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Abstract. Electrical breakdown for low pressure argon gas and air, using copper thin ﬁlms as the electrodes,
was investigated. A specially designed cathode was built from copper thin ﬁlm deposited on glass by a
magnetron sputtering system creating the breakdown between those electrodes. The left side of Paschen’s
curve and ionization coeﬃcient η as well as the eﬀective electron emission coeﬃcient γ was obtained with
respect to the variation of reduced electric ﬁelds for argon gas and air for diﬀerent thin ﬁlms thicknesses. It
is concluded that reducing the thin ﬁlm thickness as an electrode leads to a decrease of breakdown voltage
and amplifying secondary electron emission. In addition, the inﬂuence of the gas type on dependence of
breakdown characteristics on the electrode thickness was investigated.

1 Introduction
Electrical discharges have wide industrial applications in
many ﬁelds such as electronic, semiconductors, light
sources, plasma surface modiﬁcations, analytical spectrochemistry, ion sources, and deposition by sputtering [1].
The minimum voltage in which a phase transition occurs
from a non-conducting material into an electrical conductor as a result of using a strong enough electric ﬁeld is
known as the electrical breakdown voltage. Understanding
the breakdown mechanisms is necessary in many technologies such as plasma display panels, electrical devices, lasers
and nanotechnology and has recently been investigated in
many papers theoretically and experimentally [2–8].
Generally, the electrical breakdown depends on the
working gas type and electrode geometry as well as the
electrode material features [9,10]. The electrical breakdown of a gas can occur when enough ionizing collisions
take place between electrons and a neutral background
gas. It is a transition from a non-self-sustained to a steady
self-sustained current in the Townsend discharge. The ﬁrst
Townsend coeﬃcient α determines the number of ionization events per length by an electron and can be given by
the following relation [11,12]:
α = Ap exp(−Bp/E),

(1)

where p and E represent the pressure and electric ﬁeld, respectively. The constants A and B depend on the gas type
which are inversely proportional to electron temperature
and also depend on the ionization cross-section [13,14].
a
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The ionization coeﬃcient η represents the ionization caα
which
pability of electrons and can be introduced as η = E
depends on the reduced electric ﬁeld. Another important
quantity in understanding the breakdown is the eﬀective
secondary electron emission γ which depends on the gas
type and target material in the following relations:
γ=
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The reduced electric ﬁeld E/p at the minimum value corresponds to the minimum energy which is consumed to
create one pair of ions where the ionization capability of
α
A
electrons η = E
is equal to Bē
with ē ≈ 2.72 as the
maximum. The values of Vmin and (pd)min depend on the
cathode features (γ) and are estimated by equations (3)
and (4).
The characteristics of secondary electron emissions γ
for various metals under diﬀerent projectile collision (ion,
electron, photon and atom) have been investigated in references [15–21]. Moreover, the ion- and atom-induced secondary electron emission coeﬃcients for dirty and clean
surface targets have been investigated in glow discharge [22]. In addition, the surface condition is a key
response to the electron emission but there is no experimental evidence to treat the thin ﬁlms as electrodes for
creating electrical breakdown. Recently, Depla et al. [23]
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studied the inﬂuence of ion-induced electron emission coefﬁcient and found its dependence on kinetic emission mechanisms. Since the stopping cross section for oxygen is lower
than the metal cross section, the coeﬃcient decreases by
increasing oxygen content. The electron emission mechanism for metal in Townsend discharge diﬀers and mainly
depends on potential emission mechanism as well as the
work function and Fermi energy. It should be added that
dependence of work function on the thicknesses of thin
ﬁlm has been studied using diﬀerent methods [24,25]. In
reference [26], a thickness-dependent work function was
investigated. Although the work function has inﬂuence
on secondary electron emission, the inﬂuence of the ﬁlm
thickness on the electrical breakdown mechanism is not
investigated directly.
In the current study, we investigate the dependence
of electrical breakdown on the electrode material where
the electrodes are copper thin ﬁlms deposited on glass in
the presence of argon and air. The structure of the paper
is as follows. In Section 2, we present the experimental
setup while in Section 3 the obtained results for diﬀerent
conditions are presented. We conclude the paper with a
summary of the results in Section 4.

2 Experimental setup
A Pyrex glass tube 12 cm interior diameter and 14 cm
in height, closed by aluminum plates and sealed by rings,
was used as a chamber of discharge. The chamber was
evacuated to a base pressure lower than 10−5 Torr with a
diﬀusion pump backed up by a rotary vane pump. Argon
gas with 99.9% purity has been ﬂown and controlled by a
needle valve. The gas pressure during breakdown was measured with a Penning gauge. All conducting parts in the
chamber (rods and electrodes) were capsulated by an insulator, except the surface of the electrodes. Two external
resistances (1.2 kΩ) were used to limit the discharge current in order to protect the measuring instrument and ensure that the discharge would be limited to the Townsend
regime, as well as for detecting the electrical breakdown
transition by measuring the drop potential across the resistors. A schematic diagram depicts in Figure 1.
The interelectrode gap for the set of experiments was
ﬁxed to 3 cm. The electrodes were 25 mm in diameter
for all samples. The copper thin ﬁlms were coated on the
glass substrates using DC magnetron sputtering with copper targets of 99.95% purity. The working sputtering pressure and related electrical discharge power were 0.03 Torr
and 100 W, respectively. The thickness of the deposited
ﬁlms for 1 and 10 min was 45 nm and 415 nm in that order. In addition, by using atomic force microscopy analyses, the uniformity across the entire surface of the cathode had been obtained and surface morphology analyses
showed that the root mean-square roughness of the ﬁlms
was 1.065 nm and 8.45 nm for the thicknesses of 45 nm and
415 nm, respectively. As copper is strongly reactive, oxidation may take place during the experiment. However, since
the experiments were performed over a fairly short time
period, the composition of the deposited ﬁlm as the cath-

Fig. 1. Schematic diagram of the discharge tube and measuring circuit.

ode and sputtering target is nearly the same which was
veriﬁed by energy-dispersive X-ray spectroscopy (EDX)
analysis. By using EDX, the purity of the deposited ﬁlm
was shown to be 99.95% and there were negligible values
of elements such as Ni, As, Sb, Sn, Pb, Fe and Bi present.
The coated copper thin ﬁlms were considered as the electrodes and the thin connectors were used to connect the
surface electrodes to the power supply.

