝐫𝐚𝐜𝐭𝐞𝐫𝐢𝐬𝐭𝐢𝐜𝐬 

𝐴 𝑝𝑙𝑎𝑛𝑒 𝑝𝑟𝑜𝑏𝑒 𝑖𝑠 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑝𝑙𝑎𝑠𝑚𝑎 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑎𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑠 𝑡ℎ𝑎𝑡: 

1) Velocity distributions are Maxwellian with temperatures eT  and T  respectively, 

where 𝑇𝑒 ≫ 𝑇+. 

2) Homogenous, immeasurable and quasi-neutral plasma without electrical probe. 

3) e and ions   are huge compared to 𝑜𝑡ℎ𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ𝑠. 

4) Every 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 striking 𝑝𝑟𝑜𝑏𝑒 𝑖𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 without any reaction. 

5) 𝑇he region in front of the probe surface, is uninterrupted by a space charge 

sheath with a well − defined boundary.  
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6) The sheath thickness d  is presumed to be small in order to evade the edge effects

. 

 

 

 

 

 

 

               

 

 

     

 

 

 

 

 

 

Figure (2.4)shows that U  is the potential difference between the probe surface 

and reference electrode. Potential drop 𝑉𝑠𝑝 between the sheath boundary and reference 

electrode and the probe potential 𝑉𝑝 with respect to the sheath boundary are the two parts 

of this potential difference.  

U = Vsp + Vp              (2.15) 

𝐅𝐥𝐨𝐚𝐭𝐢𝐧𝐠 𝐏𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥 𝐚𝐧𝐝 𝐈𝐨𝐧 𝐒𝐚𝐭𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 

By separating probe from external circuit no current will flow through it.  

For the three dimensional average velocity 

Vj̅ = 4π (
m

2πkTj
)

3/2

∫ Vj
3e−

mVj
2

2kT dVj          (2.16)
∞

−∞
                                   

And defining   αVj
2 = y, equation (2.16) becomes 

Vj̅ =  4π (
m

2πkTj
)

3/2

 ∫
y

α
e−y (

1

2α
) dy     (2.17) 

∞

−∞

 

Using the standard integral  ∫ 𝑦𝑒−𝑦𝑑𝑦 
∞

−∞
= 1 we have average velocity as  

𝑭𝒊𝒈𝒖𝒓𝒆 𝟐. 𝟒     𝑻𝒉𝒆 𝒄𝒊𝒓𝒄𝒖𝒊𝒕 𝒅𝒊𝒂𝒈𝒓𝒂𝒎 𝒐𝒇 𝒔𝒊𝒏𝒈𝒍𝒆 𝑳𝒂𝒏𝒈𝒎𝒖𝒊𝒓 𝒑𝒓𝒐𝒃𝒆. 
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Vj̅ =  
4π

2α2
 (

m

2πkTj
)

3/2

                                            (2.18) 

Or in general 

  V̅ =  (
8kT

πm
)

1/2

                                                       (2.19)    

More electron than ions strike probe surface because of their high mobility. Hence the 

probe surface is accumulated with a net negative charge. This negative charge accelerates 

the ions toward the probe surface and repels the further electrons, creating positive space 

charge sheath. This positive space sheath starts to grow until no net current 𝐼𝑝 is 

passing through the probe. The potential 𝑉𝑝 at the probe is called the floating potential 𝑉𝑓, 

which is negative w.r.t. positive space charge sheath edge.  

Now at suitable voltage 𝑈 = 𝑈𝑓 applied across the probe adjusts the equation (2.15) as: 

Uf = Vsp + Vf                                                          (2.20) 

If −𝑒𝑉𝑝 ≫ 𝑘𝑇𝑒, the floating state is obtained. Making 𝑈 more negative with respect to 𝑈𝑓, 

no electron will reach probe. Probe collects ions passing the edge of the space sheath and 

ion saturation current is obtained, which is given by: 

Iio =  
1

4
nioeV̅iS =  

1

4
noeV̅iA                                   (2.21) 

Here the ion density is almost equal to the electron density i.e.  nio  ≈  nei  ≈  no, S  is the 

area of the sheath and A  is the area of the probe surface.    

                                  

                  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 (a)  I-V characteristic curve of single Langmuir probe with negative potential. 
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Electron Saturation current 

Now by making 𝑈 further positive than 𝑈𝑓 such that 𝑉𝑝 > 𝑉𝑓, the current starts growing 

from point ‘A’ towards right as more and more electrons will be able to overcome the 

retarding potential drop and reach to the probe surface. As a result, the positive charge 

sheath thickness starts to decrease with the positively increasing value of 𝑉𝑝. In this 

positive charge sheath, the velocity distribution of the electrons is considered as 

Maxwellian which is given by Boltzmann’s law [25]: 

ne = noexp (
eVp

kTe
) ; Vp < 0                                    (2.22) 

The random electron current at the charge sheath edge can be calculated in a similar 

way to the equation (2.21): 

Ieo = −
1

4
n0eV̅eS                                                      (2.23) 

The electronic current Iecan be calculated through probe if mean electron velocity at 

the probe surface is equal to that at the sheath edge. 

Ie = −
1

4
n0eV̅eAexp (

eVp

kTe
)                                     (2.24) 

Hence using equations (2.21), (2.23) and (2.24), 

the total probe current in the retarding region of the I-V characteristic curve can be 

written as: 

Ip = Iio + Ieoexp (
eVp

kTe
)                                         (2.25)       

Figure 2.5 (b) I-V characteristic curve of single Langmuir probe with positive floating potential 
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Vanishing space charge sheath, the probe current reaches electron saturation current as 

U reaches to the value of Vsp, given by point ‘C’ on I − V characteristic curve. 

Hence, when Vp = 0 and U = Vsp the equation (2.25) takes the form: 

Ip = Iio + Ieo                                                           (2.26) 

Ip =  
1

4
noeV̅iA −

1

4
noeV̅eA                                  (2.27) 

As velocity of electrons is greater than ions, equation (2.27) takes the form: 

Ip ≅ −
1

4
noeV̅eA                                                     (2.28) 

This gives the electron saturation current passing through the single Langmuir probe. 

𝐂𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐏𝐥𝐚𝐬𝐦𝐚 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 

Plasma parameters like 𝑛𝑒𝑜, 𝑛𝑖𝑜, 𝑇𝑒 and 𝑉𝑠𝑝 can be calculated from I-V curve. For 

Maxwellian distribution of electrons, the electron temperature can be calculated from 

equation (2.24) as 

Ie = Ieoexp (
eVp

kTe
) 

Putting 𝑉𝑝 = 𝑈 − 𝑉𝑠𝑝 from equation (2.13) and taking natural log of the above equation 

and differentiating w.r.t U we get: 

d ln Ie 

dU
=

e

kTe
                  Vp < 0                                 (2.29) 

The equation (2.28) gives the electron temperature [26] as the function of 𝑈.  

Now for calculating electron density from equation (2.23) we put value of  V̅e and 𝑘𝑇𝑒 and 

after simplification we get: 

neo = Ieo (
2πm

e3S2
×

d ln Ie

dU
)

1/2

                                   (2.30) 

Hence by using this equation one can estimate the density of electron in the plasma. 

2.7.2  𝐃𝐨𝐮𝐛𝐥𝐞 𝐋𝐚𝐧𝐠𝐦𝐮𝐢𝐫 𝐏𝐫𝐨𝐛𝐞 𝐌𝐞𝐭𝐡𝐨𝐝 

Biggest shortcoming of single Langmuir probe method arises in many experimental setups 

when reference electrode is missing or when plasma potential is not well defined. 

Moreover, for large surface area of probe, large current is drawn, disturbing plasma 

conditions when operated near space potential. To circumvent these issues double 

Langmuir probe system [24] has been established, which does not influence the 

discharges. Hence it provides precise data for temperature measurements in all types of the 
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discharges [27, 28]. In this technique, overall current never surpass positive ion saturation 

current, that’s why it looks as an additional benefit of double probe method.  

Two Langmuir probes having same size and shape constitutes double probe system. Tips 

of both probes placed at such a distance that plasma sheath of both do not overlap. Ground 

isolated probes are connected across a variable potential source Vd with an associated 

current of id through this circuit. Figure (2.6) shows a double probe system. 

The Double Probe Method (DPM)obeys the Kirchhoff’s current law which states that 

“at any instant the total positive and negative current flowing into the system from 

 

 

 

 

 

 

 

 

 

 

 

 

 

 the plasma must be zero”. Hence equilibrium is established in circuit when negative 

current flowing in probe-1 is equal to positive current flowing in probe-2. As ion current is 

less affected by magnetic field therefore, in each probe the currents are limited by this 

current. Therefore when magnetic fields are used DPM are used. 

𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐏𝐥𝐚𝐬𝐦𝐚 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 𝐛𝐲 𝐃𝐏𝐌 

For Maxwellian distribution of electrons, current flowing through the probe is given by: 

Ip = Iio + Ieoexp (−
eV

kTe
) 

According to the Kirchhoff’s law ∑ Ip = Ip1
+ Ip2

= 0 and putting  −Iio = Ieo we get 

Figure 2.6    The schematic diagram of double Langmuir probe method. 
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(1 − exp (−
eV1

kTe
)) + (1 − exp (−

eV2

kTe
)) = 0         (2.31) 

Now the current I in the loop can be written as: 

𝐼 = 𝐼𝑝1
+ 𝐼𝑝2

 

I =
[exp {

e(V1−V2)

kTe
} − 1]

[exp
{e(V1−V2)}

kTe
+ 1]

                                                (2.32) 

Since; 𝑒𝑥𝑝 (−
𝑒𝑉1

𝑘𝑇𝑒
) + 𝑒𝑥𝑝 (−

𝑒𝑉2

𝑘𝑇𝑒
) = 2; and from equation (2.31) and using 

tanh x =
e2x−1

e2x+1
 the equation (2.32) can be rewritten as: 

I = Iio tanh (
−eVd

2kTe
) ; where Vd = V2 − V1                           (2.33)                                  

The slope of this I − V curve at zero relative bias Vd provides electron temperature (kTe). 

Differentiating equation (2.33) w.r.t 𝑉𝑑  we have: 

(
dI

dVd
)

Vd=0

=
eIio

2kTe
                                   (2.34) 

Using following relation electron density can also be estimated from ion saturation current. 

Iio = 0.61neeA√
kTe

mi
                                  (2.35)                                               

2.7.3  Triple Langmuir Probe Method 

The main drawback of the single and double Langmuir probes is 𝑣oltage sweep to get the I −

V characteristic curves,limiting time resolution of the measurements,  making them 

difficult to use in time varying plasmas. This drawback compels us to use an alternate scheme 

or triple Langmuir probe. 

Three metallic tips exposed to the similar plasma situations [28] form this system as shown 

in the Figure (2.7). One tip gives floating potential while other two are separately biased 

by a constant potential. Equal and opposite current to ion collection probe is always drawn 

from electron collecting probe because potential 𝑉2adjusts itself in such a way.  

𝐓𝐫𝐢𝐩𝐥𝐞 𝐋𝐚𝐧𝐠𝐦𝐮𝐢𝐫 𝐏𝐫𝐨𝐛𝐞 𝐎𝐩𝐞𝐫𝐚𝐭𝐢𝐨𝐧 

All three probes 𝑃1, 𝑃2𝑎𝑛𝑑 𝑃3 𝑎𝑟𝑒 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑝𝑙𝑎𝑠𝑚𝑎 𝑎𝑛𝑑 𝑎 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝑑1−2
 

is applied between 𝑃1𝑎𝑛𝑑 𝑃2, which gives the probe current 𝐼1−2. 𝐿𝑒𝑡 𝑉𝑑1−3
 is the 

potential difference between the probe P_1   and the floating probe P_3. It is assumed that 

space potential Vs is uniform in the region of the probes and V1, V2(Vs − Vf), and V3 

are the potential difference of probes from 𝑉𝑠  as shown in the Figure (2.8). 
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Vd1−2
= V2 − V1          (2.36)                                     

Vd1−3
= V3 − V1         (2.37) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The accurate measurement of 𝑘𝑇𝑒  requires that applied voltage Vd1−2
≥ 2kTe. Now 

the current though the three probes can be written as: 

Figure 2.7 The schematic diagram of triple Langmuir probe method. 

