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Abstract 

The effects of closed-field unbalanced dual magnetrons on the performance of plasma sputtering system were 

studied. These effects were introduced by comparing the obtained Paschen’s curve in existence and absence of 

magnetrons. The distribution of magnetic fields between the magnetrons was introduced to optimize the closed-

field unbalanced configuration. Characterization of Paschen’s curve as well as discharge current with gas 

pressure at different distances between the discharge electrodes was introduced. Also, the current-voltage 

characteristics were introduced at the optimum operation conditions. 
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1. Introduction 

In sputtering, at low kinetic energies 

(energies between 0 and about 50 eV), the ion 

does not have sufficient energy to dislodge the 

target atoms and thus the ejection of target 

particles occurs only for very special collision 

geometries [1-4]. With moderate energies 

(between 50 and roughly 1 keV), the ions 

impact dislodge “knock-on” atoms into the 

target, which by their turn will dislodge other 

target atoms [5]. Several studies showed that 

the ion energies must exceed four times the 

binding energy of the atoms of the target 

surface to induce sputtering. This induces 

collision cascade that eject atoms, ions, 

electrons and neutrals from the first 10 to 50Å 

of the surface of a target [6-9]. 

The breakdown voltage (VB) depends on 

the product of pressure (p) and electrode 

separation (d) as this product is denoted as 

“pd”, while this voltage weakly depends on 

the cathode material that defines the emission 

coefficient of secondary electrons [10-13]. As 

well, the breakdown voltage is proportional to 

the product pd at large values of this product 

and the electric field (E=V/d) is scaled 

linearly with the pressure [14]. In case of 

small values of the product pd, only few 

collisions occur and higher voltage is applied 

to increase the probability of breakdown per 

collision. Hence, the minimum voltage 

required to ignite the discharge of a gas 

sample of pressure p over a distance d is 

defined at the minimum of Paschen’s curve, 

where 

𝑝𝑑|𝑉𝑚𝑖𝑛
=

1

𝐴
𝑙𝑜𝑔 (1 +

1

𝛾𝑒
)  (1) 

If the pressure and/or separation distance is 

too large, ions generated in the gas are slowed 

by inelastic collisions so that they strike the 

cathode with insufficient energy to produce 

secondary electrons. In most sputtering glow 

discharges, the discharge starting voltage is 

relatively high. 

Eventually, an avalanche occurs in which 

the ions striking the cathode release secondary 

electrons, which form more ions by collision 

with neutral gas atoms. These ions then return 

to the cathode, produce more electrons. When 

the number of electrons generated is just 

sufficient to produce enough electrons to 

regenerate the same number of electrons, the 

discharge is self-sustaining. The gas begins to 

glow, the voltage drops, and the current rises 

abruptly [15]. This is called the “normal 

glow”. The color of this luminous region is 

characteristic of the excitation gas used. Since 

the secondary electron emission ratio of most 
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materials is of the order of 0.1, more than one 

ion must strike a given area of the cathode to 

produce another secondary electron. The 

bombardment of the cathode in the normal 

glow region self-adjusts in the area to 

accomplish this. Initially, the bombardment is 

not uniform, but concentrated near the edges 

of the cathode or at other irregularities on the 

surface. As more power is supplied, the 

bombardment increasingly covers the cathode 

surface until a nearly-uniform current density 

is achieved [14]. 

 

2. Experimental Part 

The electrodes were connected to a DC 

power supply to provide the electrical power 

required for discharge. The lower electrode 

(anode) could be move vertically with respect 

to the fixed upper electrode (cathode) to adjust 

the separation of the two electrodes from 1 to 

8 cm. 

Pure argon gas was used to produce the 

discharge plasma for sputtering. A DC power 

supply providing voltage up to 6kV was used 

for electrical discharge between the electrodes 

and both breakdown voltage (up to 1 kV) and 

discharge current (up to 100 mA) were 

monitored by two digital voltmeter and 

ammeter, respectively. 

First, the magnetic field intensity of each 

magnetron was measured individually, and 

second, the magnetic field intensity between 

both magnetrons was measured too. In the 

second case, the magnetrons were maintained 

parallel to each other and the probe was 

positioned between them using an adjustable 

clamp. Measurements were carried out over 

all the distance between the two magnetrons 

in all coordinates in order to determine the  

 

3. Results and Discussion 

In order to determine the optimum distance 

between two magnetrons, the magnetic field 

intensity was measured at the midpoint along 

the distance between the two magnetrons and 

at 2.2 cm from the edge of the electrode and 

the results are shown in Fig. (1). The 

maximum was observed at 4 cm, which can be 

considered as the optimum distance, while the 

minimum was measured at ≥ 8 cm. The 

diameter of the measuring probe is 0.8 cm, 

therefore, the minimum distance was 2 cm in 

order to locate the measuring probe at the 

midpoint. The behavior shown in the figure 

below is attributed to the interference between 

the lines of the magnetic field, i.e., the 

maximum interference occurs at the midpoint 

of 4cm separation, whereas this interference 

decreases as the two magnetrons move away 

from each other reaching to “no interference” 

condition at ≥ 8 cm separation. 

 

 
Fig. (1) Variation of magnetic field intensity along the vertical 

distance separating the two magnetrons 

 

The electrons are unable to travel 

perpendicular to the magnetic field lines over 

distances greater than Larmor radius, 

therefore, they are confined. The electric field 

on the other hand causes the electrons to move 

in the direction perpendicular to both the 

electric field and the magnetic field (E×B or 

Hall drift) [16]. The combination of the 

electron confinement and the E×B drift 

ensures that the electrons have a much longer 

mean free path in the plasma than in 

conventional glow discharges, giving rise to 

more ionization collisions, and consequently 

higher ion fluxes [17]. These ion fluxes are 

highest in between the magnets, hence most of 

the target material is sputtered there. This 

gives a characteristic feature of conventional 

planar magnetrons called the racetrack [18]. 

