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In this work, the breakdown and Langmuir characteristics of dc glow discharge 

plasma employing dual-magnetron assembly were studied. The electrical 

characteristics of this system are optimized to use it for reactive sputtering 

applications. The plasma was generated by electric discharge of argon gas at 

pressures ranging from 0.1 to 0.8 mbar. Also, a mixture of argon and oxygen was 

used to generate plasma since oxygen is used as the reactive gas. First, the Paschen’s 

curves for both cases (argon only and argon/oxygen mixture) were plotted as the 

variation of breakdown voltage with the product of gas pressure (p) and inter-

electrode distance (d) (i.e., p.d). The minima of these curves were ranging in 145-

208V for different inter-electrode distances. The minima were also determined for the 

glow discharge of oxygen only to be ranging in 185-320V. In case of argon/oxygen 

mixture, the minima were ranging in 100-208V. The resistance of the gaseous 

medium was determined from the I-V characteristics and the argon showed higher 

resistance when compared to oxygen and argon/oxygen mixture. The plasma 

parameters, mainly electron and ion temperatures and densities, were determined 

from the Langmuir probe measurements for argon only and argon/oxygen mixture. 

Electron and ion temperatures in argon/oxygen mixture were higher than those in 

only argon. The densities showed contradictive behaviors as the electron density was 

lower in argon/oxygen mixture, while the ion density was higher in the same mixture. 

 
 Keywords: Discharge plasma; Glow discharge; Plasma sputtering; Langmuir probe 
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1. Introduction 

Cold plasma technologies have found wide-range 

of applications in material processing for over 30 

years and they are now widely used in the 

preparation of thin film materials, magnetic media, 

special glasses, metal coatings, etc. [1-5]. In the last 

decade, great attention has been devoted to the 

reactive dc magnetron sputtering technique as it has 

covered a vast range of industrial applications [6,7]. 

The most commonly used method of generating and 

sustaining a low-temperature plasma for technical 

applications is the application of an electric field to a 

neutral gas [8,9]. Any volume of a neutral gas is 

always electrically neutral before applying electric 

field and the gas at room temperature will contains a 

few electrons and ions [10]. However, a free 

electron may be released from a molecule by the 

interaction of cosmic rays or other radioactive 

radiation or a random high energy collision with 

another particle [11,12]. 

The use of plasma for material deposition is 

widely used in technological and industrial 

processes. Sputtering is the most popular method for 

thin film deposition [13,14]. Noble gases are 

commonly used to generate the plasma because they 

are almost chemically inert. Generally, plasma is 

characterized by external parameters such as direct 

current (dc) input power, substrate bias, gas pressure 

and flow rate. However, knowledge of these external 

parameters does not provide adequate understanding 

of the sputtering process [15,16]. More insight 

relating to the film composition and growth rate, for 

example, is provided by investigating the internal 

plasma parameters. Many diagnostic techniques, 

such as Langmuir probe [17] are used to measure the 

electron plasma density (ne), the space potential (Vsp) 

and the electron temperature (kBTe) in cold low-

density plasmas [18]. 

The Langmuir probes are one of the different 

electric probe diagnostics that are employed today. 

In a broader sense, the electric probes measure the 

local plasma parameters by using stationary or slow-

time varying electric (and/or magnetic) fields to emit 

or to collect charged particles from the plasma 

[19,20]. These measuring techniques constitute an 

active field of research and are particularly well 

suited for low-density cold plasmas, such as low 

pressure electric discharges, ionosphere and space 

plasmas [21]. 

The plasma parameters are deduced from the 

current (Ip), which, in accordance to the bias voltage 

V=Vp−Vsp is composed of ions, electrons or both 
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[22]. The attracted charges are collected by through 

the electric field between the bulk plasma and the 

metallic surface of the probe. This undetermined 

spatial potential profile extends in the plasma along 

distances in the order of few Debye lengths (λD) and 

is denominated plasma sheath [23]. In addition, this 

local electric field also may be altered according to 

the magnitude of the current (Ip) collected [24]. 

Therefore, the charge collection process depends on 

different characteristic lengths, such as the probe 

size (rp) and the thickness (or spatial extension) of 

the plasma sheath attached to the collecting surface, 

which related to λD [25]. In magnetized plasmas, the 

Larmor radii of electron (re) and ion (ri) also 

introduce additional lengths, as well as the mean free 

path (λ) for collisions between electrons and/or ions 

and neutral atoms in collisional and weakly ionized 

plasmas [26,27]. 

In this work, the breakdown and Langmuir 

characteristics of dc glow discharge plasma 

employing close-field unbalanced dual-magnetron 

assembly are studied. The electrical characteristics 

of this system are optimized to use it for reactive 

sputtering applications. The plasma is generated by 

electric discharge of argon gas at different gas 

pressures. Also, a mixture of argon and oxygen is 

used to generate plasma since oxygen is used as the 

reactive gas. 

 

2. Experimental Part 

A homemade dc reactive magnetron plasma 

sputtering system was designed and constructed for 

thin film deposition purposes. The details of 

construction will be briefed as follows. Firstly, we 

started with the main and most important part in the 

system, the plasma chamber, which is made as a 

cylinder of stainless steel with 3 mm thickness and 

30 cm height. The top and bottom sides of this 

chamber are closed with stainless steel flanges. The 

top flange contains three ports for gas supply, 

pressure gauge and high-voltage electrode (cathode). 

The bottom flange has two ports for electrode 

(anode) and vacuum pump. Both electrodes are 

made from stainless steel and can be cooled by 

circulating a cooling fluid through a channel inside 

the electrode to avoid the heat generated due to 

electric discharge that may affect the growth process 

of thin films on the substrates. 

The dc power supply consists of a high-voltage 

transformer (220/6kV), a variac (0-220Vac), a 

current-limiting resistor (15kΩ), high-voltage diodes 

(10kVdc), and charging capacitor. The gas mixing 

unit is made of stainless steel to mix the argon and 

oxygen gases before pumped into the vacuum 

chamber throughout a needle valve at flow rate of 0-

160 sccm. 

The vacuum unit contains of a two-stage Edward 

rotary pump of 24 m3/h pumping speed to reach base 

pressure of about 0.01 mbar. An Edward Pirani 

gauge was used to measure the pressure inside the 

chamber. 

The plasma parameters in low-pressure 

discharges can be introduced and determined by 

Langmuir probe, which is relatively simple and 

cheap, and acceptably accurate. A homemade 

Langmuir probe consists of tungsten wire of 0.2 mm 

in diameter inside a capillary glass tube to protect 

and isolate the wire from the electrical effects in the 

surrounding. The tip of the wire is bare (~4mm) and 

immersed in plasma column for diagnostics. 

The fabricated probe was used to measure the 

electrical characteristics (I-V) of plasma generated 

by dc discharges of argon, oxygen, and argon-

oxygen gas mixtures. The I-V characteristics were 

measured by varying the probe voltage slowly 

between -100V and +100V to scan as much as large 

regions of the plasma column. 

 

3. Results and Discussion  

3.1 Paschen’s Curve 

A plasma column is often generated by applying 

voltage between the electrodes inside an evacuated 

chamber containing low-pressure gas. When the 

applied voltage exceeds a certain value known as 

“breakdown voltage”, the gas discharge is converted 

from non-sustaining into a self-sustaining type. The 

charged particles (ions and electrons) are produced 

by the collisional ionization processes of the neutral 

atoms (argon atoms). The migration of electrons and 

ions towards the anode and cathode, respectively, 

leads to pass current throughout the plasma column 

and form the glow discharge. Figures (1) and (2) 

show the variation of breakdown voltage between 

the electrodes as a function of the product of gas 

pressure (p) by inter-electrode distance (d), which is 

known as Paschen’s curve. 