Figure 2.8 Potential of each probe from 𝑽𝒔  . 
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Ip1
= I1 = Iio + Ieoexp (−

eV1

kTe
)       (2.38)                                               

Ip2
= I2 = Iio + Ieoexp (−

eV2

kTe
)      (2.39) 

Ip3
= 0 = Iio + Ieoexp (−

eV3

kTe
)          (2.40)                                                

 Dividing equation (2.38) by equation (2.39) we get. 

−1 =
1 − exp (−

eV1

kTe
)

1 − exp (−
eV2

kTe
)

                 ∵ −Iio = Ieo 

2exp (
eVd1−3

kTe
) = 1 + exp (−

eVd1−2

kTe
)                     (2.41)                                  

Where V3 − V1 = Vd1−3
, V2 − V1 = Vd1−2

 

Now in the limit 𝑒𝑉𝑑2
≫ 𝑘𝑇𝑒 the equation (2.41) will become as: 

kTe =
eVd1−3

ln2
=

e(V1−Vf)

ln2
            (2.42)                                        

This equation gives the electron temperature. Obviously, it is not reasonable to ignore the 

term exp (
eVd1−2

kTe
) of equation (2.41) in the limit of  eVd2

≫ kTe  without considering the 

value of the ratio 
Vd1−2

Vd1−3

. 

The electron number density 𝑛𝑒 [28, 29] can be obtained by the following equation: 

ne =
1

0.61Ae√
kTe
mi

Iio                                (2.43)                                         

In order to obtain the value of 𝐼𝑖𝑜we subtract the equation (2.40) from the equation (2.38) 

and get: 

Ieo = I1

exp (−
e(Vd1−3

)

kTe
)

[1 − exp (−
e(Vd1−3

)

kTe
)]

               (2.44)     

  Hence the equation (2.43) can be written in modified form as: 

ne =
−I1

0.61Ae√
kTe
mi

exp(−
e(Vd1−3

)

kTe
)

[1−exp(−
e(Vd1−3

)

kTe
)]

           ∵ −Iio = Ieo          (2.45)  

Which will give us information about the density of electrons for known values of the 

related parameters.                  

Effect of Non-uniform Plasma Potential 
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Space potential 𝑉𝑠 is considered uniform between the probes. The variation of 𝑉𝑠 give rise 

to an electric field along the probe tips and it is necessary to correct this effect. This 

can be corrected 

by using P3 and an additional probe P4 [14] as shown in the Figure (2.9). The  

 influence of the parallel electric field [30] can be ruled out simply by: 

Vd3
=

Vd1−3
+Vd1−4

2
                                     (2.46)                                             

Calculation of Electric Field Fluctuations 

Fluctuations of electric field in plasma can be monitored by floating double probe. In this 

method if the wavelength of the electrostatic potential fluctuations is much larger 

than the separation between the probes and the electron temperature difference

between the probes is negligible then the electric field can be approximated by

dividing the difference of the floating potentials by the separation between the probes 

which can be written as: 

Ẽx = −
∂∅̃(x)

∂x
= −

∂∅̃(x2)−∂∅̃(x1)

x2−x1
                             (2.47)                                  

             

                  

 

 

                                                          

  

Figure 2.9  Triple probe circuits with an additional probe (Quadruple probe) 
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Experimental Setup  

In this chapter the experimental setup and the plasma diagnostics used for the plasma 

spectroscopy are discussed. The experimental setup and related diagnostics are twofold, 

the plasma chamber, where the plasma is created by using pulsed DC source and different 

types of spectrometers, which are used to explore the optical radiation emitted from the 

plasma. Diagnostics like (XRD, SEM, EDS, Raman Spectroscopy and Microhardness 

testing) have been discussed in detail. These techniques are used for the analysis of post 

plasma treated samples.  

3.1 The Plasma Chamber 

Figure 3.1 shows the diagram of the plasma chamber used in this study.  It is a stainless 

steel cylindrical vacuum chamber of 60 cm height and diameter. Two circular electrodes in 

parallel plate formation are retained inside the chamber. The power is supplied to the top 

electrode through inductive load, which limits the current during the discharge. The 

bottom electrode is grounded and serves as a cathode where a cylindrical mesh type 

stainless steel cage is placed which is also at the cathodic potential. The diameter of 

cathode is 18 cm and that of cage is 16 cm. The separation between the screen cage and 

anode is 6 cm. To prevent the additional discharge, a ceramic casing is used. Prior to 

feeding the gases, the chamber is evacuated down to 10
-2

 mbar using a rotary vane pump. 

The flow of gasses is monitored with mass flow meters, whereas pressure in the chamber 

is recorded by using capsule-type pressure gauge.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic diagram of the experimental setup 
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To monitor the temperature and heat up the cathode a heater along with a thermocouple is 

thermally connected with the cathode and placed outside the chamber at atmospheric 

pressure. The vacuum insulation is protected by circulating the chilled water along the 

chamber wall through pipes. Figure 3.2 show the pictographic view of the chamber used in 

the study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Active Screen Cage 

The active screen cage used in the present work is a circular mesh cage made of AISI 316 

having a thickness of 0.5 mm, 160 mm in diameter (major) and 74 mm height, having 1 

mm diameter (minor) holes spread uniformly with 5 mm distance between centers of 

adjacent holes. The top and side view of the cage is shown in figure 3.3  

 

 

 

 

 

 

 

Figure 3.2 A photograph of the main experimental set up used in this work. 

Figure 3.3 Top and side view of screen cage 
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Figure 3.4 A schematic diagram of the power supply system

3.3 Power Supply System 

An input voltage of 50 Hz is obtained from the main and is transmitted to a step-up 

transformer via AC voltage controller having range between 0-250 volts. The transformer 

can provide an output of 0-2 kV, 0-2 A, depending upon input parameters. A voltmeter and 

ammeter is connected in the circuit to monitor the input voltage and current during the 

discharge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

When discharge occurs, the impedance between the two electrodes drops and current in the 

circuit may increase. To limit the current during the discharge, an inductive load of 

impedance 1500  (50Hz) is connected in series. The schematic diagram of the power 

supply system is shown in figure 3.4. 

3.4 Vacuum System 

For the generation of low pressure plasma discharge, it is essential to empty the chamber 

before filling by the specific gases. In the present study a rotary pump is used for the 

evacuation of the chamber. Base pressure of 10
-2

 mbar can be attained by these pumps. 

The desired pressure is monitored by using capsule type pressure gauge. The stainless steel 

bellows are used to allow the gas from the main cylinder into the chamber. 

3.5 Optical Emission and Detection System 

From the overall radiation of the plasma source, the spectrometer selects different lines 

and individually analyses these lines depending upon the resolving power and efficiency of 

the device. The sensitivity and efficiency of the spectrometer might be increased by 
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flushing it with nitrogen or argon or by evacuating it. This process reduces the 

contamination which may absorb some part of the spectrum. In the early 90s, various 

wavelengths were dispersed by using the common method of grating; even older 

instruments were based on filters or prism. Only a single wavelength to the detector is 

allowed by these devices at any particular instant. Thus, a sequential fashion is adopted to 

monitor the whole spectrum. After the 1990s, other dispersion devices called gratings are 

in common use. Different wavelengths are monitored simultaneously by these devices. The 

standard of investigation and the ability of real-time background correction is increased by 

using these devices. There are two types of gratings namely holographic and ruled. The 

grating contains a number of equidistant similar grooves cut at an angle as shown in figure 

3.5.  When the incident light falls on the grating as shown in the figure it will be diffracted 

at a certain angle depending upon its wavelength. Two different gratings will be required 

for reporting and analysis of the total spectrum.  

 

 

 

 

 

 

 

 

 

 

 

The normal range for ruled gratings is 600 − 4200 lines mm
-1

. The resolution of the 

apparatus is found with the help of the line density and focal length of the spectrometer [1] 

Modern instruments usually use a holographic grating. Figure 3.6 shows spectral response 

curve which is used for normalization of emission intensity profiles.  

 

 

 

 

 

 

Figure3.5 A Grating 
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3.5.1 Monochromator 

There are two types of spectrometers, polychromators and monochromator. Generally, the 

purpose of the spectrometer is to inspect single wavelength at specific time hence termed 

as monochromator. Figure 3.7 shows monochromator setup. 

. 

 

 

 

 

 

 

 

 

These spectrometers are very important in modern research, because radiation emission 

from a specific material gives the characteristics of material. They are used in hard X-rays 

analysis, crystallography etc.  

3.5.1.1 Entrance and Exit Slits 

Entrance and exit slits controls size and position of the beam of light passing through 

the monochromator. Its size can be varied manually. For each experiment settings are pre-

set.  

  

Figure 3.7 Schematic of monochromator. 

Figure 3.6 Photo-multiplier tube efficiency response curve. 
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3.5.1.2 Mirrors 

When light enters from the entrance slit, it is directed towards the grating by the first 

mirror (a prism in the early monochromator). Light of different wavelengths is diffracted 

in different directions by the grating.  The desired wavelength is redirected towards the 

exits slit by second mirror.  

3.5.1.3 The Grating 

When there is a need to separate light of different wavelengths with high resolution, then a 

diffraction grating is the best choice to be used. This aspect of the diffraction grating for its 

behaviour like “super prism” leads to the application for measuring atomic spectra in both 

laboratory instruments and telescopes.  

3.5.1.4 The Mechanism of Grating 

Incident light is diffracted in discrete directions when incident on a grating surface. 

Diffraction by each groove combines to form a diffracted wave front. The efficacy of a 

grating depends on a unique set of discrete angles along which, for a given spacing d 

between grooves, the diffracted light from each facet is in phase with the light diffracted 

from any other facet. This demonstrates constructive phenomena. Diffraction by a grating 

can be visualized from the geometry in figure 3.8 which shows a light ray of wavelength λ 

incident at an angle α and is diffracted by a grating (of groove spacing d, also called the 

pitch) along angles 𝛽𝑚. The geometrical path difference between light from adjacent 

grooves is seen to be  𝑑(𝑠𝑖𝑛𝛼 +  𝑠𝑖𝑛𝛽). Since  < 0, the latter term is actually negative. 

The principle of interference dictates that only when this difference equals the wavelength 

λ of the light, or some integral multiple then the light from adjacent grooves will be in 

phase (leading to constructive interference).  At all other angles β, there will be some 

measure of destructive interference between the wavelets originating from the groove 

facets. This can be expressed by the grating equation 

𝑚𝜆 = 𝑑(𝑠𝑖𝑛𝛼 + 𝑠𝑖𝑛𝛽)     (3.1) 

 

 

 

 

 

 

 

Figure 3.8  Diffraction pattern from Grating 

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/atspect.html#c1
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This governs the angles of diffraction from a grating of groove spacing d. Here m is the 

diffraction order (or spectral order), which is an integer. For a particular wavelength λ all 

values of m for which |𝑚𝜆/𝑑|  <  2 correspond to physically possible diffraction orders. It 

is sometimes convenient to write the grating equation as 

𝐺𝑚𝜆 =  (𝑠𝑖𝑛𝛼 + 𝑠𝑖𝑛𝛽)      (3.2) 

 where G = 1/d is the groove frequency or groove density, more commonly called "grooves 

per millimetre" i.e. equation (3.1) and eq. (3.2) are common forms of the grating equation 

but their validity is restricted to those cases in which the incident and diffracted rays are 

perpendicular to the grooves (at the centre of the grating). The vast majority of grating 

systems fall within this category, which is called classical (or in-plane) diffraction. If the 

incident light beam is not perpendicular to the grooves, then one needs to modify the 

grating equation (3.20) as 

𝐺𝑚𝜆 =  𝜀 (𝑠𝑖𝑛𝛼 + 𝑠𝑖𝑛𝛽)     (3.3) 

Here 𝜀 is the angle between the incident light path and the plane perpendicular to the 

grooves at the grating centre. If the incident light lies in this plane, 𝜀 = 0 and equation 3.3 

= 0. In geometries for which ε ≠ 0 , the diffracted spectra lie on a cone rather than in 

a plane, so such cases are termed conical diffraction. 