3 Results
Figure 2 shows Paschen’s curves for diﬀerent copper thin
ﬁlms thicknesses in the presence of argon gas. It is observed that the electrical breakdown voltage decreases as
a whole by reducing the thin ﬁlm thickness, while values
of pd corresponding to the minimum electrical breakdown
voltage of curves have little variation.
In Figure 3, Paschen’s curves for diﬀerent copper thin
ﬁlms thicknesses are shown in the presence of air and it can
be seen that the eﬀect of ﬁlm thickness is more pronounced
at low pressures. The decrease in the breakdown voltage
by reducing the ﬁlm thickness can be a consequence of
the variations of the work function in respect to the thickness. On both sides of the minimum in Paschen’s curve,
the breakdown voltage increases due to the deviation from
threshold conditions or eﬀective ionization cross section.
In contrast to the right side of the minimum, in the range
of low pressures and on the left side of Paschen’s curve,
the possibilities of collisions are restricted, so the breakdown voltage promptly grows by decreasing the values of
pd [27]. At low pressure, the secondary electron emission
mechanism takes an eﬀective part in the breakdown phenomena, therefore on the left side of the minimum breakdown of Paschen’s curve, the breakdown is governed by
the electrode material properties rather than by the ionization process in the bulk of gas [28].
By comparing Figures 2 and 3, it can be concluded that the gas type has a similar inﬂuence on the
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Fig. 2. Paschen’s curve for argon gas using copper thin ﬁlms
electrodes.

Fig. 4. The ionization coeﬃcient as a function of reduced
electric ﬁeld E/p in the presence of argon for three types of
electrodes.

Fig. 3. Paschen’s curves for air using copper thin ﬁlms
electrodes.

Fig. 5. The ionization coeﬃcient as a function of reduced
electric ﬁeld E/p for air and argon gas.

dependence of the breakdown voltage on the copper thin
ﬁlm thicknesses. They show that electrical breakdown voltage decreases in the minimum and fairly on the left side
of the curves by reducing the thickness. However, in the
presence of argon gas, the values of pd corresponding to
the minimum voltage are greater with respect to the air.
The ionization coeﬃcient η is estimated by using
proper A and B consonants. Figure 4 demonstrates the
ionization coeﬃcient η as a function of a reduced electric ﬁeld for diﬀerent electrode thicknesses for argon discharge. It can be seen that the electrode features have no
inﬂuence on the ionization coeﬃcient and increasing the
reduced electric ﬁeld leads to the decreasing of the coeﬃcient. According to reference [12], the ionization coeﬃcient
depends on the gas type and consequently the thickness
of the electrode does not lead to variations of η.
In Figure 5, the ionization coeﬃcient is calculated as
a function of reduced electric ﬁeld for argon and air. This
ﬁgure shows that the ionization coeﬃcient of argon gas has
a higher value when compared to air in low E/p where the
diﬀerence of η between argon and air diminishes in high

E/p. In this region as expected, the breakdown characteristics are governed by the electrodes features.
To understand the inﬂuence of copper thin ﬁlm as electrodes, the eﬀective secondary electron emission coeﬃcient
γ is obtained for various thicknesses. In Figure 6, the quantity of γ is plotted as a function of the reduced electric
ﬁeld for three copper thin ﬁlm thicknesses and it can be
seen that increasing the reduced electric ﬁeld results to
amplify the secondary electron emission coeﬃcient leads
to a decreasing of the breakdown voltage. In addition, it
can be concluded that in the middle ranges of the reduced
electric ﬁeld, the inﬂuence of electrode thickness is more
pronounced and the diﬀerence between the bulk and thin
ﬁlm electrode is more apparent in the condition of high
energetic electrons.
In Figure 7, the eﬀective secondary electron emissions
are plotted versus the reduced electric ﬁeld in the presence of air for values of copper thickness. Since the minimum of the pd values in Paschen’s curve for air is lower
than for argon gas, the range of reduced electric ﬁeld in
Figures 6 and 7 is not the same. As can be seen again in
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Fig. 6. The eﬀective secondary electron emission coeﬃcient
γ as a function of the reduced electric ﬁeld E/p using copper
thin ﬁlms electrodes for argon gas.

ness on the breakdown voltage and ionization coeﬃcient
as well as secondary electron emission was investigated in
the presence of two gases: argon and air. The results have
shown that the copper ﬁlms deposited on the glass have
a higher secondary electron emission than bulk metal and
that thinner ﬁlms have the higher secondary electron emission, especially in the middle range of E/p. The electrical
breakdown voltages of the thin ﬁlm and the bulk material
were compared and it was concluded that by decreasing
the ﬁlm thickness, the breakdown voltage diminishes. This
can be attributed to a smaller work function of thin ﬁlm
in contrast to the bulk metal. As the results of the ionization coeﬃcient indicate in middle and high region E/p,
the breakdown characteristics are governed by the electrodes features and the inﬂuence of air and argon in the
breakdown voltage in comparison to the ﬁlm thicknesses
are not signiﬁcant.
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