The voltage is initially decreasing with the 

product p.d from 460V at p.d of 1 mbar.cm to reach 

a minimum at a product of 6 mbar.cm. Then, the 

breakdown voltage slowly increases to reach its 

highest value of about 240V. Similar behavior was 

observed as different inter-electrode distances were 

used. The minimum value of breakdown assigns the 

breakdown voltage. 

The mean free path of electrons in a low pressure 

gas is longer than that in high-pressure gas, 

therefore, the probability of the collisions is lower 

and the ionization process is weaker. Since the 

probability of secondary electron emission is low, 

then the number of collisions of electrons with 

neutral atoms during their migration from the 

cathode to the anode is relatively few. This is why 

the voltage is decreasing before the breakdown 

point. 

Beyond the breakdown point, the voltage 

increases slowly with the increase of gas pressure at 

constant inter-electrode distance, i.e., the ionization 

cross section increases with the increase of the p.d 
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product. Therefore, electrons need more kinetic 

energy to ionize the neutral atoms [28]. 
 

 
Fig. (1) Paschen’s curves for argon gas discharges 

 

 
Fig. (2) Paschen’s curves for O2 gas discharges 

 

From these results, it can be noted that the 

oxygen gas has breakdown voltage greater than that 

of argon gas as the collisional cross section of the 

gas depends on its secondary electron coefficient 

and electronegative. In general, the gases of larger 

atoms or molecules have larger collisional cross 

sections [29]. 

It is well-known in the plasma sputtering systems 

that two or more gases are used; at least one of them 

is working gas, such as argon, which is ionized to 

produce plasma column as well as the ions to hit the 

target to be sputtered. The other gas (or gases) is the 

reactive gas, such as oxygen, to react with the 

sputtered atoms and form the required compound 

(oxides when oxygen is used). For this reason, the 

ratio Ar/O2 in gas mixture is considered as an 

important parameter in thin film deposition 

processes. Figure (3) shows the variation of the 

breakdown voltage as a function of gas pressure at 

constant inter-electrode distance (4cm) for Ar:O2 

mixture with ratio of 1:1 when compared to the same 

variation for discharge of argon only and oxygen 

only. The minimum of the Ar:O2 mixture (~185V) is 

higher than that of argon only (~100V) and lower 

than that of oxygen only (~208V). 

The electrical characteristics of discharge plasma 

are very significant to introduce the homogeneity of 

the generated plasma. Different mixing ratios of 

Ar:O2 were characterized at inter-electrode distance 

of 4 cm, as shown in Fig. (4), to determine the 

mixing ratio at which the optimum samples are 

prepared. Using mixing ratio of 1:1, an increase in 

the discharge current was observed, which is higher 

than that observed when only argon is used to 

generate the plasma, while it is lower than that 

observed when only oxygen is used to generate 

plasma. The difference in voltage between the 1:1 

mixing ratio (185V) and oxygen only (208V) is 

relatively small (~23V), which is attributed to the 

major contribution of oxygen molecules due to the 

ionization by primary electrons. At discharge 

voltages higher than 250V, the difference is clearly 

observed because the secondary electrons are 

accelerated by higher electric field (V/d) and then 

the ionization rate of oxygen molecules by collisions 

with these electrons is consequently increased. 

 

 
Fig. (3) Paschen’s curves for different Ar/O2 gas mixtures 

 

 
Fig. (4) Discharge current-voltage characteristics for argon 

only, oxygen only, and argon/oxygen mixture of 1:1 ratio 

 

Figures (5) and (6) show the Langmuir probe 

current variation with voltage discharge of argon gas 

and argon-oxygen gas mixture. The homogeneity of 

plasma column was reasonably affected by the 

presence of oxygen in the gas mixture as the plasma 

column has large dimensions when compared to the 

mean free path of electrons. Also, there is an inverse 

relationship between the collision probabilities of 

electrons with their mean free path. The plasma 

diagnostic was carried out at low pressure (0.1 mbar) 

and it was found that the mean free path of electrons 
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is long but definitely shorter than the inter-electrode 

distance. The electron density, ion density, and the 

variation of electron temperature as functions of gas 

pressure were determined as shown in the table (1). 

Electron temperature (Te) was obtained by plotting 

the logarithm of the collected probe current versus 

probe voltage for the electron retardation region. 

The slope of the linear behavior of Ln(Ie) versus V 

curve gives the electron temperature [30]. 
 

 
Fig. (5) The I-V characteristics of Langmuir probe for argon 

discharge plasma at different gas pressures 

 

 
Fig. (6) The I-V characteristics of Langmuir probe for Ar:O2 

discharge plasma at different gas pressures 

 

As indicated in table (1), the electron and ion 

densities are varied as functions of gas pressure in 

both cases: argon only and argon/oxygen mixture. 

Similar behaviors are observed when the Langmuir 

probe is positioned at the center point of the inter-

electrode distance. 
 

Table (1) Parameters of Ar only and Ar:O2 plasmas at 

discharge voltage of 3kV 

 

Pressure 

(mbar) 
Te (eV) 

ne x1016 

(m-3) 
Ti (eV) 

ni x1016 

(m-3) 

Argon only 

0.1 2.156 2.629 0.523 1.754 

0.4 1.956 2.492 0.523 1.842 

0.8 1.012 2.203 0.705 1.864 

Ar/O2 

0.1 3.909 1.52 1.568 2.762 

0.4 2.507 1.347 1.917 2.861 

0.8 1.425 1.301 1.944 2.883 

 

Figure (7) shows the variation of electron and ion 

temperatures with gas pressure for the argon only 

and argon/oxygen mixture. It is clear from Fig. (7a) 

that the electron temperature (Te) is decreased as the 

gas pressure is increased for both cases. Electron 

temperature in the argon/oxygen mixture is higher 

than that in argon discharge and this is attributed to 

the decrease in the mean free path as oxygen 

molecules are added to the argon atoms. At low gas 

pressures (<0.3 mbar), the difference in electron 

temperature is larger than that at higher gas 

pressures, which is also ascribed to the reduction in 

mean free path with increasing gas pressure. 

As shown in Fig. (7b), ion temperatures (Ti) are 

reasonably lower than electron temperatures for all 

values of gas pressures. Ion temperature in the 

argon/oxygen mixture is higher than that in argon 

discharge due to the reduction in mean free path and 

hence the ions acquire much more energy by 

collisions. 

 

 
(a) 

 
(b) 

Fig. (7) Variation of electron and ion temperatures with gas 

pressure for plasma produced by electric discharge of (a) 

argon only and (b) argon:oxygen mixture 

 

From both figures, the electron temperatures are 

four times higher than ion temperatures at argon gas 

pressure of 0.1 mbar and this difference is decreased 

with increasing gas pressure. The same behavior is 

observed in the argon/oxygen mixture but the 

maximum difference between electron and ion 

temperatures is about 250%. It is obvious that the 

ability of electrons to move through the applied 
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electric field is higher than that of ions due to their 

lower mass. Accordingly, the decrease in the mean 

free path results in corresponding increase in 

collisions between the particles in the discharge 

volume as they traverse shorter distances before 

collide with other neutral particles (atoms) and 

acquire much more energy due to the inelastic 

collisions [31]. 