For a grating of groove with spacing d, there is a purely mathematical relationship between 

the wavelength and the angles of incidence and diffraction. In a given spectral order m, the 

different wavelengths of polychromatic wave fronts incident at angle α are separated in 

angle: 

𝛽 (𝜆) = arcsin (
𝑚𝜆

𝑑
−  𝑠𝑖𝑛𝛼)  (3.4) 

A special but common case is that in which the light is diffracted back toward the 

direction from which it is coming (i. e. α =  β);  this is called the Littrow configuration, 

for which the grating equation becomes 

𝑚𝜆 = 2𝑑𝑠𝑖𝑛𝛼     (3.5) 

3.5.2 Photo Multiplier Tube (PMT) 

In low intensity spectroscopy application, the photomultiplier tube detector is versatile and 

very sensitive detector. PMT consists of several dynodes with increasing positive potential 

and a photo-sensitive cathode. Electrons are emitted from the surface of suitable material 

coated on the surface of PM, these electrons rush towards dynode as shown in figure 3.9. 
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Figure 3.9 Photomultiplier tube. 

Each time electron striking the dynode numbers of secondary electrons are emitted. 

Therefore, electron multiplication process starts, amplifying the signal by a 

factor of approximately 108 depending upon the efficiency of the apparatus [1]. A 

computer controlled Picoammeter (Keithley-485 used here) is used to record these signals. 

Figure 3.10 shows the spectral response of the photomultiplier tube (PMT–R-928 used in 

this work). The PMT dark current signal is always there. The cause of dark current is 

radioactive or cosmic rays or thermal excitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.10 Efficiency response curve for Photomultiplier tube. 
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3.6 Material Surface Characterization 

Basic working principles and the operation of different material surface characterization 

techniques is described briefly below. 

3.6.1 Scanning Electron Microscopy (SEM) 

The most well-organized characterization technique used for the investigation of 

surface morphology, topography and the chemical composition of different materials 

is scanning electron microscopy (SEM). The SEM is widely used in industry because of its 

high resolution imaging of the samples [2]. In SEM images are produced when an 

energetic beam of electrons strikes with the samples [3]. 𝑇ℎ𝑒𝑠𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 strike with the 

atoms present at the surface and can also enter the surface subject to their energy and 

the density of the sample. The magnification of electron microscope is about 100,000 

times greater than that of optical microscope and the field depth is also usually 100 times 

greater. The interaction of incoming electrons with the sample surface is either elastic or 

inelastic. Three types of signals are generated during this interaction, 

secondary electron emission, back scattered electrons and the emission of 

characteristic X − rays. These signals are detected and analysed by different types of 

detectors. Commonly secondary electron detectors are used in SEM [4]. 

The incoming electrons energy is transferred to the roughly bound atoms at the surface of 

the sample in the inelastic interaction. The respective detectors collect these emitted 

electrons. Topography and the morphological features of the surface of the sample strongly 

depend on the density and the energy of the electrons [2]. 

Characteristic X-rays are also emitted as a result of inelastic scattering. EDX detector is 

used to detect these signals along with the SEM detector. The information about chemical 

compositions of the samples are given by EDX detector. Its working principle is described 

𝑏riefly in section 3.7.2. In elastic scattering the incident electrons are reflected back 

from the surface of the sample without changing their energy. The corresponding 

detector captures these electrons. Greater Z atoms reflect large number of electrons [2]. 

Schematic diagram of the SEM set up is shown in figure 3.11. 
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Thermionic electron gun is used as an electron beam source producing energy of ~ 0.5 eV- 

40 keV. It comprised of a heated tungsten filament. Thermionic emission takes place from 

this filament. Low cost and high melting point makes tungsten filament to be used 

frequently in SEM for the generation of thermal electrons. Emitted electrons are provided 

with a positive potential (~ few kV). The electron beam is deflected and focused to the 

sample by condenser and electromagnetic lens. As a result of this interaction the emitted 

signals are collected and investigated by the respective detectors [3, 5]. 

Generally a conductive sample or a conductive surface is required for analysis using the 

SEM. If the sample is not conductive, then a space charge is formed on the sample surface. 

It repels the incident electrons degrading the SEM images.  A coating of some conductive 

material is used to overcome this problem. Generally gold, platinum, gold palladium alloy, 

tungsten and iridium are used for the purpose of 𝑐𝑜𝑎𝑡𝑖𝑛𝑔. 

Figure 3.11   SEM Set up 
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3.6.2 Energy Dispersive X-ray Spectroscopy (EDX) 

Energy Dispersive X-ray spectroscopy (EDX) is a chemical microanalysis technique. 

Materials with atomic number greater than carbon are identified and examined by this 

technique. A 0.1% concentration of the elements can be detected by EDX. The emission 

and detection of the characteristic X-rays of essential constituents of the sample constitutes 

the basic working principle of EDX [5, 6]. Usually when an electron beam of energy E 

interacts with elements of the sample some electrons are emitted from the lower orbit of 

the atoms. Assuming an electron is emitted from K shell having energy 𝐸𝑂 . Extra energy 

(E − EO)  appears as the kinetic energy of the emitted electrons. A vacancy is created 

in the K shell. 

 

 

 

 

 

 

 

 

 

 

this vacancy is filled by any electron from higher orbit. This orbital transition leads to the 

emission of characteristic or discrete X-ray. A transition from 𝐿 to 𝐾 shell is called the 𝐾𝛼  

X-rays. Similarly transitions from M shell are called 𝐾𝛽  X-rays. 

 

 

 

 

 

 

 

 

Figure 3.12. Emission of electron from an atom 

Figure 3.13      Emission of characteristic X-rays  
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 Figure 3.14 shows the experimental setup for EDX. 

 

 

 

 

Figure 3.14: Experimental set up of EDX 

X-rays are emitted when electron beam is made incident on the sample. These X-rays are 

collected by the detector. An electrical signal is produced when these X-ray strike the 

detector, which is proportional to the energy and density of the X-rays. Amplified signals 

are sent to the computer, where the graph is plotted. Chemical nature and concentration of 

element is given by energy and intensity of the X-rays respectively. Elements with the 

atomic number less than that of carbon are not detected by EDX because of their low 

energy. Since X-rays of some specific element are absorbed by detector window therefore 

EDX give concentration of the elements smaller than the real value. 

3.6.3 X-ray Diffractrometer (XRD) 

The X − ray diffractrometer is a tool for investigating crystalline and non − crystalline 

materials. The intensities of diffracted X − rays of known wavelength from the samples 

are used for the analysis. The crystal structure is determined by the 

diffraction pattern of the substance. The angular position and arrangement of atoms in 

the unit cell is determined by the shape, size and relative intensities of the lines 

respectively.  

The wavelength of the incoming X − rays is comparable with inter planner spacing 

between the atoms in solids. Due to their shorter wavelength X-rays give rise to diffraction 

effects. The diffraction pattern so collected can give information of atoms and molecules 

internal arrangement. The intensity of diffracted X − rays is obtained by the diffraction 

angle and orientation of the substrate. The information regarding structure can be 

deduced from the pattern. The diffraction patterns also give information about lattice 

parameters and unknown spacing of crystal planes. It can be used in the following 

analytical processes: 
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i. Crystal structure purpose  

ii. Layer thickness purpose  

iii. Unknown substances documentation  

iv. Phases transformation and phase analysis determination  

v. Crystal imperfections detection  

vi. Mechanical stresses measurements  

3.6.1.1 Bragg’s Law 

Bragg presented a geometrical relationship describing the angular distribution in a regular 

crystal lattice [7].  Interferences of the scattered waves are basic principle behind this law. 

For constructive interference, we have  

𝑛𝜆 = 2𝑑 sin 𝜃                         (3.6) 

where “n” is an integer (n = 1, 2, 3, . . . ), λ is the wavelength of the radiation, d is the 

lattice plane distance and “θ” is the half diffraction angle, the incident beam makes 

with the lattice plane shown in figure. 3.15.  

The planes of atoms act as a remarkable mirror and causes the generation of diffraction 

peak, making incidence and reflection angles θ same. The path difference of the incident 

and the reflected beam from two consecutive planes is, x– y, shown in figure 3.15, and 

y =  x cos 2θ. But, cos 2θ = 1 − sin2 θ, whereas d =  x sin θ, so that, x −  y =

 2d sin θ.  

When a beam of monochromatic X − rays is incident on the sample, the atomic lattice 

acts as a three dimensional diffraction grating causing the X − rays beam to diffract in 

precise angles. Structural information about the sample is provided by 

the diffraction pattern containing intensities and angles of the diffracted X − rays. 

The obtained diffraction pattern or spectrum is analysed by comparing it with 

the existing XRD data. 

 

 

 

 

Figure 3.15 A schematic of Bragg reflection from crystal  
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3.6.1.2. Working of XRD 

Diffractometer consists of X-ray tube which can rotate through an angle 0 − 900. A 

rotating detector (0 − 900) placed on the back side of sample collects the diffracted X-

rays. This apparatus is known as goniometer. The schematic is shown in figure 3.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The information about track angle θ is given to computer by Goniometer whereas detector 

records the rate of X-rays coming out. After scanning the sample, a graph is plotted against 

X-rays intensity and angle.  

3.6.4 Raman Spectroscopy 

Vibrational modes and structural properties of materials are measured by a standard non-

destructive experimental technique known as Raman spectroscopy. A small fraction of 

electromagnetic radiation  𝑠cattered in different directions while most of the radiations 

continue their propagation in the original direction. 

Brillouin scattering are those in which light scattered in transparent solids by 

vibrations (phonons). The wave number is typically shifted by (0.1 − 1 cm−1) from the 

incident wave number during Brillouin scattering. Inelastically scattering of light by 

molecules is called Raman scattering. In this scattering, light wave number 

is shifted by a maximum of 4000 cm−1 from the incident light. 

In early days, mercury lamps were used, but their use is restricted due to very low intensity 

of the scattered light. This difficulty was removed with creation of fixed frequencies lasers. 

𝑆𝑚𝑎𝑙𝑙 divergence, monochromaticity, high intensity, absence of a continuous background 

makes the laser an ideal source for Raman spectroscopic measurements. Because of 

Figure 3.16: Schematic diagram of X-ray diffractometer 
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specific wavelengths from the blue to the infra-red (IR) region diode lasers are preferred. 

Small size and higher efficiency are the main advantages of these lasers [8]. 

Intense laser beam in the UV to visible region (υ0) is used to irradiate the samples, the 

dispersed light is obtained in a perpendicular direction to the incoming beam. There are 

two types of frequencies in the scattered light; same frequency (υ0), a Rayleigh 

scattered light and the other is Raman scattered light nearly 10−5 [9] of the incoming 

beam with frequencies υ_0  ± υ_m, where υ_m  is a vibrational frequency of a molecule as 

shown in figure 3.4 (a). The υ_0  - υ_m  and υ_0  + υ_m  lines are known as Stokes and 

anti-Stokes lines respectively. Thus in this spectroscopy, we calculate the vibrational 

frequency (𝜐𝑚) as a shift from the incoming beam frequency (υ0) [8]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 (b) shows the diagram of Raman spectrometer arrangements. Lasers having 

several wavelengths to obtain the best signal are used in modern instruments [10].  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17(a)  Energy level diagram for Raman scattering  

Figure 3.17 (b)  Block diagram showing Raman spectrometer arrangements. 
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Electronic transitions and fluorescence is avoided by using a red or NIR laser with lower 

photon energy. So Raman scattering may simply sense. Using a near infrared excitation 

source fluorescence and thermal decomposition are avoided. Therefore it can easily be 

applied to industrial and biochemical samples that contain small amounts of materials 

which are extremely fluorescent under visible excitation. Raman intensity decreased 

by a factor of about 10 − 15 times by using longer wavelength with respect to visible 

excitation. This inherent disadvantage is removed by using ultra-sensitive near-infrared 

detectors [11].  

A 785 𝑛𝑚 wave length diode laser source is used in present work. It is equipped with 

monochromators and detectors. After passing through the slits the scattered light is 

focused on PMT, which converts it into an electrical signal. Spectrum is obtained by 

scanning the entire frequency range. The benefits of this spectroscopy are;  

1. A small portion of a sample is required.  

2. Biological compounds in aqueous solutions are scanned.  

3. The hygroscopic and air-sensitive compound can be scanned.  

In the present work an Avantes Ava Raman Microscope is used. This system includes a 

diode laser (785 nm), a fiber − optic probe, an Ava spectrometer and Ava Soft Raman 

operating software.  

