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Abstract

In this study, the emission coefficient of secondary electrons for some common gas
discharges employed in thin film deposition processes and techniques was determined
as function of some affecting parameters. This coefficient may play negative 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 used for deposition of some metal oxide and nitride
thin films.
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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].

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
of one of the target atoms. This ejection process is known as sputtering [20].
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Fig. (1) Different regions of plasma discharge on the I-V characteristics [16]

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].
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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
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hole for the ion beam, desc, is easily calculated. From this, g=I/(I-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 E, 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.
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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 (Vg) and gas pressure (p) is known
as “Paschen’s law” and given by [27]:
Ve = pdB
i log(pdA)—log(log(1+i))

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 (¢ is the emission coefficient of the secondary electrons

The breakdown voltage (V) 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/A) is
scaled linearly with the pressure [28].

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]

Pdly,, = 5log (1+) 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 (Ae) is then related to
the pressure by

)
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To initiate the discharge within the gas sample, the following condition must be satisfied [2]
Ae
p=Z (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)
At+e > A+hv (4b)

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

Table (1) Typical values of A and B constants, E/p and ionization energy (Vi) for various gases

(2]

A B E/
Gas (lon/pairs)/(cm.torr) | V/(cm.torr) V/(cme[orr) Vi (V)
Ha 5 130 150~600 15.4
34 20~150
He 3 o5 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
H20 13 290 150~1000 | 12.6

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 | Incident lon Energy (eV)

Material lon 200 600 | 1000
He* 0.524 | 0.24 | 0.258
Ne* 0.258 | 0.25 | 0.25
w Art 0.1 |0.104 | 0.108
Kr* 0.05 | 0.054 | 0.108
Xe* 0.016 | 0.016 | 0.016
He* 0.215 | 0.225 | 0.245

Mo He™ | 0715 0.77 | 0.78
He* 06 | 0.84
Ni Ne* 0.53
Ar* 0.09 | 0.156
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Fig. (4) Paschen’s curves of different common gases used in electric discharge applications
[21]

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

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
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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.
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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
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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
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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
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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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