Figure (8) shows the variation of electron and ion 

densities with gas pressure for the argon only and 

argon/oxygen mixture. Electron density is 

reasonably decreased due to the addition of oxygen 

to the argon in the gas mixture, as shown in Fig. 

(8a). The difference between the two conditions is 

slightly reduced at higher gas pressures because the 

production of more electrons at higher pressures of 

argon gas is restricted by the fact that the molecular 

gas species (O2) cause high energy loss due the 

excitation of vibrational states [32]. Electrons suffer 

from collisions with the neutral particles, then they 

ionizing them. Furthermore, the electronegativity of 

gas (O2) decreases the electron density with 

increasing the oxygen percentage due to the 

attachment of the electron. 

 

 
(a) 

 
(b) 

Fig. (8) Variation of electron and ion densities with gas 

pressure for plasma produced by electric discharge of (a) 

argon only and (b) argon:oxygen mixture 

 

Contradicting to the behavior of electron density 

with gas pressure, the ion density is increased in the 

argon/oxygen gas mixture because the oxygen 

molecule is separated into two atoms. This results in 

lower mean free path and hence higher collisional 

ionization and production of more electrons to be 

used for sustaining the glow discharge. 

Consequently, more ions (O+) are available in the 

discharge volume and not participating to the current 

flowing through the plasma column and consuming 

electrons but not ions [8]. 

 

4. Conclusions 

According to the results obtained from this work, 

the homemade dc magnetron plasma sputtering 

system was characterized to introduce its 

performance in accordance to electrical 

characteristics, Paschen’s law and governing 

properties of such deposition systems. The I-V 

characteristics of gas discharges were determined as 

plasma system was operated in the abnormal glow 

discharge region, which is very important parameter 

for sputtering technique. The Paschen’s curves for 

different gas discharges were determined both 

experimentally and theoretically and the 

experimental results were in agreement to those of 

theoretical treatments with some deviation due to the 

experimental restrictions included. As well, this 

system was found to satisfy the requirements of 

deposition of high-quality thin films from different 

materials. 
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1. Introduction 

A bipolar junction transistor (BJT) can be 

represented by a two-diode n-p-n or p-n-p structure s 

shown in Fig. (1), which also defines the symbols and 

the three terminals of the devices (emitter, base and 

collector) plus the terminal voltages and currents. 

The arrow on the emitter lead serves two 

purposes. First, it distinguishes between the collector 

and emitter terminals which normally cannot be 

interchanged. Second, the arrow denotes the direction 

of conventional current flow through the device, 

providing discrimination between the symbol for the 

n-p-n transistor and its p-n-p counterpart. 

In normal operation, the emitter-base junction is 

forward biased and the collector-base junction 

reverse biased. For the schematic n-p-n structure of 

Fig. (2a), electrons are injected from the n-type 

emitter into the base and, at the same time, holes are 

injected from base to emitter. To improve device 

efficiency, the doping level of the base region is made 

much lower than that of the emitter; essentially only 

electron current flows across the emitter-base 

junction with the injection level controlled 

(exponentially) by the base-emitter forward bias 

potential (VBE), as 

𝐼𝐸 ∝ 𝑒𝑥𝑝 (
𝑞𝑉𝐵𝐸

𝐾𝑇
)    (1) 

Electrons injected from the emitter become 

minority carriers in the p-type base and, since the 

collector-base junction is reverse biased, these 

minority carriers which cross the base by diffusion 

are swept across the collector-base transition region. 

 

 

 
 

Fig. (1) Schematic structures, symbols, voltages and currents 

for (a) n-p-n and (b) p-n-p BJTs 

 

Because the electrons spend a finite time in transit 

through the base region, some recombine with holes; 

the holes involved in this recombination are replaced 

by positive charge flow into the base (via its 
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connection to the bias source) resulting in a base 

current (IB). 

Operation of the transistor may be summarized by 

reference to Fig. (2b). The electron current at the 

collector is almost all of the current injected from the 

emitter diminished only by that lost as base current 

due to recombination. This consideration neglects 

hole injection from base to emitter and hole leakage 

from collector to base, both of which contribute to 

device current and hence degrade total efficiency. 

The term bipolar is applied to junction transistors 

of the type described above since two types of charge 

carrier (holes and electrons) are involved in the 

operation of the device. Unipolar, or field-effect, 

transistors rely on only one type of carrier. 

 

 

 
Fig. (2) (a) Schematic structures n-p-n BJTs, and (b) current 

notation of BJT operation 

 

Silicon-Germanium technology provides the 

option of band gap engineering along with the 

compatibility with the present day silicon process 

technology and hence provides the option of 

integrating the SiGe technology for advancement of 

present day device field. Extremely high cut-off 

frequency of 30 GHz and maximum frequency of 

oscillation of 50 GHz in the Si/SiGe/Si NPN double 

heterojunction bipolar transistors (DHBTs) had 

already been reported for use in mobile 

communication applications [1]. One important 

aspect of operation of SiGe devices is their 

requirement of operation at high current densities to 

achieve high cut-off frequency performance. 

Moreover, the scaling down of present day electronic 

devices forces the operation of these devices at very 

high collector current densities (> 105 A/cm2). 

Therefore, the operation and performance of SiGe 

heterostructure transistors at high collector current 

densities is of prime concern for the microelectronics 

researchers and process engineers.  

It has been already reported that the NPN 

Si/SiGe/Si DHBT structures exhibit rapid fall in the 

current gain at high collector current densities [2]. 

This rapid fall in the current gain leads to the fall in 

transistor efficiency and make it impractical for use at 

high collector current densities. The degraded current 

gain at high collector current densities in DHBT 

structures is attributed to the formation of retarding 

potential barrier for electrons at base-collector 

junction. The velocity saturation of electrons in 

collector and the valence band offset for holes at base-

collector junction leads to the formation of retarding 

potential barrier. The analysis of NPN Si/SiGe/Si 

DHBT structure by Cottrel and Yu [2] shows the drop 

in the collector current density curve as the forward 

base-emitter bias exceeds approximately 0.77V, 

predicting a sharp falloff in current gain of the 

transistor above 0.77V. Therefore, some alternate 

HBT structures without valence band offset for holes 

at base-collector junction need to be evolved for 

improving the transistor current gain and efficiency at 

high collector currents. 

In the present work, the conventional NPN SiGe 

DHBT structure with uniform 20 at% of germanium 

in base is simulated to supplement the earlier reported 

results on the formation of retarding potential barrier. 

These results are used as the basis for comparing the 

structures evolved to improve the current gain at high 

current densities. The objective has been to transform 

the base-collector heterojunction with the closest 

approximation to homojunction. Therefore, in the 

present work the GHBT structure with a uniform Ge 

at% in base region and a linearly graded germanium 

at% in collector has been chosen with a perfect 

homojunction at base-collector metallurgical 

junction. The base-collector homojunction 

completely inhibits the formation of retarding 

potential barrier due to valence band offset and the 

grading of germanium ensures the strained behavior 

and stability of the SiGe layers [3]. A further 

advantage of choosing the NPN GHBT structure lies 

in the fact that the process of growing a box-type 

uniform SiGe base layer over a linearly graded SiGe 

collector region is more practical to achieve 

dislocation free strained base and collector SiGe 

layers. 