6.5 Micro-Hardness Testing 

𝐷𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑢𝑝𝑜𝑛 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡 𝑡𝑜 𝑏𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑, 𝑡ℎ𝑟𝑒𝑒 𝑡𝑦𝑝𝑒𝑠 𝑜𝑓 ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 

tester are used namely;  

i. 𝑆𝑐𝑟𝑎𝑡𝑐ℎ ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠.  

ii. Indentation hardness.  

iii. Rebound or dynamic hardness.  

To calculate the hardness of metal like surfaces, usually Vicker’s and Knoop hardness 

testing are used. Making dent on the sample is the basic of these testes.  
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Figure 3.18:  Image of Vickers Hardness Tester and indentation. 

Rockwell test is rapid and simple in operation. These tests are used on thinner 

specimens and to the hardest as well as the softest materials. 

Figure 3.18 shows the most commonly used Vickers hardness tester. Since it uses light 

load, thinner sections can be tested. Engineering and metallurgical fields use these types of 

tests. The working principle of this technique is based on the measurement of 

critical dimensions of an indentation marked by an indenter having particular dimensions. 

The hardness is the highest for all loads at small diagonal lengths. The indentation marked 

become more prominent as the load increases. Therefore huge mistakes in calculation with 

greater hardness deviations may be obtained at low loads. Therefore maximum possible 

load must be applied while performing the hardness test.  

A diamond − pyramid indenter with an angle of 1360 is generally used in this test. 

Load range between 10 g and 1 kg. The indenter’s impression shape on the surface of 

the sample will be a square. An ocular micro-meter consisting of movable knife-edges is 

used to measure the length of square diagonal. Following formula can also be used to 

calculate the hardness; 

    𝐻𝑉 =
1.854𝐿

𝑑2
          (3.8) 

Where L is the load in grams on the surface of the sample and d is the diagonal length 

of indentation in milli − meters. 

  

http://en.wikipedia.org/wiki/Engineering
http://en.wikipedia.org/wiki/Metallurgy
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Investigation of 50Hz pulsed DC N2 - H2 Plasma 

 

In this chapter the effect of current density, filling pressure and hydrogen concentration on 

excitation/vibration temperatures and nitrogen dissociation is calculated. The 

excitation/vibration temperatures are calculated using the Boltzmann plot method while 

the degree of dissociation is calculated using line ratio and actinometery technique. 

4.1 Introduction  

There is a mounting attention in understanding low density nitrogen plasmas [1] because 

of their possible use in investigation of nitride thin films, such as 𝑆𝑖𝑁, 𝐺𝑎𝑁 and in the 

improvement of surface properties of different materials [2, 3]. In the dissociation and 

ionization of the 𝑁2 molecule the atomic and ionic nitrogen species are generated in 

plasma, which plays a vital role in the growth of the film and chemistry of the surface [3-

5]. To understand the plasma processes in reactive glow discharges the measurement of the 

accurate gas kinetic temperature is of fundamental interest. The key parameters which 

define the discharge chemistry are the temperature dependent reaction rates and end points 

of chemical reactions. Even in non-reactive discharges this temperature is important. 

The kinetics of low density plasmas are characterized by dissimilar temperatures such as,  

(Texc), vibrational (Tv) and rotational (Tr) temperatures in addition to 

electron temperature (Te) and gas temperature (Tg). Due to highly stable N2 bond 

strength, the dissociation and ionization ratio is small in pure nitrogen plasma. The 

introduction of additional gas, such as 𝐻2 or 𝐴𝑟 in to plasma enhances the dissociation and 

ionization of molecular nitrogen [6].  

Excitation temperature describing population of excited states is estimated using optical 

emission spectroscopy (OES)via simple Boltzmann plot method in laboratory plasma. 

While population density of vibrationally excited molecular species is described by the 

vibrational temperature. In plasma processing, because of its adiabatic characteristic the 

vibrational temperature plays a vital role by trapping the energy and behaving like an 

energy reservoir, proving to be very significant for plasma chemical reactions [7]. The 

vibrational and electronic excitations are responsible for the dissociation of molecules. 

Dissociation of molecules induced by electronic excitation is caused by slow electrons. 
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This dissociation occur only if molecules are excited above a threshold value [8]. Numbers 

of experiments have been reported on the effect of hydrogen and argon on emission 

intensity of nitrogen active species [9-11], nitrogen dissociation [5, 12, 13], excitation 

temperature and vibrational temperature[14]. Also the effect of gas mixture on the 

formation of compound layer and microhardness was investigated [15-18] using different 

power sources. Kim et al.[10] investigated the nitriding behaviour in pulsed DC nitrogen 

plasma by varying hydrogen concentrations. They concluded that a concentration of 

approximately 20% hydrogen in nitrogen plasma leads to an important increase in the 

emission intensity of nitrogen active species. Sharma et al. [19] performed optical 

emission spectroscopy of pulsed DC plasma at steel nitriding conditions in 

𝑁2,
𝑁2

𝐻2
⁄ 𝑎𝑛𝑑 

𝑁2
𝐴𝑟⁄ . They concluded that the gas temperature increases with Ar addition 

while for low hydrogen addition the pressure effect on 𝑁2
+emission intensity is almost 

linear. Sharma et al. [17] nitrided austenitic stainless steel in 𝑁2 𝑎𝑛𝑑 𝑁2 − 𝐻2 mixture 

plasma. They observed that emission intensities of nitrogen active species increases with 

hydrogen addition and a maximum is observed for 20% hydrogen in the mixture. 

Among the plasma processes alternative to the DC technique, active screen plasma is of 

particular interest due to the simplicity and effectiveness of its concept. In a conventional 

DC furnace, the worktable is placed on the cathode and acquires cathodic potential. If no 

supplementary heating elements are used, the workload needs to be subjected to relatively 

high electric potentials, in order to reach the treatment temperature by means of sputtering. 

The high electric potentials applied imply that the working condition moves closer to the 

arcing transition and renders the treatment unstable, especially when the components are 

not completely free of grease, oxide scale or any other contaminant. Moreover, 

components with complex geometries and of different sizes may not be heated uniformly, 

because of the distortion of the electric field in proximity of sharp edges [20]. The 

distortion of the electric field affects the plasma and the plasma surface interactions, such 

as ionization and sputtering, 

so that parts with a small radius of curvature treated in DC furnaces are prone to the so 

called edge effect. The local temperatures developed at the edges can be much higher than 

in the rest of the component, causing changes in metallurgical structure and mechanical 

properties. At the same time, hollow cathode effect generates the third type of defects 

frequently encountered in DC plasma treatments, and blind holes or dense workloads are 

vulnerable to this effect [21]. Hollow cathode effect take place when two surfaces exposed 
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to the plasma are separated by a certain distance, depending on the gas mixture, pressure 

and applied potential. These process variables define the thickness of the plasma sheath. 

The overlapping of the plasma sheaths produces a peculiar electric field that traps 

electrons, which oscillate between the cathodic surfaces, increasing the ionization events 

and producing a local increase in current density, with the consequent increase in 

temperature. 

In the case of the active screen cage technology, the workload is surrounded by a mesh, 

which plays the role of the cathode. The purpose of the mesh or active screen is twofold 

[22]: Firstly it radiates heat to the work load: the cage, being the cathode of the circuit, it is 

subjected to severe sputtering that increases its temperature; heat is thus transmitted to the 

workload by radiation and, to a lesser extent, by convection. Secondly it controls active 

species, principally excited neutral atoms and molecules, which are believed to be 

important for the treatment. The worktable is electrically insulated, or subjected to a low 

negative bias to ease the flow of active species to the components [23]. In this way, 

sputtering does not take place on the surface of the sample but on the mesh, and the 

workload is heated by radiation from the screen so that the temperature is more uniform 

and stable. Thereby, defects associated with direct exposure of the workload to highly 

negative potentials are reduced or eliminated. In practice, the AS technique has proved to 

be less sensitive to grease and rust on the treated parts [24]. From the aesthetic point of 

view, better surface qualities can be obtained, with an almost complete absence of edge 

effects [25]. Finally, the local increases in temperature are reduced, producing more even 

hardening effects and properties with almost complete removal of hollow cathode effects 

[26]. 

As far as the author knows all the previous OES studies on  𝑁2 − 𝐻2 mixture plasma were 

carried out in the absence of active screen cage. The motivation behind the present work is 

to investigate the consequence of discharge parameters and hydrogen concentration on 

vibrational temperature, excitation temperature, dissociation fractions and nitrogen [N] 

atom density in the presence of active screen cage.  

4.2. Results and Discussions 

4.2.1 Excitation Temperature (𝑻𝒆𝒙𝒄) 

The experimental setup used for this experiment is described section 3.2. Since we are 

studying the low density plasma, belonging to corona balance and recognized as non −

LTE plasma. In such plasma, Boltzmann plot method is used to calculate excitation 
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temperature. The distribution of electron energy does not remain Maxwellian at many 

occasions; therefore the atomic/ionic densities are not in Boltzmann equilibrium. In such a 

situation the LTE model is not applicable and the use of OES only gives the excitation 

temperature rather electron temperature [27, 28] . In this technique, the excitation 

temperature is measured by using spectral intensities of several spectral lines. The slope 

gives of Boltzmann equation excitation temperature as discusses in section 2.4.3. 

Ten Ar lines are selected in the spectral range 700-820 nm for the estimation of 

excitation temperature as shown in table 4.1.  

Table 4.1 Ar-I lines used for the estimation of excitation temperature 

λ (nm) Transitions 𝐴𝑖𝑗(10
7
 cm

-1
) 𝑔𝑖 𝐸𝑖(𝑐𝑚−1) 

706.873 3s23p5(2P°3/2)4p - 3s23p5(2P°3/2)6s 
 

0.26 3 119760.172 

715.883 3s23p5(2P°1/2)4p - 3s23p5(2P°1/2)6s 

 
 

0.21 1 121096.605 

738.398 3s23p5(2P°3/2)4s - 3s23p5(2P°1/2)4p 
 

0.847 5 107289.700 

742.529 3s23p5(2P°1/2)4p - 3s23p5(2P°1/2)4d 
 

0.031 7 120753.471 

750.386 3s23p5(2P°1/2)4s - 3s23p5(2P°1/2)4p 
 

4.45 1 108722.619 

763.510 3s23p5(2P°3/2)4s - 3s23p5(2P°3/2)4p 
 

2.45 5 106237.552 

794.817 3s23p5(2P°1/2)4s - 3s23p5(2P°1/2)4p 
 

1.86 3 107131.709 

801.478 3s23p5(2P°3/2)4s - 3s23p5(2P°3/2)4p 
 

0.928 5 105617.270 

810.369 3s23p5(2P°3/2)4s - 3s23p5(2P°3/2)4p 
 

2.5 3 106087.260 

811.531 3s23p5(2P°3/2)4s - 3s23p5(2P°3/2)4p 
 

3.31 7 105462.760 

Figure 4.1 depicts the variation in the excitation temperature with current density. The 

excitation temperature increases with increasing current density at constant pressure. This 

fact can be attributed to the fact that since free electrons which are the main source of the 

excitation temperature gains their energy from the external source. At constant pressure 

these electrons continue to gain energy between their successive collisions with atoms and 

molecules resulting emission intensity increase of the selected lines and the excitation 

temperature. 
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𝐅𝐢𝐠𝐮𝐫𝐞 𝟒. 𝟐 shows the deviation in the excitation temperature with fill pressure. The Texc 

decreases with the fill pressure at constant current density.  

 

 

 

 

 

  

 

 

 

 

 

 

As the fill pressure increases the number of particles in the chamber increases causing a 

decrease in the electron mean free path, thus the electrons does not get enough free path 

for acceleration in the field between the collisions resulting a decrease in the excitation 

temperature.   