This racetrack generally limits the complete 

target utilization, resulting in higher working 

costs [19]. This problem can be overcome by 

using rotatable magnetrons. Instead of a 

cylindrical inner magnet and an outer magnet 

ring, these magnetrons consist of a central bar 

shaped magnet surrounded by a rectangular 
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shaped magnet configuration around which a 

cylindrical target rotates. This greatly 

enhances the utilization of the target and is 

therefore much more interesting for industrial 

applications [20]. 

The sputtering electrons are assumed to be 

trapped near the cathode by the magnetic field 

of the magnetron in order to increase the path 

length of these electrons. Therefore, the 

maximum interference between the two fields 

is not preferred for such purpose because the 

electrons would not be seized near the 

cathode. Instead, these electrons may be 

drifted by the interfered lines away from the 

cathode. 

Sputtering of a target atom is just one of the 

possible effects resulting from the surface ion 

bombardment. Aside from sputtering, the 

second important process is the emission of 

secondary electrons from the target surface, 

which play a fundamental role in keeping the 

sputtering process itself. Figure (2) shows 

Paschen’s curve for both cases of using and 

not using the magnetron at the upper electrode 

(cathode). As clearly shown, the effect of 

using magnetron lies in decreasing the 

breakdown voltage to about 15% of its initial 

(maximum) value, while the minimum 

voltage was decreased to seventh its value in 

absence of magnetron. However, Paschen’s 

curves of both cases are identical with 

different minima, as the value of “p.d” 

product was 1.1 mbar.cm when no magnetron 

is used and 1.4 mbar.cm when a magnetron is 

used. 

 

 
Fig. (2) Paschen’s curve for the constructed plasma sputtering 

system with and without magnetron 

 

A disadvantage of the magnetron 

sputtering configuration is that the plasma is 

confined near the cathode and is not available 

to active reactive gases in the plasma near the 

substrate for reactive sputter deposition. This 

difficulty can be overcome using an 

unbalanced magnetron configuration, where 

the magnetic field is such that some electrons 

can escape from the cathode region [21]. An 

unbalanced magnetron (UBM) has a proper 

magnetic field configuration in which a finite 

degree of the field lines from the outer 

magnetic pole diverge to the substrate, though 

the rest of the lines finish on the inner pole 

behind the target. Sufficient plasma density 

and a positive ion current on a metallic 

substrate even at a large distance from the 

target can be achieved in the unbalanced 

magnetron as compared with the balanced one 

[22,23]. 

The plasma sputtering system was then 

characterized by the relation of discharge 

current to the gas pressure inside the chamber 

at different inter-electrode distances, as shown 

in Fig. (3). Again, all curves are identical with 

the discharge current shifted upward on the 

vertical axis. As the distance between the 

electrodes is decreased, the current density 

from electron current emitted from the 

cathode je(0) is increased because less number 

of electrons are able to reach the anode and 

hence lower current flows. However, 

compensation is required between gas 

pressure and distance to work at a given 

discharge current before converting into 

decreasing current as saturation is reached. 

 

 
Fig. (3) Variation of discharge current with increasing gas 

pressure for different inter-electrode distances (d) 

 

The plasma pressure will also have an 

impact on the sputtering process. Higher 

pressure means high density of gas molecules 
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in the chamber. As a consequence, this will 

lead to higher electron density and ion density 

in the plasma. The high electron and ion 

density will increase the bombardment counts 

and also the probability of collision between 

particles. The applied voltage will have an 

impact on the charged particles density and 

the energetic level of the charged particles. 

The density of ions is mainly related with the 

power input to the plasma. Usually, one 

thirtieth of the discharge energy will be 

transformed into ionization process. However, 

the applied voltage shouldn’t reach too high 

for avoiding the implantation of ions. 

 

4. Conclusion 

Referring to the results obtained from this 

work, the home-made dc magnetron plasma 

sputtering system was characterized to 

introduce its performance in accordance to 

magnetic field distribution, electrical 

characteristics, Paschen’s law and governing 

properties of such deposition systems. Results 

have showed that using magnetron at the 

cathode of discharge configuration highly has 

affected these operation characteristics as the 

breakdown voltage was decreased, the 

minimum point was little shifted upward, . 

This system was found to satisfy the 

requirements for deposition of high-quality 

thin films from different materials. 
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Abstract 

In this work, a closed-field unbalanced dual magnetron assembly was designed, constructed and characterized. 

This assembly can be successfully used in plasma sputtering system to improve the electrical characteristics of 

the plasma. This improvement was shown by the Langmuir probe diagnostics of the plasma and the values of 

plasma parameters, such as electron and ion temperatures and densities. The applicability of such design may 

enhance the whole sputtering process and the production of nanoscale structures with low cost, high purity and 

good properties. 
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1. Introduction 

Different sputtering configurations were 

developed during the last five decades due to 

the technological advances in the power 

supplies, vacuum pumps and other 

components [1-4]. All these developments are 

aiming to increase the sputtering rate, the 

available deposition area, and the ionization 

as well as to decrease plasma heating of the 

substrate and working gas pressures, in 

addition to facilitate the coating of complex 

substrate shapes and deposit non-conductive 

or compound thin films [5-9]. 

The confinement of electron is based on the 

Lorentz force given by the vector cross 

product of both electric (𝐸⃗ ) and magnetic (𝐵⃗ ) 

fields [10]. Since 𝐸⃗  is perpendicular to the 

target surface, application of a 𝐵⃗  field 

tangential to the surface gives the electron a 

component of velocity parallel to the target 

[11,12]. Forcing the electrons in plasma to 

move in helical path results in a great increase 

in a probability that an electron will have a 

collision with a gas atom, leading to either 

exciting or ionizing the atom before being 

scattered out of the plasma region [13]. This 

effect can be used to form very dense, low-

impedance plasma. A single electron from the 

target can generate at least 10 electron-ion 

pairs in the volume of magnetized plasma 

[14]. 