A two-dimensional MEDICI device simulator, 

known for its authenticated results at the device level 

for SiGe HBT structures [4], has been used in the 

present analysis and the high doping and electric field 

models have been included. The performance of both 

the HBT structures for current gain is compared and 

authenticated by investigating the conduction band 

electron energy, net carrier concentration profiles, 

metallurgical junction, and dependence of collector 

current density on base-emitter bias voltage. A 

theoretical formulation has been provided to 

supplement the improved performance obtained in 

the proposed Si/SiGe/SiGe heterostructure in 

comparison with SiGe DHBT structure. 
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2. Theory 

In NPN silicon BJT the finite electron 

concentration nc in collector-base space charge layer 

is necessary to sustain the flow of collector current in 

the transistor. An expression relating the electron 

density nc with the collector current density Jc for the 

constant drift velocity dsat condition is given as [5]:  

cdsatc nqvJ      (2) 

At sufficiently high collector current density the 

high electron concentration in the space charge region 

of collector lowers the potential barrier at base-

collector junction. This leads to the onset of Kirk 

phenomenon [5] where the base-collector junction 

shifts into the collector space-charge region resulting 

in the vertical widening of the effective neutral base 

region width. The total voltage across base-collector 

junction (Vbctot) is the sum of built in potential barrier 

at base-collector junction (Vbi) and the terminal base-

collector voltage (Vbct). At the onset of Kirk 

phenomenon, (at Kirk current density Jk), the electron 

density in base-collector space charge region, nc (= nk, 

electron density at start of Kirk effect), is related with 

the device parameters and Vbctot by the expression: 

 

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2
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c

bctot

cc
qW

V
Nn    (3) 

where Nc is the collector-doping concentration,  is 

the dielectric constant for Si, q is the electronic charge 

and Wc is the collector width as now whole collector 

width corresponds to space charge region 

In Si BJT, at the onset of Kirk phenomenon, holes 

are injected into the collector from the base to 

compensate the electron charge in collector, resulting 

in the formation of the current induced base. 

However, for SiGe DHBTs having a sizable alloy 

mole fraction, there is a valence band discontinuity 

for holes at base-collector junction. This valence band 

discontinuity suppresses the hole injection into the 

collector as nc exceeds nk. Eventually, there will be an 

accumulation of mobile electrons in collector due to 

velocity saturation and an accumulation of holes in 

base due to valence band offset at base-collector 

junction. The combination of these mobile electrons 

together with localized holes form a dipole layer and 

in turn give rise to an electric field E0. A further 

increase in the collector current density will 

consequently increase the dipole strength and 

increases the electric field E0. The presence of the 

electric field E0 at base-collector heterojunction gives 

rise to a retarding potential barrier (Vbp) in conduction 

band, which would oppose the electrons flowing from 

emitter to collector through base. An increased 

electron density in the base at base-collector junction 

n(Wb) is now required to support and maintain the 

electron density nc and collector current density Jc. 

The electron density nc in base-collector space charge 

region for collector density Jc, in SiGe DHBT derived 

from the basic Poisson’s equation is: 
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The electron density in base at base-collector 

junction n(Wb) required to maintain the nc inside base-

collector space charge region is simply given by using 

current continuity and Boltzmann statistics across the 

retarding potential barrier Vbp: 













KT

qV
nn

bp

cWb exp)(    (5) 

where KT/q = VT is the thermal voltage 

The retarding potential barrier Vbp for electrons 

can be expressed as:  
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where Ev is the valence band discontinuity for holes 

and Nb is the neutral base width. Solving Eq. (4), (5) 

and (6) for a uniformly doped base gives the effect of 

bias dependent retarding potential barrier Vbp and 

base-emitter biasing Vbe on the collector current 

density Jc as: 

Jc = 
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 (7) 

where, ni0 is the intrinsic carrier concentration. The 

modified value of electron density in base at emitter-

base junction n(0) in term of Vbp is expressed as:  

(8) 

where [nc(dsat Wb)/Dnb] is the electron density in the 

base at the base-emitter junction corresponding to the 

electron density in base-collector space-charge region 

nc. The second term in Eq. (8), [nc {exp (qVbp / KT)}] 

is the electron density in base at the base-emitter 

junction as a result of increased electron 

concentration in base at base-collector junction 

because of the retarding potential barrier at base-

collector junction. 

The relation of the effective band offset Ev and 

valence band discontinuityEv with n(0) and Vbe ( for 

a specific Jc) is expressed as: 
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The substitution of the expression for n(0) from the 

Eq. (8) in Eq. (9) predicts the necessity for an increase 

in Vbe to account for the increase in n(0) required to 

sustain the collector current density Jc. This 

requirement of increase in Vbe for a given collector 

current density Jc will be reflected as a fall in the 

current gain of the DHBT structure. This prediction is 

consistent with the discussion of Eq. (7) where an 

increase in retarding potential barrier Vbp at high 

collector current density predicts a fall in the DHBT 

collector current density Jc and current gain.  

The analysis of SiGe DHBT illustrates the 

formation of retarding potential barrier at base-

collector junction due to valence band offset for 

holes. The theory also predicts a fall in the current 

gain at high collector current density as a 

consequence of this retarding potential Vbp. Whereas, 

the proposed GHBT structure with uniform Ge profile 

in base and grading of Ge at% in collector avoids the 

retarding potential barrier for electrons at base 

collector homojunction. Consequently, this structure 

promises an improved current gain at high collector 

current density in comparison with SiGe DHBT 

structure. 

 

3. Simulation Results for SiGe DHBT and 

GHBT Structures 

The current gain performance of the NPN 

Si/SiGe/Si DHBT and proposed NPN Si/SiGe/SiGe 

heterostructure is compared for identical device 

dimensions, doping densities and bias conditions. The 

surface emitter doping of 5×1019 cm-3
 and its 

thickness We1 of 0.2 m is chosen to provide ohmic 

contact. The emitter doping of 1×1019 cm-3 and its 

thickness We2 of 0.1 m is selected to lower the 

emitter-base. The base thickness Wb of 0.05 m with 

a uniform base doping of 8×1018 cm-3 is chosen in 

both the structures. The collector doping of 1017 cm-3 

and thickness Wc of 0.45 m have been chosen in both 

the structures. 

The germanium profile in different regions of 

Si/SiGe/Si DHBT and Si/SiGe/SiGe HBT structures 

is shown in Fig. (3). An optimized mole fraction of 

germanium has been chosen to retain the strained 

behavior and stability of SiGe regions [3]. A uniform 

20 at% Ge has been chosen in the base of 

conventional Si/SiGe/Si Double HBT (DHBT) 

structure, whereas its collector does not contain any 

germanium mole fraction. The base-collector 

homojunction, in the proposed Si/SiGe/SiGe Graded 

HBT (GHBT) structure has been ensured by choosing 

a uniform 20 at% Ge in base and tapering it linearly 

to zero at% Ge at the collector ohmic contact. 
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Fig. (3) Ge profile in the emitter, base and collector for the SiGe 

DHBT and GHBT. We, Wb, and Wc are the total emitter, base, 

and collector width, respectively in the HBTs 

 

The chosen operating conditions of SiGe DHBT 

and GHBT structure ensures the performance 

evaluation in the high collector current density region 

(>105 A/cm2). The simulation results on conduction 

band electron energy for both the structures include 

the influence of valence band offset for holes and 

bandgap narrowing due to the heavily doped base. 