𝐅𝐢𝐠𝐮𝐫𝐞 𝟒. 𝟑 shows the variation in Texc with changing hydrogen concentration at 4 mAcm
-

2
 current density and 3 mbar pressures. The increment in 𝐻2 concentration increases the 

excitation temperature. When energy is transferred from electrons to heavy particles the 

characteristic relaxation frequency decreases, causing an increase in 𝑇𝑒𝑥𝑐. The smaller 

Figure 4.1 Excitation temperatures (Texc) as a function of current density at 300 Pa 

 

Figure 4.2 Excitation temperature (Texc) as a function of fill pressure at 4 mAcm
-2

 current 

density
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ionization cross section of hydrogen decreases collision probability of electrons, increasing 

their acceleration time. They play vital role in exciting and ionizing the plasma species. 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Vibrational Temperature (𝑻𝒗) 

In plasmas, energy given to electron by external field is distributed through collisions 

between internal atomic and molecular degrees of freedom, dissociation, and ionization. 

Vibrational distribution within excited states is formed by the impact of the energetic 

electrons with the excited electronic states of the molecules. 

Relative population of different vibrational levels of excited states can be found by 

measuring the intensities of corresponding vibrational bands. The vibrational levels of 

ground state 𝑁2(𝑋1𝛴𝑔
+, ʋ) molecules play a vital role in pure nitrogen and its mixture 

discharges. In these discharges, first the electron impact collisions transfer the energy to 

the vibrational levels of the nitrogen molecules, and then this energy is redistributed 

over the whole vibrational manifold of the ground state 𝑁2(𝑋1𝛴𝑔
+, ʋ) via vibrational-

vibrational energy exchange. For a Boltzmann distribution, the vibrational temperature is 

defined via Boltzmann’s factor KTʋ [29, 30]. Slope of the following equation gives 

vibrational temperature Tʋ: 

𝑙𝑛 (
𝐼ʋ ́,ʋ ̋𝜆

𝐾(𝜆)𝐴ʋ ́,ʋ ̋
) =  (

−𝐸ʋ ́

𝑘𝐵𝑇ʋ
) +  𝐶     (4.1) 

where I
ʋ ́,ʋ ̋ is experimentally observed intensity of radiative transition between upper 

and lower energy levels with vibrational quantum numbers ʋ ́ and ʋ ̋, λ is corresponding 

Figure 4.3 Excitation temperature (Texc) as a function of  H2% at 300 Pa and 4 mAcm
-2
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wavelength of the emitted radiation, and K(λ) is the spectrometer response factor 

for wave length (λ) [31].  

Because of longer life time (𝜏 ~ 36 𝑛𝑠), 𝛥ʋ =  −2 sequence is mostly used for the 

calculation of vibrational temperature of the second positive Nʋ(C3Πu, v′ → B3Πg, ʋ ̋) 

system [32]. The sequence ∆ʋ =  ʋ′ − ʋ′′ =  −2 (0– 2 𝑎𝑡 380.4 𝑛𝑚, 1–3 at 375.4 nm, 2–

4 at 370.9 nm, 3– 5 at 367.0 nm) are selected to find the Tʋ of N2(C) state. 

By measuring the integrated intensities of corresponding bands, relative vibrational 

population is calculated using equation 4.1 [33]. Spectrum of 𝑁2 second positive system is 

shown below 

 

 

 

 

 

 

 

 

 

 

In order to estimate vibrational temperature of N2 (C) state the following assumption are 

made [34]: 

1. Pooling reactions, penning excitation and electron impact excitation are responsible 

for the generation of 𝑁ʋ(𝐶3𝛱𝑢, ʋ ́ → 𝐵3𝛱𝑔, ʋ ̋) state of 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛. 

2. Vibrational populations of N2 (C) state are similar with those 

predicted by Frank Condon principle. 

3. Vibrational transitions happen between small vibrational quantum numbers 

following Boltzmann distribution. 

 

 

 

 

Figure 4.4 Second positive system emission spectrum 
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Table 4.2  Spectroscopic data of 𝑵𝟐(𝑪) state 

λ (nm) FCF(𝐴𝑜) 𝐴
ʋ ́,ʋ ̋ (106𝑠−1) 𝐸

ʋ ́(𝑐𝑚−1) 

367.19 9.3 × 10
-2

 2.35 6913.62 

371.05 1.61 × 10
-1

 4.04 4981.00 

375.54 1.98 × 10
-1

 4.93 3014.22 

380.49 1.45 × 10
-1

 3.56 1013.28 

 

The variation of vibrational temperature with current density of the following study is 

shown in figure 4.5.  

 

 

 

 

 

 

 

 

 

 

 

The vibrational temperature like the excitation temperature increases with the current 

density at constant pressure. At constant pressure the increase in the current density also 

increases the emission of secondary electrons from the screen cage. The number of low 

energy electrons are capable to initiate the vibrational excitation and as a result the 

vibrational temperature increases.  

Figure 4.6 depicts the variation of vibrational temperature with fill pressure at constant 

current density. The decrease in the vibrational temperature with fill pressure is according 

to expectations, as the number of particles increases the mean free path decreases causing a 

decrease in the vibrational temperature 

 

 

 

 

Figure 4.5 Vibration temperature (Tv) as a function of (a) current density at 300 Pa 

pressure 
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Figure 4.7 shows the increasing trend in the vibration temperature showing that as long as 

the H2 concentration increases the vibration temperature increases. This fact can be 

explained on the grounds that the collisional cross section of hydrogen is 

less than that of nitrogen and by increasing hydrogen concentration also increases the 

electrons mean free path. As a result the probability of collision between the electrons 

capable to excite the nitrogen molecules to their vibrational levels increases. The 

vibrational temperature increases from (3370 + 10) K to (9340 + 10)K with increasing 

H2%.  

 

 

 

 

 

 

 
 

 

4.2.3 Degree of Dissociation 

The ratio of the atomic to molecular concentration (
[𝐍]

[𝐍𝟐]
) is the measure of dissociation 

fraction of nitrogen molecule and in the case when second gas is used as an actinometer 

(agron here) this ratio can be expressed as follows [13, 35, 36]. 

Figure 4.6 Vibration temperature (Tv) as a function of pressure at 4 mAcm
-2

current density 

Figure 4.7 Vibration temperature (Tv) as a function of H2 % at 300 Pa and 4 mAcm
-2 
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𝐃𝐎𝐄𝐒𝟏
=

[𝐍]

[𝐍𝟐]
= 𝐂𝟏 {

[𝐀𝐫]

[𝐍𝟐]
}

𝐈𝐍

𝐈𝐀𝐫

𝐊(𝛌𝟕𝟒𝟔.𝟔𝟖)

𝐊(𝛌𝟕𝟓𝟎.𝟑𝟖)
          (4.2)       

where 𝐼𝑁 is the atomic nitrogen line intensity at 746.68 nm and 𝐼𝐴𝑟 is the argon line 

intensity at 750.38 nm and {
[𝐴𝑟]

[𝑁2]
} is the initial ratio between Ar and N2 fractions with the 

plasma off. As an alternative method to determine the dissociation degree, the vibrational 

band (0–0) of the N2 second positive system is used and the ratio [N]/[N2] is given as 

follows [37]. 

𝐃𝐎𝐄𝐒𝟐
=

[𝐍]

[𝐍𝟐]
= 𝐂𝟐

𝐈𝐍

𝐈𝐍𝟐

𝐊(𝛌𝟕𝟒𝟔.𝟔𝟖)

𝐊(𝛌𝟑𝟑𝟕.𝟏)
                 (4.3)       

𝐾(𝜆750.38), 𝐾(𝜆746.68) and 𝐾(𝜆337.1) are the spectral responses of the detection system. C1 

and C2 are constants [13, 35]. Figure 4.8 shows the ratio 
[𝑁]

[𝑁2]
 measured by the 

actinometery method and line ratio method as a function of hydrogen percentage. This 

ratio rises with hydrogen addition up to 40% and then falls down indicating that the atomic 

nitrogen concentration first increases and then decreases, this is due to the fact that in low-

pressure plasma, dissociation is mainly caused by electron impact. Therefore by increasing 

H2 concentration in the discharge enhances the secondary electron emission coefficient 

which may be due to different ions (𝐻+, 𝐻2
+, 𝑁+, 𝑁2

+) striking the cathodic screen cage 

having different emission coefficients. With the increase in the secondary electron 

emission coefficients the electron number density increases which in turn leads to higher 

dissociation rates of N2 molecules. When the hydrogen percentage increases above 40% a 

decrease in the N2 dissociation rate occurs. This may be due to the normal decrease in the 

nitrogen molecular density. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8 Degree of dissociation measured by actinometery method and line ratio 

method as a function of H2 percentage 
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3.2.4 Ground State Densities of [N] and [N2] 

Characteristic emission spectra are recorded in the wavelength range between 330-430 nm 

in H2-N2 mixture with Ar as an actinometer. The prominent spectral lines and bands in the 

spectrum are identified and labelled as given in figure 4.9.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Emission spectrum  

The TRG-OES method is based on a simplified scheme for excitation and de-excitation 

processes that leads to the following relation [37]  

[𝑅]

[𝐴]
=  𝐾 

𝐼𝑅

𝐼𝐴
                         (4.4) 

where [R] and [A] are the concentration of reactive and actinometer species respectively, IR 

and IA are the emission intensities of the excited reactive and actinometer species 

respectively. The factor K can be considered constant as provided [38], 

i. direct electron impact excitations are dominant, 

ii. excitation cross-sections have same shape and similar threshold and 

iii. quenching processes are negligible. 

Argon is used as an actinometer because the threshold excitation energy (14.57 eV) of Ar 

emission line (λ = 419.8 nm) is approximately same as the threshold excitation energy 

(13.2 eV) of N emission line (λ=425.32 nm) and threshold excitation energy (11.2 eV) of 

nitrogen molecular band-head (λ=337.1 nm). Thus, the same cluster of electrons will cause 

the excitation of these levels [39].  

Since the transition threshold excitation energies of both the species are very close then 

equation (4.4) takes the form 
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[𝑁] =  
𝐼𝑁

𝐼𝐴𝑟

[𝐴𝑟]                        (4.5) 

[𝑁2] =  
𝐼𝑁2

𝐼𝐴𝑟

[𝐴𝑟]                      (4.6) 

Where 𝐼𝑁, 𝐼𝑁2
and 𝐼𝐴𝑟 are normalized and integrated emission intensities and [Ar], [N] and 

[N2] are the ground-state concentrations of the specie.  

The number of electrons in the discharge having energy greater than the threshold 

excitation energies of Ar, N and N2 are responsible for their emission depending upon the 

excitation  efficiency of these electrons which also depends as the discharge parameters in 

similar fashion [40]. For changing discharge parameters and hydrogen concentration the 

relative changes in [𝑁] and [𝑁2] are monitored by the emission intensity 

ratios 
𝐼𝑁

𝐼𝐴𝑟
 and  

𝐼𝑁2

𝐼𝐴𝑟
. With the known concentration of the rare gas changes in excitation 

efficiency of the discharge are corrected after normalizing emission from the reactive 

species [41]. The particle density of the rage gas with constant flow rate during the optical 

measurements (~ 4%), is calculated using ideal gas law, 

 𝑑𝐴𝑟 =  
𝑃𝐴𝑟

𝑅𝑇
                           (4.7) 

where 𝑃𝐴𝑟 is the partial pressure of argon, R is ideal gas constant for argon gas (208 Jkg
-1

K
-

1
) and T is gas temperature (~ 400 K). The partial pressure of argon is given by. 

𝑃𝐴𝑟 = 𝑃𝑇 × 𝑚𝑖                      (4.8)  

𝑊ℎ𝑒𝑟𝑒 𝑚𝑖

=
𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴𝑟

𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁2 + 𝑁𝑜.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴𝑟 + 𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2
         (4.9) 

For a gas mixture containing 56% N2, 40% H2 and Ar as actinometer at 50 sccm the 

number of moles of argon, nitrogen and hydrogen are 0.0892 + 0.005, 1.251 + 0.005 and 

1.78 + 0.005 respectively and the value of mi is found 0.029 + 0.005 mol. For a total 

pressure of 300Pa (3 mbar) the partial pressure of Ar from equation (4.10) will be 8.5763 + 

0.005 Pa. By putting the values of PAr, R and T in the equation (4.7) we get the density of 

argon, which is about 1.608 + 0.001 × 10
15 

gcm
-3

.  