Magnetron sputtering (especially closed-

field unbalanced magnetron configuration) 

has gained wide acceptance in both research 

and commercial purposes and is routinely 

used in different industries like cutting tools, 

forming tools, semiconductor, optical glass 

coating, decorative, biomedical, and tribology 

applications [15]. Depending on the 

configuration of the magnets, a magnetron can 

be either “balanced” or “unbalanced”. A 

balanced magnetron implies that all magnetic 

field lines are closed in on themselves, while 

an unbalanced magnetron has open field lines 

that are directed towards the chamber walls 

(“type 1”) or towards the substrate (“type 2”) 

[16]. 

In case of planar circular magnetron – 

which is used in the present work – two round 

magnets are placed behind the target, as can 

be seen in the figure below and formation of 

an erosion profile known as “racetrack” is 

induced by the non-uniform ion bombardment 

across the target surface [17]. For balanced 

magnetrons, both magnets have the same 

magnet strength that results in strongly 

confined plasma near the target region [18]. 

Consequently, only a few charged particles 

reach the substrate, which might be useful in 
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the case where low energetic bombardment is 

mandatory as in the case of polymeric 

substrates, but it is a drawback when energetic 

ion/electron bombardment in the anode 

surface is needed because the bombardment 

with energetic particles (ions or electrons) 

influence the growth of thin films [19-22]. 

In the closed-field configuration, the lines 

of magnetic field are linked between the 

magnetrons, therefore, losses of secondary 

electrons towards the walls of chamber are 

low and the substrate is immersed in the high-

density plasma region [23]. The advantage of 

this configuration when compared to the 

mirrored one is realized by the ion-to-atom 

ratio incident at the substrate (2-3 times 

greater) at the same conditions [24]. This 

advantage is observed when comparing to 

single unbalanced magnetron configuration as 

well as when the distance from the target is 

increased [25]. 

Accordingly, the major advantages of 

closed-field unbalanced magnetrons are high 

uniformity of the deposited film thickness, 

high stability of deposition rate for >100 hours 

uninterrupted production, good 

reproducibility of layer properties for long 

periods of time, good adhesion and high 

density of deposited coatings, the ability to 

deposit all kinds of metals including high 

melting-point metals, metal alloys and 

compounds with precise control of coating 

composition, the ability to deposit metal 

oxides, nitrides, carbides, etc. with precise 

control of layer stoichiometry, and the ability 

to deposit tailored design coatings like 

multicomponent, multilayer, gradient, 

composite coating, etc. [26]. 

In this work, a closed-field unbalanced 

dual magnetron assembly was designed, 

constructed and characterized to be used in 

plasma sputtering system to improve the 

electrical characteristics of the plasma. This 

improvement was shown by the Langmuir 

probe diagnostics of the plasma and the values 

of plasma parameters, such as electron and ion 

temperatures and densities. 

 

 

 

2. Experimental Part 

Two closed-field unbalanced magnetrons 

were employed at the anode and cathode of 

plasma sputtering system. Electrodes (anode 

and cathode) were made of stainless steel and 

each was a disk of 8 cm in diameter and 4 mm 

in thickness. Two annular concentric magnets 

were placed behind each electrode to form the 

magnetron configuration. The outer diameters 

of the two magnets were 8 cm and 4 cm, while 

the inner diameters were 4 cm and 3.2, 

respectively. The electrodes were connected 

to a DC power supply to provide the electrical 

power required for discharge. The lower 

electrode (anode) could be move vertically 

with respect to the fixed upper electrode 

(cathode) to adjust the separation of the two 

electrodes from 1 to 8 cm. 

Pure argon gas was used to produce the 

discharge plasma. A DC power supply up to 5 

kV was used for electrical discharge between 

the electrodes and both breakdown voltage 

(up to 1 kV) and discharge current (up to 100 

mA) were monitored by two digital voltmeter 

and ammeter, respectively. A current limiting 

resistor of 6.75 kW was connected in series to 

the discharge circuit in order to control the 

current flowing in the circuit. The discharge 

chamber was evacuated by a two-stage 

Leybold-Heraeus rotary pump and the 

vacuum inside chamber was measured by 

Pirani gauge connected to a vacuum controller 

from Balzers VWS 120. Argon gas was 

supplied to the chamber through a fine-

controlled needle valve (0-160 ccm) to control 

the gas pressure inside the chamber. 

 

3. Results and Discussion 

According to the most common 

assumptions of probe theory, plasma is 

supposed to be homogenous and its 

dimensions are large when compared to the 

mean free path of the electrons, which is 

inversely proportional to the mean probability 

of electron collision. In low-pressure plasma 

(<0.2mbar), the mean free path of electrons 

must be sufficiently long but shorter than the 

distance between the electrodes. 

Moving to the positive bias voltage region, 

the electron current is slowly increasing with 



IRAQI JOURNAL OF APPLIED PHYSICS LETTERS    Vol. (6) No. (2) April-June 2023, pp. 7-10 

ISSN 1999-656X (print) 2958-6488 (online)  © All Copyrights are reserved  Printed in Iraq  9 

increasing bias voltage to reach a point at 

which, drastic increase in this current is 

observed. This behavior does not continue as 

it converts into slow increasing at a certain 

bias voltage known as “plasma potential” 

(Vp). At this point, the probe is immersed 

inside plasma and no sheath develops around 

the probe and the charges reach its surface 

because of their thermal motion. Thus, the 

probe collects the thermal flux of both 

electrons and ions. In consequence, the probe 

biased at the space plasma potential drains an 

electric current from the plasma even in the 

absence of potential difference between the 

conductor and the surrounding plasma. The 

measured values of floating and plasma 

potentials for the three working pressures are 

5V and 40V, respectively. 

Figure (1) explains the effect of variation 

in working pressure on the current-voltage 

characteristics of Langmuir probe diagnostics 

in unmagnetized glow-discharge plasma. As 

shown, increasing working gas pressure 

results in measuring higher probe current due 

to the increasing density of neutral gas atoms 

those subjected to collisions with the available 

charged particle and hence producing much 

more charged particles those composing the 

drained current. However, the behaviors of 

these characteristics are identical with upward 

shift at higher pressures, as mentioned above. 