The electron energy profile shown in Fig. (4), for the 

collector current density of 9.22105 A/cm2, predict 

the total retarding potential barrier Vbp of approx. 

0.09eV for the conduction band electrons at the base-

collector heterojunction in the SiGe DHBT structure.  

The valence band offset for holes at base-collector 

heterojunction is observed to contribute 0.06 eV in 

the total retarding potential barrier in the DHBT 

structure. This is obtained by excluding the influence 

of heavy doping effect on band gap narrowing in the 

base. The simulated result is consistent with the 

retarding potential barrier of approximately 0.058 eV 

obtained by solving Eq. (6) for SiGe DHBT 

accounting only for the valence band offset for holes. 

Whereas, the formation of such a retarding potential 

barrier (due to valence band offset for holes) is 

prohibited by the base-collector homojunction in the 

GHBT structure. Therefore the simulation results 

shown in Fig. (4), for the collector current density of 

1.6106 A/cm2 in the GHBT structure, exhibits a 

small potential barrier of 0.03 eV, which is solely 

attributed to the high doping in the base. The 

retarding potential barrier of 0.06 eV in the DHBT 

structure leads to accumulation of mobile electrons at 

base-collector heterojunction.  
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Fig. (4) Conduction band electron energy EC for SiGe DHBT 

and GHBT including the effect of valence band offset and band 

gap narrowing. Wb is the base width 

 

The variation of net carrier concentration with the 

vertical depth of the SiGe DHBT and SiGe GHBT 

structures for the chosen bias conditions is shown in 

Fig. (5). A net carrier concentration of 8.111019 and 

3.931019 cm-3 is obtained in the base of DHBT 

structure at emitter-base and base-collector junctions, 

respectively. This corresponds to an electron 

concentration of 4.361019 cm-3 and 2.921019 cm-3 

in the base of DHBT structure at the corresponding 

metallurgical junctions. Whereas, a lower net carrier 

concentration of 6.341018 cm-3, which corresponds 

to an electron concentration of 1.861019 cm-3, is 

obtained, for a higher collector current density of 

1.6106 A/cm2 at base-collector junction in the base 

of GHBT structure. The simulation results predict an 

electron concentration of 3.071019 cm-3 at the 

emitter-base junction in GHBT structure. 
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Fig. (5) Net carrier concentration in SiGe DHBT and GHBT at 

collector-emitter voltage Vce of 2 V and base-emitter voltage Vbe 

of 1.1 V. Wb is the base width 

 

This increase in electron concentration at both the 

metallurgical junctions in the base of DHBT forces 

the requirement of an associated increase in base-

emitter biasing voltage Vbe. 

The dependence of collector current density Jc on 

the base-emitter bias voltage Vbe, for the DHBT and 

GHBT structures, is shown in Fig. (6). The results 

predict the requirement of base-emitter bias voltage 

of 1.1 V for the DHBT and 0.97 V for the GHBT 

structure to sustain the collector current density of 

9.22105 A/cm2. The base-emitter bias voltage for the 

GHBT structure is observed to increase linearly with 

the collector current density. Whereas, the collector 

current density for the DHBT structure approximately 

saturates above the base-emitter bias voltage of 

0.98V. Therefore, at higher collector current densities 

the DHBT structure needs higher base-emitter bias 

voltage in comparison with GHBT structure, for 

sustaining the same collector current density, which 

will adversely influence the current gain of DHBT in 

comparison with GHBT structure. 
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Fig. (6) Dependence of collector current density Jc on base-

emitter bias voltage Vbe 

 

The dependence of current gain on the collector 

current density for the DHBT and the GHBT structure 

is shown in Fig. (7). The monotonically decaying 

behavior of current gain in both the structures for the 

collector current densities less than 4.0 x 105 A/cm2 is 

attributed to the Kirk effect [5] and high-level 

injection of minority carriers in the base. At higher 

collector current densities (>4.0x105A/cm2), the 

current gain in the GHBT structure falls to 72% of its 

initial value for twofold change in the current density. 

Whereas, the current gain in the DHBT structure falls 

to 10% for twofold change in the collector current 

density. Therefore, the DHBT shows a sharp fall-off 

in the current gain in comparison with GHBT 

structure as the collector current density increases. 

The results are consistent with fall in the current gain 

in DHBT structure, predicted by Eq. (7), due to the 

formation of retarding potential barrier at base-

collector junction in the DHBT structure. The results 

establish superior current gain performance of the 

GHBT structure in comparison with the DHBT 

device. Although the results presented in the present 

work are for the pre-selected doping profiles and 
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physical parameters of the device but the phenomena 

of better performance of the GHBT structure over 

contemporary DHBT structures will be consistent 

with other device configurations and doping profiles. 
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Fig. (7) Current gain versus collector current density plot for 

NPN SiGe DHBT and GHBT 

 

4. Conclusions 

An NPN SiGe GHBT structure with uniform 20 

at% germanium in the base and tapering it linearly to 

zero at% Ge at the collector ohmic contact is 

proposed to improve the current gain performance of 

the SiGe HBTs at high collector current densities. The 

base-collector homojunction inhibits the formation of 

retarding potential barrier due to absence of valence 

band offset for holes at base-collector metallurgical 

junction and 20 at% of germanium and its tapering 

ensures the strained behavior and stability of the SiGe 

layers. The absence of retarding potential barrier in 

SiGe GHBT is observed to provide better current gain 

performance at high collector current densities in 

comparison with DHBT structure. A theoretical 

model for SiGe DHBT has been developed to 

supplement the simulation results for current gain 

dependence on the physical parameters and device 

structure. A comparison of conduction band electron 

energy, net carrier concentration profile and 

dependence of collector current density on the base 

emitter voltage has been provided for the SiGe HBT 

structures. The theoretical formulation and the 

simulated results on the current gain performance 

establish the superiority of the GHBT structure in 

comparison with the DHBT device configuration at 

high collector current densities.    
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1. Introduction 

Today, plasma can be generated, controlled and 

employed in physics laboratories at reasonably low 

requirement, cost and risk conditions. Over 150 

years ago, sputtering was observed for the first time 

by Grove when he was working on discharge plasma 

[1,2]. It was really interesting to control a process in 

which an atom is removed from a target, carried 

through plasma and deposited on a substrate [3 6]. 

When plasma is totally and precisely controlled, 

then the whole sputtering process is accordingly 

controlled [7 10]. 

The dc glow discharge has been historically 

important, both in applications of weakly ionized 

plasmas and in studying the properties of the plasma 

medium [11,12]. A dc discharge has one obvious 

feature, its macroscopic time independence, that is 

simpler than radiofrequency (rf) discharges. 

However, the need for the current, which provides 

the power for the discharge, to be continuous 

through the dc sheath provides an additional 

complication to the operation [13-15]. 

Glow discharge is low-temperature neutral 

plasma where the number of electrons is equal to the 

number of ions despite that local but negligible 

imbalances may exist at walls [7]. Glow discharge is 

described as self-sustaining plasma, i.e., the 

avalanche effect of electrons keeps the continuous 

production of ion species [16,17]. The avalanche 

condition from the initial applied voltage in a typical 

low-pressure discharge is shown in Fig. (1) [16]. 

If an initial voltage is applied on a gas sample 

between two electrodes at sufficient separation, little 

current will flow through this sample due to the 

ionization effects in the gas [18]. As the applied 

voltage is increased to reach the breakdown voltage, 

the energy given to ions is increased too that 

increases their collisions with atoms and electrodes. 