Figure 4.10 shows the variation of nitrogen atomic and molecular densities with hydrogen 

concentration at 4 mAcm
-2

and 3 mbar. The decrease in the N2 density with increasing H2 

concentration is according to the expectations. The increase in the nitrogen atom density 

can be attributed to the secondary electron emissions from the screen cage due to different 

ions created in 𝑁2 − 𝐻2 discharge plasma involving different processes with different 
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electron emission coefficients. The increase in number of electrons increases the collision 

probability which increases the dissociation rate as shown as in figure 4.8.  This increase is 

observed for concentration up to 40% hydrogen in the mixture where at higher 

concentration of hydrogen the density of N2 decreases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 50 Hz pulsed dc nitrogen plasma in the presence of active screen cage has been 

investigated by 𝑇𝑅𝐺 − 𝑂𝐸𝑆. The similar trend of 𝑇𝑒𝑥𝑐 and 𝑇𝑣 indicate that the high energy 

electrons and low energy electrons show similar behaviour. It is found that the dissociation 

rate and nitrogen [N] atom density increases with increasing H2 concentration, but they 

began to decrease after 40% H2 in the mixture. 

  

Figure 4.10 Density dependence at 300 Pa pressure and 4 mAcm
-2

 current density 

on H2 percentage 
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Nitriding of different steels using optimum conditions 

In this chapter different steels including AISI 316, AISI 304, mild steel and high carbon steel 

are nitrided in the presence of the active screen cage using optimum conditions of current 

density, fill pressure and hydrogen concentration obtained in the previous chapter. The 

influence of processing duration on microhardness is investigated also. 

5.1 Introduction 

The dc plasma nitriding (DCPN) is a well-accepted industrial process for the improvement 

of surface properties such as hardness, wear and corrosion resistance, thus increasing the 

useful life of the treated piece [1-4]. It has several advantages over other nitriding 

techniques such as gas and salt bath nitriding. These advantages include economical process 

and shorter processing time because the nitrogen diffusion speed is greater in DCPN. 

However there are many inherent limitations of DCPN such as: parts to be treated must be 

fully electrically conductive, the surface damage caused by sputtering and arcing, non-

uniform nitriding due to edge effect, non-uniform nitriding due to variation in temperature, 

hollow cathode effect and difficulties in batch treatment of large amount of small 

components [5]. In order to overcome these undesirable effects, various alternatives to the 

nitriding process have been developed [6, 7].  In the last few years a new technique, called 

active screen plasma nitriding (ASPN) is developed, surrounding whole workload with a 

metal screen or cage at a high cathodic potential. The samples are placed in a floating 

potential or exposed to a comparative lower bias voltage. Therefore, plasma is formed on 

the screen cage rather than on samples. Heat is transferred to samples via radiation from the 

screen cage. Mixture of ions, electrons and other active species are also present in the 

plasma formed on the screen, which flows through the screen and reside over the workload 

[2, 8]. ASPN technique indeed possesses great potential to fully realize the environmental 

friendly plasma technology in the thermo chemical surface engineering industry [9].  

Numbers of experiment have been reported on the effect of screen cage nitriding of various 

metals and alloys. Yazdani et al. [8] found that by applying ASPN for less than 10 H forms 

nano sized particulate titanium nitride layer on H11 tool steel surface. They concluded that 

N2/H2 is crucial for deposition chemistry using ASPN. Excellent results are obtained for a 

gas mixture containing 50% 𝑁2 − 50% 𝐻2. Asadi et al. [10] studied the effect of 
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component’s geometry on the plasma nitriding behavior of AISI 4340 steel using 

conventional nitriding plasma (CNP) and active screen plasma nitriding (ASPN). They 

concluded that the surfaces of the active screen plasma nitrided specimens are covered by 

the hexagonal particles with uniform distribution whereas the surfaces of the CPN treated 

samples are composed of cauliflower shape nitrides.  Nishimoto et al. [11] studied the effect 

of distance between the screen and samples in ASPN. They nitrided low carbon steel S15C 

and austenitic stainless steel SUS 304. The samples were treated at 500
o
C under 600 Pa in 

25% N2+75% H2. They observed that polygonal particles with a normal distribution were 

found at the entire of the sample surfaces and concluded that the thickness of the surface-

hardened layer is increased as the distance between the screen and the sample is decreased. 

Chiu et al. [12] studied the microstructure and properties of active screen plasma nitrided 

UNS S31803 duplex stainless steel (DSS) at different temperatures ranging from 400
o
C to 

450
o
C. It was concluded that specimen nitrided at 420

o
C for 10 h formed a precipitation-free 

nitrided layer on the surface, which significantly increased the surface hardness with the 

least wear mass loss, and was much more corrosion resistant. Gallo et al. [13] studied the 

mechanism of active screen plasma nitriding. They reported that the material transferred 

from the cage on to the treated specimen plays a significant role in hardening.  

In this study, samples of AISI 316, AISI 304, Mild steel and High carbon steel are nitrided 

in the presence of active screen cage to investigate the effect of treatment time on nitrided 

layer, after optimizing the ASPN reactor in terms of filling pressure, current density and 

hydrogen concentration using optical emission spectroscopy (OES) as discussed in the 

previous chapter. 

5.2. Experimental details 

The detail of the experimental setup is given section 3.1  

5.2.1 Materials 

The chemical compositions of all the samples used in this study are given in table 5.1. The 

samples are squares of area 11 𝑚𝑚 ×  11 𝑚𝑚 and thickness 2.5 𝑚𝑚. Samples are 

mechanically grinded with different silicon carbide 

papers (180, 240, 400 𝑎𝑛𝑑 600, 1800). Using METKON GRIPO 2V polishing machine, 

samples were mirrored polished using micro cloth with one micron alumina powder. 

Before placing samples in processing chamber, they were cleaned with methanol in ultra-

sonic bath for 15 minutes. 
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Table 5.1 Chemical compositions (wt. %) of different steels 

 

5.2.2 Processing 

All the samples are treated under treatment conditions given in table 5.2. After the 

samples are placed in to the nitriding chamber the chamber is evacuated down to 10−2 

mbar pressure. Nitriding times starts when processing temperature is achieved. After the 

experiment the samples are cooled under vacuum inside the nitriding chamber. 

Table 5.2: Process parameters of active screen plasma nitriding 

 

5.3. Experimental Observations 

5.3.1  XRD Observations 

For measuring the phases in the solid materials and powders a versatile and non-

destructive analytical XRD technique is used. The XRD profile of plasma irradiated AISI 

316 samples are shown in figure 5.1. The samples are scanned in the range of 20
0
 to 80

0
. 

Four peaks at 2𝜃 values of 44.11
0
, 51.23

0
, 74.99

0
 and 75.09

0
 corresponding to (200) plane 

of 𝐹𝑒3𝑁, (114) plane of 𝐹𝑒3𝑂4 and (1̅ 1̅ 3) plane of 𝐶𝑟2𝑁 and (030) plane of  𝐹𝑒4𝑁 are 

observed. Decrease in the peak intensity corresponding to (200) plane of 𝐹𝑒3𝑁 with 

nitriding duration is due to the presence of 𝐹𝑒3𝑂4 acting as a diffusion barrier, stops the 

penetration of nitrogen in to the material matrix. Sample cooling processes in the chamber, 

background gas, degasing and surface oxidation during analysis are main sources of 

oxygen contents. This decreasing trend continues till 3 hours of treatment and then 𝐹𝑒3𝑂4 

Sample 

Name 

Ni Cr Mo C Si Mn P S N Fe 

AISI 316 12 17 2.5 0.01 0.25 0.75 0.015 0.010 0.059 Balance 

AISI 304 9 18 nil 0.15 1 2 0.045 0.03 0.041 Balance 

Mild steel 4 10 nil 0.1 0.03 1.1 0.078 0.29 0.035 Balance 

High 

carbon steel 

0.07 0.64 0.02 1.23 0.22 0.34 0.006 0.006 0.07 Balance 

Current 

Density 

N2:H2 Temperature Pressure Time 

4 mAcm
-2

 60:40 500 
0
C 300 Pa 1-4 hours 
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suddenly disappears and a sharp peak at 2𝜃 = 45.19
0
 corresponding to (200) plane of 𝐹𝑒3𝑁 

along with a small peak at 2𝜃 = 65.41
0
 corresponding to (2 1 1̅) plane of 𝐹𝑒3𝑁 appears for 

4 hours of treatment. The higher content of iron nitrides in AS plasma nitriding may be due 

to the fact that not only the nitrides sputtered from the screen cage but also the iron 

sputtered from screen cage mixed in to the plasma forming different iron nitrides increases 

the concentration of iron nitrides and in turn increases surface hardness.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 show the X-ray diffraction patterns of the nitrided layers in AISI 304. In 

addition to the austenite reflections from the bulk material broad 𝛾𝑁 diffraction peaks 

corresponding to the nitrogen expanded austenite can be seen. Possible defect structure of 

the nitrided layers, gradient of nitrogen and residual stresses are responsible for this 

broadening. The intensity of 𝛾𝑁 phase increases as compared to intensity from substrate 

with plasma nitriding. The (200) reflection has shifted considerably towards larger d 

spacing. The 𝛾𝑁 phase is responsible for surface hardening of iron-based alloys. 

  

Figure 5.1 X-ray diffraction patterns of AISI 316 samples  
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The XRD profile of plasma irradiated mild steel samples is shown in figure 5.3. The most 

intense peak appears at 2𝜃 = 440 corresponding to (2 0 0) plane of 𝐹𝑒3𝑁. The intensity of 

the peak increases with treatment time, this is due to the fact that nitrogen incorporation as 

a solid solution into the steel matrix increases with process duration. The same peak shift 

towards smaller angle for 4 h of treatment time, showing large expansion of lattice 

parameter caused by the diffusion of nitrogen atoms and other possible processes such as 

dissolution of intermetallic compounds [14-16]. The shifting of peak to a smaller angle 

(increasing d-spacing) with increase in process duration indicates uniform tensile strains 

developed in the surface layer. The large shift of peak and expansion in the lattice 

parameter confirm the higher concentration of nitrogen on the substrate surface [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 shows the XRD pattern of high carbon steel. The plasma treated samples 

showed a large amount of nitrides with iron, carbon and chromium. The only difference in 

Figure 5.2 X-ray diffraction patterns of AISI 304 samples 

 

Figure 5.3 X-ray diffraction patterns of mild steel samples 
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the XRD pattern of the plasma irradiated samples for different processing duration is the 

disappearance of  peaks at 2𝜃 values of 35
0
and 39

0
 corresponding to (1̅ 2 3) and (1 10 1̅) 

planes of 𝐶3𝑁4. The reason behind this fact is that the 𝐶3𝑁4 form in the samples due to 

nitrogen incorporation into the steel matrix does not sustain the treatment temperature for 

larger processing times. Since 𝐶3𝑁4 are supposed to be super hard materials having 

hardness comparable with that of diamond. High hardness achieved for the samples treated 

for 2 hours is mainly because of high nitrogen content in the form of iron nitrides, carbon 

nitrides and chromium nitrides.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2  SEM Observations 

A clear difference of surface can be seen upon inspection of untreated and treated samples. 

The surface of unexposed samples was light grey, shiny and bright whereas the surface of 

exposed samples was grey with a dull presence. The surface morphology of untreated and 

processed samples is observed by gaining micrographs from JEOL JSM-5910 SEM. 

Careful examinations of the micrographs shown in Figure 5.5 reveal the extent of 

modification as a function of treatment time. A relatively smoother surface morphology is 

apparent for all the samples nitrided for different processing durations except for high 

carbon steel, where the surface deterioration seems to appear after 2 hours of treatment. 

The surface of the nitrided samples treated for time higher than 2 hours shows a porous 

surface profile. This can be attributed to the fact that the C-N bonds formed on the surface 

do not sustain the temperature for longer treatment time.  

Figure 5.4 X-ray diffraction patterns of high carbon steel samples  
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(a) (b) 

(e) (f) 

(c) (d) 
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5.3.3 Hardness Observations 

The surface hardness of different samples is measured as a function of applied load. 