In order to introduce the effects of using 

magnetrons on the parameters of plasma, the 

Langmuir probe measurements were 

performed when only one magnetron used at 

the cathode and when dual magnetrons used 

and then compared the obtained results to 

those obtained when no magnetron used, as 

shown in Fig. (3). 

It is clear that using only one magnetron at 

the cathode caused to decrease the drained 

current by the probe by about 12%. This 

decrease may be attributed to the role of this 

magnetron in trapping a fraction of the 

electrons in discharge volume near the 

cathode to increase the ionization rate of the 

neutral gas atoms and hence preventing the 

probe from collecting more electrons. 

When dual magnetrons were used, the 

drained current by the probe was decreased by 

about 16% due to the roles of both magnetrons 

in trapping much more charged particles near 

the cathode and anode and hence reducing the 

number of particles passing the distance 

between the electrodes where the probe is 

placed. However, these roles could not 

prevent the discharge current from flowing 

between the electrodes but even these 

particles sustaining the discharge are 

accelerated by the both electric and magnetic 

fields to higher drift velocities that the probe 

could not attract them from their paths across 

the inter-electrode distance [27-29]. 

 

 
Fig. (2) The effect of variation in working pressure on the 

current-voltage characteristics of Langmuir probe diagnostics in 

unmagnetized glow-discharge plasma 

 

 
Fig. (3) Current-voltage characteristics of Langmuir probe 

diagnostics in glow-discharge plasma at three different cases (no 

magnetron, using one magnetron at the cathode, and using dual 

magnetrons) 

 

4. Conclusion 

From the results obtained in this work, the 

effect of the proposed configuration of closed-

field unbalanced dual magnetrons on the 

electrical parameters of the discharge plasma 
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was introduced. This configuration of 

magnetrons caused to increase the ionization 

process by confining the charged particles 

(especially electrons) near the electrodes and 

hence the number of collisions of these 

particle with the neutral atoms provided to the 

vacuum chamber was increased too. 

Using only one magnetron at the cathode 

caused to decrease the drained current by the 

probe by about 12%. This decrease may be 

attributed to the role of this magnetron in 

trapping a fraction of the electrons in 

discharge volume near the cathode to increase 

the ionization rate of the neutral gas atoms and 

hence preventing the probe from collecting 

more electrons. When dual magnetrons were 

used, the drained current by the probe was 

decreased by about 16% due to the roles of 

both magnetrons in trapping much more 

charged particles near the cathode and anode 

and hence reducing the number of particles 

passing the distance between the electrodes 

where the probe is placed. 
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Abstract  

In this work, titanium dioxide (TiO2) nanoparticles were prepared by two different methods; solvothermal and 

dc reactive sputtering. The crystalline structures of these nanoparticles were determined by x-ray diffraction in 

order to introduce the effect of preparation method on the structural characteristics of these nanoparticles. In 

solvothermal method, the TiO2 nanopowder was prepared as a nanopowder precipitated from an extract solution 

of banana peels and titanium isopropoxide. In dc reactive sputtering technique, the TiO2 nanopowder was 

extracted from thin film samples deposited on glass substrates. Results showed that the crystalline structure of 

the nanopowder prepared by solvothermal method contains both anatase and rutile phases of TiO2 with mixing 

ratio of 1:1, while the crystalline structure of the nanopowder prepared by dc reactive sputtering contains both 

anatase and rutile phases with mixing ratio of 2:1. As well, single phase (anatase) nanopowder was prepared 

by using heat sink method to prevent the thermal transition of anatase into rutile phase. Average crystallite size 

was determined for the three samples and found to be 38, 27 and 37 nm for 1:1, 2:1 and anatase samples, 

respectively. Accordingly, preparation method has an important role in determining the structural 

characteristics of the TiO2 nanopowder and hence the preparation parameters should be sufficiently governed 

in order to control these characteristics. 
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1. Introduction 

Crystallinity is an important factor to be 

considered in the optimization of the 

photodegradation efficiency [1,2]. It has been 

shown that amorphous TiO2 has negligible 

photodegradation efficiency compared with 

TiO2 of high crystallinity [3,4]. The low 

efficiency of amorphous TiO2 is caused by the 

high recombination rate of electrons and holes 

due to the large amount of defects [5,6]. 

TiO2 is close to be an ideal photocatalyst 

and the benchmark for photocatalysis 

performance [7,8]. TiO2 is cheap, photostable 

in solution and nontoxic. Its holes are strongly 

oxidizing and redox selective [9]. For these 

reasons, several novel heterogeneous 

photocatalytic reactions have been reported at 

the interface of illuminated TiO2 

photocatalyst, and TiO2-based photocatalysis 

has been researched exhaustively for 

environmental cleanup applications [10,11]. 

The single drawback is that it does not absorb 

visible light [12]. To overcome this problem, 

several methods including dye sensitization, 

doping, coupling and capping of TiO2 are 

proposed [13]. 

In this work, titanium dioxide (TiO2) 

nanoparticles were prepared by two different 

methods; solvothermal and dc reactive 

sputtering. The crystalline structures of these 

nanoparticles were determined by x-ray 

diffraction in order to introduce the effect of 

preparation method on the structural 

characteristics of these nanoparticles. 

 

2. Experimental Part 

Two methods were used in this work to 

prepare titanium dioxide (TiO2) nanoparticles. 

In the first method, solvothermal method, the 

TiO2 nanoparticles were synthesized from the 

titanium isopropoxide and banana peels. For 

more details on this work, see reference [14]. 

In the second method, dc reactive magnetron 

sputtering, a highly-pure titanium sheet was 

sputtered in presence of Ar:O2 gas mixture 

inside a vacuum chamber at gas pressure of 

0.5mbar and discharge current of 40mA to 

deposit TiO2 thin films on glass substrates. 
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The deposited films were containing both 

rutile and anatase phases of TiO2. In order to 

deposit TiO2 films with only anatase phase, a 

heat sink was placed under the substrate to 

avoid the thermal transition of anatase into 

rutile phase. For more details on this 

technique, see references [9-13]. The 

nanopowder was extracted from the tin film 

samples by the conjunctional freezing-

assisted ultrasonic extraction method [15]. 