Accordingly, more ions and electrons are produced 

due to the ionization and secondary electron 

emission effects, which lead to increase the flowing 

current gradually approaching the breakdown point 

beyond which the avalanche occurs and the current 

increases drastically in the Townsend discharge 

region [19]. 

 

 
 

Fig. (1) Different regions of plasma discharge on the I-V 

characteristics [16] 

 

If an energetic ion approaches the surface of a 

solid (target), one or all of the following phenomena 

may occur: 

• The ion may be reflected, being getting neutralized 

in the process. 

• The collision of the ion may cause the target to 

eject an electron, called the secondary electron. 

• The ion may become buried in the target. 

• The ion collision might be responsible for some 

structural changes in the target material. 

• The ion collision may set up a series of collisions 

between atoms of the target, leading to the ejection 
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of one of the target atoms. This ejection process is 

known as sputtering [20]. 

Figure (2) summarizes all the phenomena 

mentioned above. The principles of sputtering can 

be understood using a simple momentum transfer 

model, which enables to visualize how atoms are 

ejected from a surface as a result of two collisions. 

The series of collisions in the target, generated 

by the primary collision at the surface, is known as a 

collision cascade. It is a matter of probability 

whether this cascade leads to the sputter ejection of 

an atom from the surface (which will require at least 

two collisions) or the cascade heads off into the 

interior of the target, gradually dissipating the 

energy of the primary impact, ultimately to lattice 

vibration. Sputtering ejection is rather energy 

inefficient, with typically 1% of the incident energy 

reappearing as the energy of the sputtered atom. The 

rest of the energy is lost in the form of heating of the 

chamber walls, parts inside the chamber and the 

target [21]. 

 

 
 

Fig. (2) Interaction of ions with surfaces [21] 

 

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. [22-24]. 

The sputtering process is quantitatively described 

by the sputtering yield, which is defined as the 

number of target atoms ejected per incident particle. 

This yield depends on the target materials and their 

crystalline structure, the energy of incident particles, 

and the incidence angle of the bombarding particles 

[3,25]. When the mass of the bombarding particle is 

comparable or larger than that of the target atoms, 

the sputtering yield tends to be greatest. It is 

relatively independent of the target temperature and 

whether or not the bombarding species is ionized 

[25]. 

In the case where no bias is applied to the 

collection cylinder, both target and collection 

cylinder are at the same potential, the calculation of 

g is straight forward. The electrons are emitted in a 

cosine distribution with respect to the surface normal 

and the fraction of electrons that escape through the 

hole for the ion beam, desc, is easily calculated. From 

this, g=l/(l-desc) can be determined [26]. With a bias 

on the collection cylinder, two questions must be 

answered: will electrons that used to escape now be 

collected? and will electrons that were collected now 

escape? 

In order to answer those questions, the 

trajectories of emitted electrons was calculated. It 

was assumed that a constant electric field parallel to 

the target Ey was maintained (Fig. 3). The 

approximation of two parallel plates for the 

collection cylinder and target was found to be good 

by comparing this situation with the true set up of a 

flat target and a curved collection plate. The radius 

of curvature is large compared to the distance 

between the target and collection cylinder. Thus, the 

curvature is insignificant. 

 

 
 

Fig. (3) Explanation of original and apparent exit paths of 

electron under the effect of electric field in discharge system 

 

2. Modeling and Mathematical Treatment 

The breakdown voltage is directly related to the 

pressure of the gas sample and the mean free path of 

secondary electrons. This relation between 

breakdown voltage (VB) and gas pressure (p) is 

known as “Paschen’s law” and given by [27]: 

𝑉𝐵 =
𝑝𝑑𝐵

𝑙𝑜𝑔(𝑝𝑑𝐴)−𝑙𝑜𝑔(𝑙𝑜𝑔(1+
1

𝛾𝑒
))

   (1) 

where A and B are constants and their values are 

determined by the properties of the used gas, as 

shown in Table (1), d is the inter-electrode distance 

(i.e., the distance between discharge electrodes), and 

e is the emission coefficient of the secondary 

electrons 
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The breakdown voltage (VB) depends on the 

product (p.d), and weakly depends on the cathode 

material that defines the emission coefficient of 

secondary electrons [13]. As well, the breakdown 

voltage is proportional to the product p.d at large 

values of this product and the electric field (E=V/d) 

is scaled linearly with the pressure [28]. 

 
Table (1) Typical values of A and B constants, E/p and 

ionization energy (Vi) for various gases [2] 
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H2 5 130 150~600 15.4 

He 3 
34 

25 

20~150 

3~10 
24.5 

N2 12 342 100~600 15.5 

Ar 14 180 100~600 15.7 

O2 - - - 12.2 

Ne 4 100 100~400 21.5 

Kr 17 240 100~1000 14 

Xe 26 350 200~800 12.1 

Hg 20 370 200~600 10.4 

Air 15 365 100~800 - 

CO2 20 466 500~1000 13.7 

H2O 13 290 150~1000 12.6 

 

In case of small values of the product p.d, 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, as [19] 

𝑝𝑑|𝑉𝑚𝑖𝑛
=

1

𝐴
𝑙𝑜𝑔 (1 +

1

𝛾𝑒
)    (2) 

If the pressure and/or inter-electrode 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. Figure 

(4) shows the Paschen’s curves of different gases. 

The electron mean free path (λe) is then related to the 

pressure by 

𝜆𝑒 ≅ 𝑝. 𝑑     (3) 

To initiate the discharge within the gas sample, 

the following condition must be satisfied [2] 

𝑝 ≥
𝜆𝑒

𝑑
      (4) 

According to the self-sustaining feature of glow 

discharge, the number of the produced electrons is 

just sufficient to produce the same number of ions to 

generate again the same number of electrons. These 

ions liberate electrons from the electrodes 

(secondary), atom-ion and ion-ion collisions. When 

this condition is satisfied, the voltage decreases and 

the current increases. This is said to be a “normal 

discharge”. 

Due to the recombination effects and excited 

atoms returning to ground state, the plasma begins to 

glow, as 

𝐴∗ → 𝐴 + ℎ𝑣     (4a) 

𝐴+ + 𝑒− → 𝐴 + ℎ𝑣    (4b) 

here A* is an excited atom and e- is a high-energy 

electron 

 

 
 

Fig. (4) Paschen’s curves of different common gases used in 

electric discharge applications [21] 

 

Table (2) shows the values of secondary electron 

emission coefficients for three different metals when 

different ions are bombarding these targets. 