Figure 5.6 shows the hardness profile of all samples nitrided at optimum conditions for 

different processing durations. Different loads (10 − 300 𝑔) are used to get a micro-

hardness profile. The variations are decreased to approximately 6% for higher loads. A 

constant hardness similar to the bulk hardness is achieved for higher applied load more 

than 200 g. a significant hardness is observed on the surface for all treated samples as 

shown in figure 5.6.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 SEM micrographs of (a) AISI 316 1h treatment (b) AISI 316 4h treatment (c) AISI 304 1h treatment (d) AISI 

304 4h treatment (e) Mild steel 1h treatment (f) Mild steel 4h treatment (g) High carbon steel 2h treatment (h) High carbon 

steel 4h treatment 

(g) (h) 

Figure 5.6 (a) Microhardness graph of AISI 316 
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The surface hardness of AISI 316 increases 7 times from its bulk value for 4 h of treatment 

as shown in figure 5.6 (a). The improved hardness is may be due to the diffusion of 

nitrogen in to the steel matrix. 

Figure 5.6 (b) shows the microhardness profile of AISI 304 sample where the hardness 

increased with increase of nitriding time. This increment is due to the thickness of nitrided 

layer and nitrogen incorporation [18]. For the sample treated for 4 hours, highest value of 

421.6 𝐻𝑉0.05 was obtained. In just 4 hours of treatment a 3.5 times harder surface is 

obtained. The large compressive stresses in the layers are responsible for this extremely 

high values [19, 20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The hardness profile as a function of processing duration of plasma irradiated mild steel 

samples is shown in figure 5.6 (c). The figure indicates a significant increase in the 

microhardness with processing duration. Approximately 5.5 times increase in the surface 

hardness is achieved.  

  

Figure 5.6 (b) Microhardness graph of AISI 304 
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A substantial hardness in all the treated samples is shown in figure 5.6 (d). The surface 

hardness increases continuously for smaller treatment times and up to a maximum of 

1066 𝐻𝑉0.05, approximately 6 times harder surface as compared to bulk value hardness. 

After 2 hours of treatment, the surface hardness decreases showing that the C-N bonds 

formed on the surface cannot sustain the temperature for longer times. This enhancement 

is due to the nitrogen diffusion into the high carbon matrix by nitrogen incorporation. The 

high nitrogen content at the surface would provide a high nitrogen potential for diffusion.  
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In this experiment the effect of processing duration on microhardness of different steels is 

investigated. The microhardness of all the treated steels increases with treatment time except 

for high carbon steel. The surface hardness increases from 3 to 7 times for different steels 

Figure 5.6 (c) Microhardness graph of mild steel 

 

 

Figure 5.6 (d) Microhardness graph of high carbon steel 
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depending on their composition. In this experiment the optimum conditions regarding 

current density, fill pressure and hydrogen concentration are obtained by optical emission 

spectroscopy experiment performed in the previous chapter. 
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Mass transfer mechanism in ASPN 

In this chapter the mechanism for nitrogen mass transfer in active screen cage plasma 

nitriding (ASPN) is discussed. A new model is proposed which is quite similar to Kölbel 

model of “sputtering and re-condensation”. 

6.1 Introduction 

The mechanism for nitriding in Direct Current Plasma Nitriding (DCPN) has generated 

significant research interest over the last thirty years. An agreement has not yet been 

reached as to understand the exact nature of N mass transfer mechanism to the sample. 

However, studies have been carried out and reasonable level documents are available on 

the subject of N mass transfer mechanism. One of the first of this kind was a model put 

forward by Edenhofer [1], which was based on the approach adopted by Kolbel [2]. 

Edenhofer concluded that the principle process for transfer of mass in DCPN is one of 

sputtering and re-deposition (Figure 2.1), where under a high cathodic potential, the N ions 

sputter the sample surface. He proposed that Fe atoms (along with alloying elements such 

as Cr, Mo, Al, W and other non-metallic elements such as O and C) are removed from the 

surface where the Fe atoms combine with the reactive N in the plasma to form iron nitride 

(𝐹𝑒𝑁𝑥) and are then re-condensed onto the surface. This re-condensed 𝐹𝑒𝑁𝑥 is then 

dissociated at nitriding temperatures, which allows the N to diffuse into the samples being 

treated. It was also concluded that the direct diffusion of N ions into the sample surface is 

not responsible for the overall nitriding response, but very little experimental evidence is 

available to support this explanation.  

In recent years, a new technique known as Active Screen Plasma Nitriding (ASPN) system 

was developed [3]. ASPN has been the focus of much interest [3-5] since it remove the 

fundamental problems associated with DC plasma nitriding. Georges [3] being the 

inventor of ASPN technology, took the innovative step of applying the high cathodic 

potential to a screen surrounding the parts to be treated which is acting as new cathode for 

the system, rather than directly on the load. The motivation behind this invention was the 

claim that in plasma nitriding the active species were highly energetic neutrals [6] instead 

of ions, so it is not necessary to generate plasma directly onto the samples. 
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The role of screen cage is two-fold (1) to provide uniform temperature through radiation 

(2) to control active neutral species. 

Studies of ASPN technology have also been carried out by Li et al. [5] in a laboratory 

scale system, distance between load and active screen was 12 mm, and nitriding of low 

alloy steels was similar to DC plasma nitriding for 500V DC bias without the common 

problems. On the basis of their results they agree that main mechanism for nitrogen mass 

transfer is the sputtering material from the active screen and deposition on to the samples. 

In one of the first small scale laboratory studies of ASPN, it was demonstrated that when 

the top surface of the active screen was made from copper than a copper layer was formed 

on the surface of the electrically floating samples. Similarly when a titanium top surface 

was used, a titanium deposits was found on the electrically floating sample surface. These 

results lead Li et al.[5] to the conclusion that mass transfer occurs between the active 

screen and the samples. Further, since the plasma is generated around the active screen and 

will be nitrided as in the case of conventional DCPN. It is expected that iron nitride 

material from the active screen will be transferred to the sample surface. On the basis of 

these observations it was concluded that the iron nitride active screen material deposited 

on the sample surface was responsible for the nitriding response in ASPN. On the basis 

these studies including that of Li et al.[4], Zhao et al.[7] also decided that the mass transfer 

Figure 6.1 Proposed surface reactions and mechanism of mass transfer in Ionitriding by 

Edenhofer 
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mechanism in 𝐴𝑆𝑃𝑁 is due to sputtering of iron nitride particles from the active screen. 

Based on these studies, they proposed a model for transfer of mass in 𝐴𝑆𝑃𝑁 (Figure 2.3), 

an addition of the earlier proposed model of Edenhofer [1]. Zhao et al.[7] suggested that 

sputtered particles from the active screen, physically and chemically adsorb active N 

atoms. The N rich particles are then randomly deposited on the load. According to Zhao et 

al.[7] these adsorbed particles then dissociate and diffuse N into the steel. Based on this 

model, they concluded that sputtering of the sample surface, as suggested by [1] is not 

required since nitriding could be achieved by having the samples in cathodic potential 

(600-700V bias), in case of floating or grounded potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the present study nitrogen mass transfer mechanism in ASPN proposed by Li et al.[4] 

and verified by Zhao et al.[7] is re-investigated and modified accordingly. Therefore a 

new model is proposed for nitrogen mass transfer mechanism in ASPN which is quite 

similar to the model proposed by Kölbel et al.[2] for DCPN. Further more the effect of 

treatment time on microhardness is also investigated.  

  

Figure 6.2 Model proposed by Zhao et al.  for the nitriding mechanism in ASPN. 
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6.2. Result and Discussion 

The detail of the experimental setup is already discussed in chapter 3. The samples (AISI 

316) were placed on an insulator under the screen cage. The relevant data of the chemical 

composition of the samples is presented in table 6.1. the data related to the system of 

DCPN and ASPN for processing of the samples is given in table 6.2. 

 Table 6.1: Chemical compositions (wt. %) of AISI 316 

 

The samples of area 11 𝑚𝑚 ×  11 𝑚𝑚 and thickness 2.5 𝑚𝑚 are mechanically polished 

using METKON GRIPO 2V polishing machine.  

Table 6.2: Process parameters for DCPN and ASPN 

 

6.2.1 Observations on Scanning Electron Microscope (SEM) 

The modification of surface properties as a function of treatment time is clearly visible in 

figures figure 6.3 (a-e). Figure 6.3 (a) reveals only the fine scratches induced by polishing. 

However, different morphologies of the DCPN and ASPN nitrided surfaces appeared 

under a high-resolution SEM. The distributions of particles on the DCPN surface are not 

uniform where those on ASPN are very uniformly distributed. Because of the continued 

sputtering in DCPN the surface roughness increases with treatment time, due to low rate of 

sputtering smooth surface is observed for the samples treated using ASPN.  

 

 

 

  

 

 

  

  

 

Ni Cr Mo C Si Mn P S N Fe 

12 17 2.5 0.01  0.25  0.75 0.015  0.010  0.059 Balance 

Voltage Current N2:H2 Temperature Pressure Time 

500-600 ̴ 1 A 60:40 500 
0
C 300 Pa 1-4 hours 

a b 
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6.2.2 XRD Observation 

To study the surface morphology for different time durations of sample treatment. The 

treated samples, both with DCPN and ASPN, were analysed using XRD. Figure 6.4 shows 

the XRD profile of samples treated with DCPN for different processing durations with 

scanning angle of 10
0
 to 80

0
.  The most intense peaks appear at 2𝜃 values of 30.09

0
 

corresponding to (101) plane of 𝐹𝑒3𝑁 and 2𝜃 values of 75.39
0
 corresponding to (1̅1̅3) 

plane of 𝐶𝑟2𝑁. As the nitrogen incorporation as a solid in to the steel matrix increases with 

treatment time, the peak intensity of 𝐹𝑒3𝑁 increases. On the other hand the intensity of 

𝐶𝑟2𝑁 decreases with treatment time. This effect may be attributed to the fact that due to 

the precipitation of 𝐶𝑟2𝑁 with increasing processing time or may be due the sputtering 

caused by the energetic ions for longer exposure time. 

 

 

 

 

 

c d 

e 
Figure 6.3 SEM micrographs of AISI 316 stainless steel samples nitrided for different treatment times (a) Untreated (b) DCPN for 3 

hours(c) DCPN for 4 hours (d) ASPN for 3 hours (e) ASPN for 4 hours 
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Figure 6.5 shows the XRD profile of samples nitrided using ASPN. For ASPN the 

scanning range is 20
0
 to 80

0
. Four peaks at 2𝜃 values of 44.11

0
, 51.23

0
, 74.99

0
 and 75.09

0
 

corresponding to (200) plane of 𝐹𝑒3𝑁, (114) plane of 𝐹𝑒3𝑂4 and (1̅1̅3) plane of 𝐶𝑟2𝑁 and 

(030) plane of  𝐹𝑒4𝑁 are observed. The presence of 𝐹𝑒3𝑂4 as a diffusion barrier to the 

nitrogen in to the steel matrix causes a decrease in the peak intensity corresponding to 

(200) plane of 𝐹𝑒3𝑁 with increase in the nitriding duration. Sample cooling processes in 

the chamber, background gas, degasing and surface oxidation during analysis are main 

sources of oxygen contents. This decreasing trend continues till 3 hours of treatment and 

then 𝐹𝑒3𝑂4 almost disappears and a sharp peak at 2𝜃 = 45.19
0
 corresponding to (200) 

plane of 𝐹𝑒3𝑁 along with a small peak at 2𝜃 = 65.41
0
 corresponding to (211̅) plane 

of 𝐹𝑒3𝑁 appears for 4 hours of treatment. The higher content of iron nitrides in ASPN may 

be due to the fact that not only the iron nitrides sputtered from the screen cage but also the 

sputtered iron from screen cage combines with nitrogen to form different iron nitrides, thus 

increasing the concentration of iron nitrides.    