 

 
(a) 

 
(b) 

Fig. (1) Photographs of nanopowder prepared by solvothermal 

method (a) and thin films prepared by dc reactive sputtering 

technique at different deposition times 

 

The crystalline structures of the prepared 

nanopowders were determined by the x-ray 

diffraction (XRD) patterns obtained using a 

Bruker D2 PHASER XRD system (Cu-Kα x-

ray tube with λ=1.54056Å). 

 

3. Results and Discussion 

Figure (2) shows the XRD patterns of the 

three nanopowder samples prepared in this 

work. It is clear that the crystalline structure 

of the nanopowder prepared by the 

solvothermal method (1:1) is identical to that 

of nanopowder prepared by dc reactive 

sputtering (2:1) without heat sink step. The 

difference in mixing ratio between these 

samples is attributed to the higher transition 

rate from anatase into rutile in the 

solvothermal method due to the inevitable 

thermal effect included in such preparation 

method, while the dc reactive sputtering 

technique may include limited thermal effect 

resulted from the heating of anode (and hence 

substrate) during deposition time [9]. 

Consequently, the transition rate from anatase 

into rutile is lower than that in the 

solvothermal method. As shown in tables (1) 

and (2), another difference between these two 

patterns is observed in the FWHM values as 

the 2:1 sample shows larger values of FWHM 

when compared to that of the 1:1 sample. This 

can be ascribed to the fact that sputtering is an 

atomic-scale preparation method while the 

solvothermal method is a chemical reduction 

method. So, the size distribution of 

nanoparticles formed in sputtering technique 

is reasonably lower than that in solvothermal 

method. Wider FWHM means smaller 

nanoparticles within the crystalline structure 

[16]. 

 
Table (1) XRD parameters of the 1:1 nanopowder sample 

 

No. Position [°2θ] d-spacing [Å] FWHM [°2θ] 
Crystallite 
Size [nm] 

1 25.4315 3.499 0.1624 61.5 

2 27.5239 3.238 0.0758 22.6 

3 36.1697 2.481 0.0866 16.0 

4 37.8389 2.375 0.0758 22.8 

5 41.3361 2.182 0.0866 16.2 

6 48.1359 1.888 0.1948 53.3 

7 53.9573 1.697 0.1948 54.7 

8 54.3939 1.685 0.0792 31.3 

9 55.1386 1.664 0.1848 57.5 

10 62.8176 1.478 0.1584 78.1 

11 69.8624 1.345 0.0792 34.0 

12 75.1086 1.263 0.1320 13.2 

 
Table (2) XRD parameters of the 4:1 nanopowder sample 

 

No. Position [°2θ] d-spacing [Å] FWHM [°2θ] 
Crystallite 
Size [nm] 

1 25.4315 3.499 0.11368 43.05 

2 27.5239 3.238 0.05306 15.83 

3 36.1697 2.481 0.06062 11.20 

4 37.8389 2.375 0.05306 16.02 

5 41.3361 2.182 0.06062 11.38 

6 48.1359 1.888 0.13636 37.31 

7 53.9573 1.697 0.13636 38.29 

8 54.3939 1.685 0.05544 21.96 

9 55.1386 1.664 0.12936 40.25 

10 62.8176 1.478 0.11088 54.67 

11 69.8624 1.345 0.05544 23.83 

12 75.1086 1.263 0.09240 09.24 

 

On the other hand, the nanopowder 

prepared by dc reactive sputtering technique 

with heat sink step exhibits single phase 

(anatase only) structure as the thermal 

transition was completely prevented 
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throughout cooling the anode (and hence the 

substrate) [7]. As well, the FWHM values are 

comparable to those of the 2:1 nanopowder 

sample, as shown in table (3), which is 

attributed to the same reason as they are both 

prepared by sputtering technique. 

 
Table (3) XRD parameters of the anatase nanopowder sample 

 

No. Position [°2θ] d-spacing [Å] FWHM [°2θ] 
Crystallite 
Size [nm] 

1 25.2293 3.527 0.2814 33.5 

2 38.6007 2.330 0.2598 37.7 

3 47.9753 1.894 0.1948 53.2 

4 55.0723 1.666 0.1732 62.8 

5 62.8468 1.477 0.4330 24.5 

6 68.8081 1.363 0.4330 25.4 

7 75.0583 1.264 0.5196 21.9 

 

 
Fig. (2) XRD patterns of the three TiO2 nanopowder samples 

prepared in this work 

 

 

4. Conclusion 

In concluding remarks, the crystalline 

structures of the TiO2 nanopowders is 

reasonably affected by the preparation method 

as the preparation parameters can allow or 

prevent the transition of anatase phase of TiO2 

into rutile phase. Also, the average crystallite 

size is sufficiently affected by the preparation 

method as the dc reactive sputtering technique 

may produce mixed-phase TiO2 nanopowder 

with higher anatase content and lower 

crystallite size. Accordingly, preparation 

method has an important role in determining 

the structural characteristics of the TiO2 

nanopowder and hence the preparation 

parameters should be sufficiently governed in 

order to control these characteristics. 
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Abstract 

In this work, the reaction of methane and ammonia gases at room temperature was induced by electric power 

transferred to the reaction volume throughout argon fast glow discharge at high pressures. This power was 

applied to the reaction as short pulses to produce carbon nitride nanoparticles without production of cyanogen 

molecules. The growth and development of carbon nitride structures was confirmed by x-ray diffraction (XRD) 

and Fourier-transform infrared (FTIR) spectroscopy. The synthesized carbon nitride nanoparticles were 

polycrystalline and lower number of crystal planes was obtained using shorter pulses of discharge power. 
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1. Introduction 

Due to the increasing importance of carbon 

nitride nanostructures in various applications, 

intense research works were carried out 

during the last two decades on the synthesis as 

well as characterization of such structures. 

This compound is very interesting candidate 

for applications such nanocomposite with 

enhanced photocatalytic activity [1], 

nanocomposites [2], electrocatalyst [3], 

photochemical applications such as 

photoredox catalysis [4], metal-free catalysis 

[5-7], optoelectronics such as photodiodes [8] 

and tribology [9]. 