 
Table (2) The secondary electron emission coefficients for 

three different metals when different ions are bombarding 

these targets [2] 

 

Target 

Material 

Incident 

Ion 

Ion Energy (eV) 

200 600 1000 

W 

He+ 0.524 0.24 0.258 

Ne+ 0.258 0.25 0.25 

Ar+ 0.1 0.104 0.108 

Kr+ 0.05 0.054 0.108 

Xe+ 0.016 0.016 0.016 

Mo 
He+ 0.215 0.225 0.245 

He++ 0.715 0.77 0.78 

Ni 

He+  0.6 0.84 

Ne+   0.53 

Ar+  0.09 0.156 

 

3. Results and Discussion 

Figure (5) shows the variation of secondary 

electron emission coefficient of cathode material 

with breakdown voltage of four different gases at 

pressure of 0.1 mtorr and inter-electrode distance of 

4 cm. With such difference in the value of the 

emission coefficient (more than an order of 

magnitude), argon and nitrogen are highly preferred 

for using in discharge systems than hydrogen and 

helium. However, argon and nitrogen cannot replace 

helium in some applications of gas discharge, mainly 

gas lasers, as shown in Fig. (6). As well, hydrogen is 

the excellent choice for some other applications. 
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Fig. (5) Variation of secondary electron emission coefficient 

with breakdown voltage of four different gases at pressure of 

0.1 mtorr and inter-electrode distance of 4 cm 

 

 
 

Fig. (6) Variation of secondary electron emission coefficient 

with breakdown voltage of four nitrogen and argon at 

pressure of 0.1 mtorr and inter-electrode distance of 4 cm 

 

Figure (7) shows the variation of secondary 

electron emission coefficient of cathode material 

with gas pressure of four different gases at 

breakdown voltage of 200 V and inter-electrode 

distance of 4 cm. it is clear that all gases are similar 

at very low gas pressures. However, high gas 

pressures make small differences in the values of 

emission coefficient, which means that the 

secondary electron emission is unavoidable at high 

pressures and other parameters can be considered to 

minimize the emission coefficient. 

Figure (8) shows the variation of secondary 

electron emission coefficient of cathode material 

with inter-electrode distance for four different gases 

at pressure of 0.2 mtorr and breakdown voltage of 

200V. Working at small inter-electrode distances 

submit an advantage of low emission coefficient of 

secondary electrons. Though, most applications 

require gas discharges at inter-electrode distances 

larger than 2 cm as the values of the minimum 

emission coefficient ranging from 100 to 1000. 

Larger distances would reduce the emission 

coefficient by more than an order of magnitude but 

higher voltages will be required for gas breakdown. 

 

 
 

Fig. (7) Variation of secondary electron emission coefficient 

with gas pressure of four different gases at breakdown voltage 

of 200 V and inter-electrode distance of 4 cm 

 

 
 

Fig. (8) Variation of secondary electron emission coefficient 

with inter-electrode distance for four different gases at 

pressure of 0.2 mtorr and breakdown voltage of 200 V 

 

Helium is the most common gas in the practical 

uses of discharge plasmas, such as gas lasers and 

plasma processing. Therefore, it may be very 

advantageous to introduce the characteristics of 

secondary electron emission at experimental 

conditions (e.g., plasma sputtering). Figure (9) 

shows the variation of secondary electron emission 

coefficient of cathode material with gas pressure of 

helium at breakdown voltage of 190 V and inter-

electrode distance of 4 cm. It is recommended to 

work at discharge gas pressures lower than 0.8 mtorr 

in order to keep the emission coefficient of 

secondary electrons lower than ten. Hence, the 

process employing discharge plasma can be 

performed with as much as possible investment of 

energy transferred to the discharge volume. This can 

be clearly observed in reactive sputtering processes 

as the electrical power remaining after the 

breakdown of discharge gas is mostly used for 

supporting the reaction of reactive gas with the 

sputtered atoms to form the required compound. 
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Fig. (9) Variation of secondary electron emission coefficient 

with gas pressure of helium at breakdown voltage of 190 V 

and inter-electrode distance of 4 cm 

 

4. Conclusions 

In concluding remarks, the emission coefficient 

of secondary electrons for some common gas 

discharges was determined as function of some 

affecting parameters. This coefficient has an 

important role in the optimization of discharge 

plasma employed for practical uses and applications. 

Therefore, this coefficient is often minimized even 

though the experimental conditions are shifted from 

their optima in order to ensure that the consumption 

of supplied power is high as much as possible. This 

study was supported by experimental data from a 

reactive plasma sputtering system. 
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In this work, CdO:In2O3 thin films with 50:50 molar ratio were prepared by pulsed-

laser deposition technique and annealed at different temperatures (373, 473 and 

573 K) to study the effect of annealing on their structural, morphological and 

optical properties. The x-ray diffraction measurements showed that these thin films 

are polycrystalline and their crystallinity was enhanced with increasing annealing 

temperature. The UV-visible spectral measurements showed that Urbach energy 

was decreased with increasing annealing temperature, which causes to reduce the 

optical band gap energy of the prepared samples. These thin films were successfully 

employed for gas sensing applications. 
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1. Introduction 

Transparent conductivity oxides (TCOs) are 

continuously introduced in many photonic and 

optoelectronic applications. One of the most 

important materials in this field is indium oxide 

(In2O3) with good specifications as it is a wide band-

gap semiconductor with cubic crystalline structure. 

Due to its high optical transparency and high 

electrical conductivity, it is intensively used in solar 

cells, flat panel displays (FPDs) [1,2]. The pursuit of 

high-quality transparent thin films has made many 

research works looking for alternative materials, 

using new methods or changing deposition 

parameters. 

Cadmium oxide (CdO) is an n-type 

semiconductor with a simple cubic structure and 

direct optical band gap of 2.3 eV [3]. Among the 

transparent conductive oxide (TCOs), the excellent 

properties of CdO make it an important candidate 

for important studies [4]. CdO thin films have 

extraordinary properties those qualify it to use in 

various optoelectronic industries [5]. 

Bulk-heterojunction can be fabricated by well-

mixed of two components in one layer. Compared to 

the bilayer design, the bulk-heterojunction provides 

a larger interfacial area which is beneficial for the 

formation of the charge-transfer state [6]. The 

impurities, irregularities, or differences in average 

grain size in semiconductors cause the static disorder 

of the lattice in addition to dynamic disorder induced 

by phonons. Both disorders contribute to the tail 

states near the bands edges [7]. 

Pulsed-laser deposition (PLD) technique is a 

simple method used to deposit metal, 

semiconducting, insulating and organic materials 

such as polymers, as single or mixture of different 

materials. In PLD, short laser pulses with high 

energy are used to evaporate or sublimate material 

from the target to deposit on substrate opposite to 

target surface [5]. 

Annealing is one of the common ways to 

improve the structural, optical and electrical 

properties of thin films after preparation [8]. 

 

2. Experimental Work 

Cadmium oxide powder (CdO) with 99.9% 

purity and indium oxide (In2O3) with 99.9% purity 

supplied by American Elements were mixed with 

50:50 ratio. The CdO:In2O3 target, with 1 cm 

diameter, was fabricated using hydraulic piston 

under 3 ton press in stainless steel mold. Thin films 

were prepared by pulsed-laser deposition technique 

inside a glass chamber evacuated down to 10-2 mbar 

by a rotary pump. The prepared films were annealed 

in closed furnace, with oxygen flow, at different 

temperatures (373, 473 and 573 K) for 30 min. 

Finally, the samples were examined by x-ray 

diffraction (XRD), atomic force microscopy (AFM) 

and UV-visible spectroscopy to study the effect of 

annealing temperature on structural, morphological 

and optical properties of the prepared films. 

 

3. Results and Discussions 

Figure (1) shows the XRD patterns for prepared 

composite CdO:In2O3 thin films deposited on glass 

substrate and annealed at different temperatures. The 

amorphous structure of the as-deposited samples has 

converted to polycrystalline structure after thermal 

annealing. The crystallinity was enhanced, as the 

peak intensities have increased, with increasing 

annealing temperature due to removing the disorder 

within the lattice. The peaks appeared in Fig. (1) are 
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corresponding to both lattice planes of the two initial 

phases of In2O3 (according to JCPDS card No. 96-

101-0589) and for CdO (according to JCPDS card 

No. 96-900-6690), i.e., no new phase was observed, 

which indicates the formation of mixed samples. 