 

 

 

 

 

 

 

 

Figure 6.4 X-ray diffraction patterns as a function of processing duration for DCPN. 
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 6.2.3 OES analysis 

Figure 6.6 shows the emission spectrum recorded in the wavelength range 200-750 nm 

using oceans spectrometer (HR4000 CG-UV-NIR USB 2000). The intensity of N2, 𝑁2
+, N- 

I and 𝐻𝛽 is very high as compared to other peaks. An interesting fact in this spectrum is 

the appearance of a sharp peak at 371.4 nm corresponding to Fe-I and such type of peak 

was not observed by Zhao et al[7]. In order to get more accurate and precise results the 

spectrum is recorded in the wavelength range of 330-430 nm using McPherson–2061 

monochromator having grating with 1200 grooves/mm and spectral resolution of 0.01 nm. 

Figure 6.7 shows that in addition to the N2, 𝑁2
+, N-I peak at 336 nm corresponding to NH-

I some additional peaks of Fe-I at 377.5 nm and 378.9 nm together with Fe-I peak at 371.4 

nm also appeared. This confirms that some iron material from the screen cage is sputtered 

and become part of the misxture. 

 

 

 

 

 

 

 

 

 

 Figure 6.6 OES spectrum observed during ASPN process with ocean spectrometer in wavelength range 

200-750 nm 

Figure 6.5 X-ray diffraction patterns as a function of processing duration for ASPN. 
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The OES results reveal that the NH and Fe are main and important species in ASPN 

similar to the DCPN case as suggested by [2, 8]. The NH may be formed via following 

reaction and further combines with hydrogen to release nitrogen [9]. 

𝑁 + 𝐻 → 𝑁𝐻                              (𝑟𝑒𝑎𝑡𝑖𝑜𝑛 1) 

𝑁𝐻 + 𝐻 → 𝐻2 + 𝑁                     (𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 2) 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.4 Screen Cage Observations 

After the experiment the diameter of holes on the top layer of the screen cage were 

measured. It was observed that the diameter of different holes become larger indicating the 

sputtering phenomena. The presence of Fe-I peaks in the OES analysis also confirms this 

statement.   

6.2.4 Screen Cage Observations 

After the experiment the diameter of holes on the top layer of the screen cage were 

measured. It was observed that the diameter of different holes become larger indicating the 

sputtering phenomena. The presence of Fe-I peaks in the OES analysis also confirms this 

statement.   

6.2.5  Hardness Observation 

 Microharhness tester, as discussed in chapter 3, was used to ananlyse the treated samples. 

The micro hardness of untreated AISI stainless steel sample is 200 H𝑉0.3. Figure 6.8 

shows a comparison graph between microhardness achieved by ASPN and DCPN for the 

samples treatment time of 0,1,2,3,4 hours. 

 

Figure 6.7 OES spectrum observed during ASPN process with with Macpherson monochromator in 

wavelength range 330-430 nm 
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A clear difference in the microhardness can be observed form the figure (6.8). The 

maximum hardness achieved by DCPN is 500 H𝑉0.05where by ASPN is 1426 H𝑉0.05which 

is almost 3 times greater. Increased hardness may be due to the nitrogen diffusion in to the 

steel matrix and elimination of the sputtering phenomena from the samples. 

6.3 Discussion 

Besides the working principle of DCPN and ASPN is very different from each other yet 

the surface hardness achieved by either process depends on nitride compound layer formed 

on the sample surface and the nitrogen diffusion zone underneath. Regardless of the 

nitriding technique, for a particular time and temperature, nitrogen mass transfer is 

responsible for nitriding case depth and surface hardness for specific steel. In past different 

theoretical explanations have been made to clarify the mechanism of nitrogen mass 

transfer in 𝐷𝐶𝑃𝑁 [2, 8], but most of them are not applicable in 𝐴𝑆𝑃𝑁. 

The present study confirms that the samples at floating potential can be nitrided. As a 

result the sputtering of the material from the sample is not necessary. This study also 

confirms that the 𝑁𝑚𝐻𝑛
+ may be the dominant nitriding species as suggested by [8], since 

we have observed NH line emission at 336 nm from OES analysis. From our experimental 

results we have found that some phenomena quite similar to the original Kölbel's model of 

“sputtering and re-condensation” is valid. In the original Kölbel's model it is assumed that 

the sputtering of the iron content is added to the plasma from samples which are at 

cathodic potential. Where in this case this sputtering is from screen cage, which is at the 

cathodic potential. Higher content of iron nitrides in the XRD results also supports this 

Figure 6.8 Comparison of micro-hardness as a function of treatment time between ASPN and DCPN 
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approach. XRD results revealed that the sputtered particles are 𝐹𝑒𝑥𝑁 (2 < 𝑥 ≤ 4).  

Another important point raised by Zhao et al.[7] that Kölbel's model is only valid for 

DCPN and also in ASPN in which a fresh screen cage is used because as soon as the 

nitriding process starts the screen cage itself is nitrided and the target and sputter material 

are the iron nitrides only. On the basis of this statement they supported the model proposed 

by Li et al.[4]. The screen cage used in our experiment is previously used for different 

nitriding experiments and has a thick layer of iron nitrides. The OES analysis show 

different peaks of iron in both the spectrums given in figures 6.6 and 6.7. The sputtering 

of iron is mainly from the holes in the screen cage. The diameter of different hole on the 

top surface of the screen cage becomes wider which clearly indicates the sputtering of the 

material from the cage. On the basis of our experimental observation we modified the 

model proposed by Li et al.[4] and develop a new model as shown in figure 6.9 which is 

quite similar to Kölbel's model of “sputtering and re-condensation” for DCPN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the experimental results it is concluded that the “sputtering and re-condensation” 

model for the nitrogen mass transfer mechanism in DCPN may also be applicable in 

ASPN. Microhardness results reveal that a three-fold harder surface can be achieved by 

using ASPN as compared to the conventional DCPN. 

Figure 6.9 Proposed model for active screen plasma nitriding mechanism. 
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Conclusions and suggestions for future work 

 

7.1 Conclusions 

In order to understand the behavior of the nitrogen-hydrogen mixture plasma, experiments 

were conducted to understand the effectiveness of Active Screen Cage plasma discharge 

system for the treatment of different steel samples. 

In the first experiment nitrogen-hydrogen mixture plasma was generated with a cost 

effective 50 Hz pulsating DC power supply in parallel configuration of two stainless 

electrodes enclosed in a stainless steel chamber using acive screen cage. The purpose of 

these studies was to enhance the production of nitrogen active species by varying operating 

conditions of the plasma. The hydrogen percentage in the mixture was varied from 0 to 80 

percent. Current density was varied from 1 to 4 mAcm
-2

 while the operating pressure was 

varied from 100 to 500 Pa. Tace rare gas optical emission spectroscopy was used for the 

diagnostics of the plasma. In this experiment argon gas is used as an actinometer (4%). 

The excitation temperature being the most crucial plasma parameter was determined by 

using atomic argon lines. Various argon lines, for which plasma was found optically thin, 

were identified to use them for Boltzmann plots. By assuming that the emitting levels of 

argon obey Boltzmann distribution, the excitation temperature was estimated from the 

slope of the plots. It was found that excitation temperature increases as hydrogen 

concentration changes from 0 to 80 percent in the mixture. The increasing may be 

explained by considering the fact that hydrogen having a lesser electron collision cross-

section than nitrogen, when mixed in nitrogen plasma, the rate of inelastic collisions of 

electrons decreases and they get enough time to be accelerated by the electric field, and as 

a results an increase in kinetic energy of electrons is obtained. The increase in excitation 

temperature was also observed with increasing current density. While a decreasing trend in 

the excitation temperature is observed with increasing fill pressure.  

In plasma processing, vibrational temperature plays a vital role since the vibrational 

excitation due to its adiabatic nature can trap energy and behave like energy reservoir 

which is significant for chemical reactions in the plasma. Therefore the effect of plasma 

parameters on vibrational temperature was also calculated. In order to find out the 
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vibrational temperature of the second positive 𝑁ʋ(𝐶3𝛱𝑢, ʋ ́ → 𝐵3𝛱𝑔, ʋ ̋) system, the Δʋ = -2 

sequence is used due to comparatively longer life time (τ ~ 36 ns). The sequence of Δʋ = 

ʋ ́ −  ʋ ̋ =  −2 (0–2) at 380.4 nm, (1–3) at 375.4 nm, (2–4) at 370.9 nm, (3–5) at 367.0 nm 

were chosen to determine the vibrational temperature 𝑇ʋ of N2(C) state using Boltzmann’s 

plot method. It was observed that the vibrational temperature increases with hydrogen 

concentration and current density, where it decreases by increasing the filling pressure. 

The degree of dissociation of N2 is an important tool to understand that how much nitrogen 

is converted into N - atoms. Since atomic nitrogen is very vital for material processing. 

The effect of hydrogen concentration on dissociation of nitrogen was calculated using 

actinometery and line ratio methods. The rate of nitrogen dissociation increases with 

increase in the hydrogen percentage due to the fact that the dissociation energy of H2 and 

ionization energy of H is smaller than 𝑁2
+. The hydrogen ions are relatively easily 

produced than nitrogen ions because of low ionization energy and higher average velocity. 

With the increase in hydrogen concentration the density of H increases and the plasma 

become more collisional. Theses 𝑁2
+ and 𝐻+ are accelerated towards the the screen cage 

which is at the cathodic potential, and then 𝑁2
+ are produced in the vicinity of the active 

screen cage. N2 molecules are also ionized by the secondary electrons emitted from the 

holes of the screen cage. In the absence of screen cage these secondary electrons are 

emitted from the substrate and their density is small. Since the screen cage has uniformly 

distridubed holes, having sharpe edges, the density of secondary electrons emitted by these 

sharp edges was increased which causes grater ionization of N2.  The density of nitrogen 

molecules which collide with the accelerated ions and secondary electrons decreases with 

the increase of H2 percentage in the mixture. Therefore there is an optimum condition on 

the gas composition in order to increase the nitrogen dissociation. This optimum condition 

in present study appears at 40% hydrogen in the nitrogen plasma. The optimum conditions 

obtained in this experiment regarding current density, fill pressure and hydrogen 

concentration are 4 mAcm
-2

, 300 Pa and 40% hydrogen respectively.     

In the second experiment different types of steels including AISI 316, AISI 304, mild steel 

and high carbon steel were used as substrates. In this study the effect of processing duration 

on microhardness of different steels is investigated. The microhardness of all the treated 

steels increases with treatment time except for high carbon steel. The surface hardness of 

high carbon steel reaches its maximum value or two hours of processing duration after that 

the carbon-nitrides formed on the surface seems to precipitate for longer processing 
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durations. The surface hardness increases from 3 to 7 times for different steels depending on 

their composition. All the samples are treated on the optimum conditions obtained in the 

previous experiment. 

In the third experiment the nitrogen mass transfer mechanism in active screen cage plasma 

nitriding process is investigated. Based on the experimental results it is concluded that the 

“sputtering and re-condensation” model for the nitrogen mass transfer mechanism in direct 

current plasma nitriding may be applicable in active screen cage plasma nitriding. Presence 

of NH line and sharp Fe-I lines in the OES observations confirms the sputtering of iron 

from the surface of screen cage. NH and Fe are the important species in the present model 

as discussed in section 6.3. Higher concentration of nitrides in active screen plasma 

nitriding also supports this phenomena. Microhardness results reveal that a 3 time harder 

surface is achieved by using active screen plasma nitriding as compared to direct current 

plasma nitriding.  

7.2 Suggestions for future work 

Nitrogen-hydrogen plasma is done by using the trace rare gas optical emission 

spectroscopy (TRG-OES) only, this may be performed using  Langmuir probe and results 

obtained by two techniques may be compared.  Various plasma parameters depend on the 

working pressure in the chamber in which plasma is generated. Thus the efficiency of the 

plasma for a specific material processing application may be tuned by selecting a suitable 

operating pressure. The pressure range explored in DC generated plasma is from 1 mbar to 

5mbar, this range can be extended both on upper and lower side, so that fine tuning of the 

plasma parameters and the concentration of various nitrogen active species is made. In 

future this may be performed using DC as well as RF generated plasmas. The effect of 

biasing potential on the thickness and properties of the nitrided layer can also be 

investigated. Also the nitrogen mass transfer mechanism at various biasing voltages can be 

analyzed to obtain information for more advance level applications. In future the effect of 

active screen cage hole size on nitriding mechanism will be analysed. 

 

 