Carbon nitride has many formulas resulted 

from the bonding of carbon and nitrogen 

atoms, however, dicyanodiazomethane with 

the formula of C3N4 or (CN)2.C.N2 is one of 

the most important ones and has a 3D 

structure as shown in Fig. (1) [10,11]. It has 

two solid covalent network compounds: beta 

(β-C3N4) and graphitic (g-C3N4). The first is 

predicted to be harder than diamond while the 

second has very important catalytic properties 

[12-15]. 

 

 
Fig. (1) The chemical structure of dicyanodiazomethane (C3N4) 

molecule 

 

Carbon nitride nanostructures are 

synthesized and prepared by various methods 

and techniques such as photoreduction [1], 

thermal evaporation [3], polymerization of 

some organic compounds [5,13], laser 

ablation in liquids [6], chemical vapor 

deposition [10], plasma decomposition of 

methane and molecular nitrogen [11], ball-

milling at high temperatures [15], plasma-

enhanced chemical vapor deposition 

[9,12,17], laser pyrolysis [18], RF reactive 

magnetron sputtering [19], ion beam assisted 

sputtering [20] and shock-wave compression 

of organic C-N-H precursors [11]. 

In a total reaction volume of 2000 mm3 and 

gas pressure 5 mbar, the reaction of methane 

(CH4) and ammonia (NH3) needs for more 
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than 5 ms to occur normally at room 

temperature and lead to the formation of 

cyanogen (C2N2) as follows [21-24]: 

2CH4 + 2NH3 → C2N2 + 7H2 (1) 

The chemical structure of cyanogen 

includes triple bonds between carbon and 

nitrogen atoms in the form N≡C-C≡N. It is 

very hazardous and flammable compound 

[21,24]. 

The final product of this reaction can be 

varied by controlling the molar concentrations 

of starting materials as well as providing high 

power as short pulses to the reactants [5,8,17]. 

Then, dicyanodiazomethane (C3N4) can be 

formed as follows [25,26]: 

3CH4 + 4NH3 → C3N4 + 12H2 (2) 

The bonds between nitrogen (N) and 

hydrogen (H) atoms in ammonia molecule as 

well as those between carbon (C) and 

hydrogen (H) atoms in methane molecule can 

be easily broken by high power provided by 

the glow discharge [23]. Therefore, the 

released carbon and nitrogen atoms tend to 

bond with the availability of these atoms at 

high pressures (~3mbar). 

In this work, carbon nitride (C3N4) 

nanoparticles are synthesized by a novel 

technique including fast glow discharge of 

methane and ammonia gas mixtures at high  

 

2. Experimental Part 

Deposition camber is first evacuated down 

to 10-5 mbar to remove any residuals or 

contaminants. Argon gas at pressure of 0.5 

mbar was used to generate the fast glow 

discharge between two electrodes made of 

stainless steel. The dimensions of each 

electrode are 20x5 mm2. Argon was chosen 

due to its low breakdown voltage (~190V at 

35mA) compared to methane and ammonia, 

therefore, small amount (~0.033%) of the 

minimum applied power is consumed for the 

generation of plasma column to represent the 

resistor through which the remaining power 

(~99.96%) is transferred to the reaction 

volume to break the bonds in methane and 

ammonia molecules and soon induce the 

reaction between the released carbon and 

nitrogen atoms. The discharge power from a 

power supply (5-6kV, 4-5A) is applied 

between the electrodes as pulses of different 

durations (0.1, 0.25 and 1ms). A pulse 

forming network (PFN) was used to convert 

the DC signal of the power supply into short 

pulses. The repetition rate of discharge pulses 

could be determined from 1 to 100 Hz by the 

PFN circuit. However, all results presented 

here were obtained using repetition rate of 20 

Hz. The methane (CH4) and ammonia (NH3) 

gases are premixed in a cooled reactor before 

pumped into the chamber at flow rate of 1 

sccm. This reactor is cooled down to 5°C to 

prevent the normal reaction of methane and 

ammonia (Eq. 1). The maximum pressure of 

gas mixture is 3 mbar. As soon as the 

breakdown of argon gas occurs, the remaining 

power induces the reaction (Eq. 2) between 

CH4 and NH3 molecules to form C3N4 

molecules. This reaction occurs faster than the 

normal reaction given by Eq. 1. The 

synthesized nanoparticles were collected on a 

clean watch glass (2cm in diameter) inside the 

chamber. The chamber was kept closed during 

the application of discharge power throughout 

valves on the inlets of gases and outlet to the 

vacuum pump. Figure (2) shows the C3N4 

nanopowder sample prepared in this work. 

 

 
Fig. (1) Photograph of carbon nitride nanopowder prepared by 

in this work 

 

3. Results and Discussion 

Figure (3) shows the XRD patterns of the 

synthesized carbon nitride samples using fast 

glow discharge pulses of different durations. 

These patterns were illustrated with 

CrystalSleuth® software for XRD analysis. 

The sample synthesized using glow discharge 

pulse duration of 1 ms (Fig. 3a) shows that it 

is polycrystalline with twelve distinguished 

peaks corresponding to the crystal planes of 
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(110), (200), (101), (210), (111), (300), (220), 

(310), (400), (221), (311) and (320) 

[1,5,18,27-30]. The number of these peaks 

was decreased to seven while the heights of 

the observed peaks were increased as the 

discharge pulse duration is decreased to 0.25 

ms (Fig. 3b). Moreover, only three peaks are 

observed in the synthesized sample as the 

discharge pulse duration is decreased to 0.1 

ms (Fig. 3c). The heights of the three observed 

peaks were increased. This result may be 

attributed to the fact that some crystal planes 

does not find enough time to grow at shorter 

pulse durations, while some other planes, such 

as (110), (200) and (111), are immediately 

formed. In other words, if the discharge power 

of 20-30 kW is transferred to the reaction 

volume during shorter time, the crystal planes 

produced by the reaction leading to form C3N4 

molecules are fewer than those produced at 

relatively longer time. Accordingly, the 

crystal planes of (110), (200) and (111) seem 

to grow as soon as the carbon and nitrogen 

atoms are bonded to form C3N4 molecules. 