 

 
 

Fig. (1) XRD patterns for CdO:In2O3 thin films annealed at 

different temperatures 

 

The peak broadening was measured by 

Lorentzian fitting and the crystallite size was 

calculated using Debye-Scherrer’s formula [9]. 

Figure (2) shows the fitting of preferred peak along 

(222) miller indices using X-Powder Software and 

Table (1) illustrates the XRD peaks and the 

comparison between calculated inter-planar distance, 

standard and experimentally determined crystallite 

size. It seems that the average crystallite size 

increases with increasing annealing temperature. 

Figure (3) illustrates the 3D AFM images for the 

prepared composite CdO:In2O3  thin films and 

annealed at different temperatures as well as the 

percentage distribution of particle size. The as-

deposited film at 373 K appeared to include 

nanoparticles with spherical shape and they 

converted into rod shape after annealing at 473 and 

573 K. The rod diameters were measured using 

ImageJ program as illustrated in Fig. (4), which has 

small increment by annealing from about 100 nm to 

130 nm diameter for the selected point of filament 

shape. 

Table (2) illustrates the parameters of surface 

morphology (average diameter and root mean square 

roughness) for CdO:In2O3 thin films annealed at 

different temperatures. The average diameter of 

particle aggregations increases with increasing 

annealing temperature due to the incorporation 

between adjacent particles. 

 

 
 

Fig. (2) Lorentzian fitting for the preferred orientation peak 

along (222) direction 

 

 

 
 

Fig. (3) 3D AFM image and the granularity distribution for 

CdO:In2O3 thin films annealed at different temperatures 

 

Figure (5) shows the transmission spectra of the 

composite CdO: In2O3 thin films annealed at 

different temperatures. In general, as in all 

semiconductors, the transmittance increases with 

incident wavelength and is almost constantly high at 

longer wavelengths as the low photon energy is not 

enough to interact with electrons in valence band. 

The transmittance increases to more than 90% as the 

annealing temperature is increased to 573 K. Also, 

the absorption edge is seen to be much sharper when 

the annealing temperature is increased, where the 

exponential region is limited within a short 

wavelength range, indicating a decrease in local 

states near the absorption edge due to the decrease of 

crystalline defects. 
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Fig. (4) Calculation of rod diameter in the three samples 

annealed at different temperatures (a) 373 K (b) 473 K and (c) 

573 K 

 
Table (2) Average diameter and RMS roughness for 

CdO:In2O3 thin films annealed at different temperatures 

 
Ta (K) Average Diameter (nm) RMS roughness (nm) 

373 95.73 2.85 

473 100.85 2.31 

573 123.11 1.79 

 

 
 

Fig. (5) UV-visible transmission CdO:In2O3 thin films 

annealed at different temperatures 

 

The energy band gap was determined by 

extrapolation of the straight segment of the curve 

between (αhυ)2 and photon energy (hυ) according to 

Tauc formula. Note that the optical energy band gap 

(Eg) is increased from 2.9 to 3.1 eV as the annealing 

temperature was increased from 373 to 573 K. The 

reason of slight increase in the energy band gap with 

increasing annealing temperature may be attributed 

to the reduction of Urbach energy with 

crystallization improvement. This result agrees with 

results of Ali et al. [10]. The main reason for 

studying the Urbach parameters is to find 

disordering processes in solids. The exponential 

increase of the absorption around the absorption 

edge is explained by transitions between the tails of 

density-of-states in the valence and conduction 

bands. The tail width depends on the presence of 

different types of defects [11]. The Urbach energy is 

equal to the width of absorption edge, which is 

reciprocal to the slope of linear part of the relation 

between ln(α) and photon energy (hυ) at the 

absorption edge [12]. From Fig. (7), it seems that the 

line slope increases with increasing annealing 

temperature, which indicates the decrease of tail 

width, as shown in Table (3). 

 

 
 

Fig. (6) Tauc formula for CdO:In2O3 thin films annealed at 

different temperatures 

 

 

 

Fig. (7) Determination of Urbach energy for CdO:In2O3 thin 

films annealed at different temperatures 

 
Table (3) Optical band gap and Urbach energy for CdO:In2O3 

thin films annealed at different temperatures 

 

Ta (K) Eg (eV) λc (nm) 
Urbach energy (eV) 

(1/slope) 

373 2.90 428 0.87 

473 3.00 413 0.73 

573 3.10 400 0.52 
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Conclusions 

Composite CdO:In2O3 thin films were prepared 

by pulsed-laser deposition technique and the effect 

of thermal annealing on their properties were 

studied. The crystallinity of this composite was 

enhanced and their crystallite size was increased 

with increasing annealing temperature. Thermal 

annealing resulted in a variation in the shape of 

nanostructures from spherical to rods. The Urbach 

energy of the prepared composite was decreased 

with increasing annealing temperature, which 

expresses the disorder degree of the prepared solid 

state samples. 
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Table (1) XRD parameters for CdO:In2O3 thin films prepared in this work and annealed at different temperatures 

 

Ta (K) 2θ (deg.) FWHM (deg.) dhkl Exp. (Å) G.S. (nm) (hkl) dhkl Std. (Å) Phase 

373 

30.5882 0.3250 2.9203 20.24 (222) 2.9214 Cub. In2O3 

33.1222 0.6334 2.7024 13.09 (111) 2.6848 Cub. CdO 

35.4299 0.4525 2.5315 18.44 (400) 2.5300 Cub. In2O3 

38.3258 0.4525 2.3467 18.59 (200) 2.3251 Cub. CdO 

50.9955 0.4072 1.7894 21.62 (440) 1.7890 Cub. In2O3 

473 

21.5385 0.4072 4.1225 19.87 (211) 4.1315 Cub. In2O3 

30.5882 0.2600 2.9203 30.35 (222) 2.9214 Cub. In2O3 

33.0317 0.4071 2.7096 20.36 (111) 2.6848 Cub. CdO 

35.4751 0.3168 2.5284 26.34 (400) 2.5300 Cub. In2O3 

38.3258 0.3620 2.3467 23.24 (200) 2.3251 Cub. CdO 

51.1312 0.3620 1.7850 24.34 (440) 1.7890 Cub. In2O3 

55.4751 0.4072 1.6551 22.05 (202) 1.6441 Cub. CdO 

60.8145 0.4977 1.5219 18.51 (622) 1.5256 Cub. In2O3 

573 

21.5338 0.4019 4.1234 20.13 (211) 4.1315 Cub. In2O3 

30.6162 0.2590 2.9177 31.57 (222) 2.9214 Cub. In2O3 

33.0275 0.4018 2.7100 20.63 (111) 2.6848 Cub. CdO 

35.5191 0.3215 2.5254 25.96 (400) 2.5300 Cub. In2O3 

38.3322 0.2813 2.3463 29.91 (200) 2.3251 Cub. CdO 

51.1520 0.3616 1.7843 24.37 (440) 1.7890 Cub. In2O3 

55.3717 0.4420 1.6579 20.31 (202) 1.6441 Cub. CdO 

60.7971 0.3616 1.5223 25.48 (622) 1.5256 Cub. In2O3 

66.0616 0.4420 1.4132 21.45 (311) 1.4021 Cub. CdO 
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