 

 
Fig. (2) The x-ray diffraction (XRD) patterns for the synthesized 

samples using discharge pulse duration of (upper) 1 ms, 

(middle) 0.25 ms, and (lower) 0.1 ms 

 

Figure (4) shows the FTIR spectrum of the 

carbon nitride sample synthesized by 

discharge pulse duration of 0.1 ms. The broad 

band around 1100-1250 cm-1 is attributed to 

the stretching mode of C-N bond [5]. 

However, the peak at 1250 cm-1 is a 

characteristic for the sp3-bonded C-N [8]. The 

peak around 1550 cm-1 is ascribed to the 

stretching mode of double C=N bond [9]. The 

peak around 1600 cm-1 is also attributed to the 

stretching vibration of C-N bond [13]. These 

peaks can be overlapped with other peaks 

within 1000-1800 cm-1 ascribed to the bonded 

carbon layers, which become active in the 

infrared region as their symmetry is broken 

due to the incorporation of nitrogen in these 

layers [30]. The peaks observed below 950 

cm-1 are attributed to the C-H bond [8,31]. 

Other peaks observed around 2900 and 3340 

cm-1 are attributed to the CHx and NHx groups, 

respectively, as precursors of carbon nitride 

molecules. 

 

 
Fig. (4) The FTIR spectrum for the carbon nitride sample 

synthesized using discharge pulse duration of 0.1 ms 

 

4. Conclusion 

In concluding remarks, the reaction of 

methane (CH4) and ammonia (NH3) gases can 

be induced and controlled towards the 

production of carbon nitride (C3N4) 

nanoparticles without formation of cyanogen 

(C2N2). This control is performed by the 

application of high discharge power as short 

pulses to the reaction volume. The discharge 

pulse duration was found very important to 

control the number of crystal planes formed in 

the final product. 
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Abstract 

In this work, a closed-field unbalanced dual magnetron assembly was designed, constructed and characterized. 

This assembly can be successfully used in plasma sputtering system to improve the electrical characteristics of 

the plasma. This improvement was shown by the Langmuir probe diagnostics of the plasma and the values of 

plasma parameters, such as electron and ion temperatures and densities. The applicability of such design may 

enhance the whole sputtering process and the production of nanoscale structures with low cost, high purity and 

good properties. 
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1. Introduction 

Sputtering is complex process, which is 

highly dependent on number of process 

parameters, such as deposition pressure, 

discharge voltage, discharge current, target to 

substrate distance, gas compositions, process 

gas flow rate, reactive gas flow rate in case of 

reactive sputtering, substrate biasing, etc. [1-

7]. Deposition of thin films by magnetron-

based sputtering systems is performed at 

much higher rates than diodes and operated at 

lower pressures, where gas-phase scattering 

and gas-phase impurities are minimal [8-10]. 

DC magnetron is basically a magnetically 

enhanced diode in which the spatial 

relationship of electric and magnetic field is 

designed to confirm secondary electrons 

produced by ions bombardment of the target 

[11-13]. Restricting these electrons to remain 

close to the target surface increases their 

probability to ionize the working gas [14]. 

This effect results in more intense plasma 

discharge that can be sustained at lower 

pressure. Since the ions are heavier than 

electrons, they are not affected by the 

confining magnetic field and may sputter 

much as in a diode type configuration [15,16]. 

In case of planar circular magnetron – 

which is used in the present work – two round 

magnets are placed behind the target, as can 

be seen in the figure below and formation of 

an erosion profile known as “racetrack” is 

induced by the non-uniform ion bombardment 

across the target surface [17,18]. For balanced 

magnetrons, both magnets have the same 

magnet strength that results in strongly 

confined plasma near the target region [19]. 

Consequently, only a few charged particles 

reach the substrate, which might be useful in 

the case where low energetic bombardment is 

mandatory as in the case of polymeric 

substrates, but it is a drawback when energetic 

ion/electron bombardment in the anode 

surface is needed because the bombardment 

with energetic particles (ions or electrons) 

influence the growth of thin films [20-22]. 

The bombardment of the substrate with 

energetic particles can be achieved by 

unbalanced magnetron configuration, as two 

magnets with different strength and/or 

dimensions are used [23,24]. This way, the 

magnetic field lines are extended to the 

substrate and the plasma density is increased 

near the substrate [25-27]. Although the 

presence of magnets increases the efficiency 

of sputtering, it leads to inefficient target 

usage where only ~30% of the material is used 

[28-30]. 

The bulk of the plasma is “quasineutral” 

where electron and ion densities are the same, 
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and the potential difference between the bulk 

of the plasma and the wall is concentrated in a 

thin layer or sheath near the wall [31]. The 

gradient of the plasma potential determines 

the electric field that is responsible for 

energizing the electrons, which maintain the 

discharge through ionization [32]. 

In this work, a closed-field unbalanced 

dual magnetron assembly was designed, 

constructed and characterized to be used in 

plasma sputtering system to improve the 

electrical characteristics of the plasma. This 

improvement was shown by the Langmuir 

probe diagnostics of the plasma and the values 

of plasma parameters, such as electron and ion 

temperatures and densities. 

 

2. Experimental Part 

Two closed-field unbalanced magnetrons 

were employed at the anode and cathode of 

plasma sputtering system. Electrodes (anode 

and cathode) were made of stainless steel and 

each was a disk of 8 cm in diameter and 4 mm 

in thickness. Two annular concentric magnets 

were placed behind each electrode to form the 

magnetron configuration. The outer diameters 

of the two magnets were 8 cm and 4 cm, while 

the inner diameters were 4 cm and 3.2, 

respectively. The electrodes were connected 

to a DC power supply to provide the electrical 

power required for discharge. The lower 

electrode (anode) could be move vertically 

with respect to the fixed upper electrode 

(cathode) to adjust the separation of the two 

electrodes from 1 to 8 cm. 

Pure argon gas was used to produce the 

discharge plasma. A DC power supply up to 5 

kV was used for electrical discharge between 

the electrodes and both breakdown voltage 

(up to 1 kV) and discharge current (up to 100 

mA) were monitored by two digital voltmeter 

and ammeter, respectively. A current limiting 

resistor of 6.75 kW was connected in series to 

the discharge circuit in order to control the 

current flowing in the circuit. The discharge 

chamber was evacuated by a two-stage 

Leybold-Heraeus rotary pump and the 

vacuum inside chamber was measured by 

Pirani gauge connected to a vacuum controller 

from Balzers VWS 120. Argon gas was 

supplied to the chamber through a fine-

controlled needle valve (0-160 ccm) to control 

the gas pressure inside the chamber. 

 

3. Results and Discussion 

When dual magnetrons were used, the 

drained current by the probe was decreased by 

about 16% due to the roles of both magnetrons 

in trapping much more charged particles near 

the cathode and anode and hence reducing the 

number of particles passing the distance 

between the electrodes where the probe is 

placed. However, these roles could not 

prevent the discharge current from flowing 

between the electrodes but even these 

particles sustaining the discharge are 

accelerated by the both electric and magnetic 

fields to higher drift velocities that the probe 

could not attract them from their paths across 

the inter-electrode distance [33]. 

Accordingly, the magnetrons caused to 

change the values of plasma parameters, such 

as electron and ion temperatures and densities, 

as these parameters are deduced from the 

current-voltage characteristics of the probe 

immersed in plasma. These variations are 

observed in Table (1). 

 
Table (1) Effect of using magnetrons on the plasma parameters 

 

 
No 

magnetron 

One 

magnetron 

Dual 

magnetrons 

Electron 

Temperature 
(eV) 

4.856 4.871 4.850 

Electron 

Density 
(x1021m-3) 

1.329 1.148 1.130 

Ion 

Temperature 
(eV) 

0.889-1.192 0.888-1.189 0.864-1.159 

Ion 

Density 

(x1021m-3) 

1.329 1.148 1.130 

 

The probe current near the anode was 

higher by about 6% than its value at the center 

point because the density of electrons near the 

anode is already low and the magnetron at the 

anode also plays a role in trapping a fraction 

of these electrons near the anode. Therefore, 

the number of electrons collected by the probe 

near the anode is reasonably lower than that 

that near the cathode [34]. 
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For comparison, the electron temperatures 

and densities were determined from the 

current-voltage characteristics of Langmuir 

probe for three different working pressures 

and at the center point between the electrodes. 

As shown in Fig. (1), the electron temperature 

was reduced as the working pressure 

increased from 0.35 to 0.7mbar and then 

raised as the pressure increased from 0.7 to 

0.9mbar. 

 

 
(a) 

 
(b) 

Fig. (1) Variation of electron temperature and density in plasma 

with working gas pressure at the center point between the 

electrodes when dual magnetrons were used 

 

Increasing the working pressure means 

providing the discharge volume with more 

neutral atoms of argon and hence the mean 

free path of electrons as well as their gained 

energy is reduced as the number of their 

collisions with neutral atoms is decreased. 

Accordingly, the number of electrons 

produced by collisional ionization processes 

is decreased. The majority of these electrons 

are trapped by the magnetrons at both 

electrodes while the minority of electrons may 

escape from the trapping region towards the 

anode to sustain the glow discharge with 

lower energies (lower temperatures) than 

those trapped because they will be subject 

only to the electric field between the 

electrodes (V/d) while those trapped near the 

electrodes are subject to ExB drift. 

A fraction of the electrons escaping from 

ExB trapping region may be collected by the 

probe at the center point between the 

electrodes to form the probe current, which 

was shown lower than those near the 

electrodes. 

The further increase of working pressure 

(to 0.9mbar) provide the discharge volume 

with more neutral gas atoms, therefore, the 

number of collisions among electrons and 

neutral atoms is increased and hence the 

production of charged particles is increased 

too. Accordingly, the electron density is 

increased and more electrons are trapped by 

ExB effect before escaping to pass the inter-

electrode distance as well as the center point 

where the probe is placed. These electrons are 

relatively higher in energy than those escaping 

at lower pressures (0.7mbar) because they 

were initially trapped before the electron 

density being higher than the capability of 

trapping region. Therefore, the probe would 

collect more electrons with higher energies 

(temperatures). Despite that ion temperatures 

are much lower than electron temperatures; 

similar behavior was observed when 

measured at different points between the 

electrodes [35]. 

On the other hand, the electron density (as 

well as ion density) was continuously 

increased with increasing working pressure 

due to the corresponding increase in discharge 

current, as shown earlier. The following table 

shows the plasma parameters deduced at three 

different positions between the discharge 

electrodes. 

 
Table (2) Plasma parameters measured at three different 

positions between the discharge electrodes 

 

 
Center 

point 

Near 

cathode 

Near 

anode 

Electron 

Temperature 

(eV) 

4.856 4.838 4.855 

Electron 
Density 

(x1021m-3) 

1.130 1.654 1.201 

Ion 
Temperature 

(eV) 

0.864-1.159 0.885-1.188 0.869-1.166 

Ion 

Density 
1.130 1.654 1.201 
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(x1021m-3) 

 

4. Conclusion 

The probe current was higher than other 

positions because the densities of electrons 

near the cathode are higher than any other 

region inside plasma since the cathode is the 

source of discharge electrons in addition to the 

trapping effect of the magnetron placed at the 

cathode. Therefore, the probe would collect 

much more electrons in this region. The 

increase in probe current near the cathode was 

about 46% than its value at the center point 

between the electrodes. 

The probe current near the anode was 

higher by about 6% than its value at the center 

point because the density of electrons near the 

anode is already low and the magnetron at the 

anode also plays a role in trapping a fraction 

of these electrons near the anode. Therefore, 

the number of electrons collected by the probe 

near the anode is reasonably lower than that 

that near the cathode. 
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