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ABSTRACT
In this work, Paschen curve for argon gas was obtained during cop-
per deposition using a DC magnetron sputtering system. Five pro-
cess parameters of Paschen curve were used to obtain the electron
density and deposition rate of the deposited nanostructured thin
films. Plasma parameter such as electron density was correlatedwith
the deposition rate. It is observed that a minimum deposition rate
was obtained for the plasma process parameter corresponding to
the Paschen minimum. This investigation helps to understand and
optimize the quality of nanostructured thin films depending on the
process parameters.
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1. Introduction

Nano-particle technology plays an important role in the development of electronic devices,
advanced ceramics, new batteries, engineered catalysts, biotechnology, sensors, solar cells
and hydrogen storage (1–5). A DC magnetron sputtering system is commonly used to
develop nanostructured thin films with unique physical, chemical, biological, mechanical
and electrical properties (6–9). For certain applications, it is crucial to produce particular
size-based nanostructured thin films on a large scale. One difficult issue is to optimize the
process parameters to obtain the required size of the nanostructure andprevent agglomer-
ation and controlmorphology in the synthesized nanostructure. As the process parameters
such as voltage and pressure control the ionization rate which leads to the nucleation and
growthof nanostructured thin films (10,11), theoptimizationof theseprocessparameters of
the DCmagnetron sputtering system is still a topic of interest for many researchers toward
achieving excellence in nanostructured film technology. However, only a few reports are
available in the literature, but a systematic study is lacking.

In this work, Paschen curve for argon (Ar) gas was obtained during copper (Cu) deposi-
tion using theDCmagnetron sputtering system. Five process parameterswere chosen from
the Paschen curve and used to obtain the electron density (ne) and deposition rate (Dr)
of the deposited nanostructured films. Plasma parameters such as electron density were
correlated to the deposition rate.
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2. Experimental details

The experiment performed in a DC magnetron sputtering system is shown in Figure 1. It
consists of (a) aDCpower supply, (b) a sourcemeter (SM), (c) aWilson-seal port, (d) an upper
flange, (e) a cylindrical stainless steel chamber of diameter 270mmand length 230mm, (f) a
magnetron sputter gun, (g) a Cu target of size 2′′ diameter and 5mm thickness, (h) an MFC
flow meter, (i) a Langmuir probe (LP) setup (provided by the Excel Instruments Pvt. Ltd.,
India), (j) a vacuum pump, (k) a substrate holder and (l) a bottom flange. The upper flange
carries the LP and the bottom flange carries the substrate holder. The Langmuir probe of
diameter ∼0.5mmand length 40mm is electrically isolated and connected to the Keithley
source meter. The plasma current was collected corresponding to the applied potential to
the LP.

Silicon substrates of size 0.5 cm× 0.5 cm were obtained by cutting a silicon wafer and
mounting them on the sample holder. The silicon substrates were cleaned using diluted
hydrogen fluoride acid, ultra-sonicated with acetone for 20minutes and dried at room
temperature prior to deposition. Before deposition, the base pressure of the plasma cham-
ber was maintained at 2× 10−6 mbar. Then, various working pressures were obtained by
adjusting the Ar gas flow rate to the plasma chamber. Initially, at a working pressure (P), the
DC voltage was increased slowly to ignite the plasma, attaining the break down voltage at

Figure 1. Schematic diagram of the DC magnetron sputtering system, (a) DC power supply, (b) source
meter, (c) Wilson seal port, (d) upper flange, (e) cylindrical stainless steel chamber, (f ) magnetron sputter
gun, (g) Cu target, (h) MFC flow meter, (i) Langmuir probe setup, (j) vacuum pump port, (k) substrate
holder and (l) bottom flange.
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constant anode–cathode gap (d = 10 cm). Similarly, for different working pressures of Ar
gas, break down voltages were measured and the Paschen curve was obtained.

Paschen curve, that is, breakdown voltage (Vb) vs. Pressure×distance (Pd), is shown in
Figure 2. Five combinations of Vb and Pd were used for the measurement of electron den-
sity and deposition rate. Electron density and deposition rate were correlated with process
parameters using the graph of ne vs. Pd and Dr vs. Pd.

For the accuratemeasurement of electrondensity, a cylindrical tungstenwire commonly
known as Langmuir probe (LP) was used. This probe was mounted on a quartz plate and
connected to the Keithley sourcemeter (Model No: 2410). After plasma ignition at a certain
gas pressure and voltage, I–V characteristic was obtained through the LP. From the I–V
plots, ne was estimated and the ne vs. Pd plot for ignited plasma is shown in Figure 4.

The weight of the nanostructured copper film on the silicon substrate at five differ-
ent combinations of process parameters (Vb and Pd) was obtained by measuring and
calculating the weight difference of the substrate before and after deposition using a dig-
ital analytical balance (Mettler Toledo, Germany). The deposition rate was estimated by
dividing the weight difference of the substrate by sputtering time.

Dr = W2 − W1

t2 − t1
,

where w2 is the weight of the silicon substrate after deposition, w1 is the weight of the
silicon substrate before deposition, t1 is the starting time of deposition and t2 is the ending
time of deposition. Further, the grain sizewas estimated using an Atomic ForceMicroscope
(model: solver Pro-47, operation mode: noncontact/tapping mode, silicon nitride tip was
used, with frequency 427 kHz and scan speed 0.5 Hz).

3. Results and discussion

The Paschen curve (Vb vs. Pd) of Ar in the DC magnetron sputtering system is shown
in Figure 2. It attained a minimum value of breakdown voltage (Vb) known as Paschen

Figure 2. Paschen curve of the DC magnetron sputtering system: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e)
6.2 Pa cm.
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minimumwhichdivides thepressure range inhighvoltage-lowcurrent (left-hand side (LHS)
of the Paschen minimum) and low voltage-high current regime (right-hand side (RHS) of
the Paschenminimum). Breakdown voltage increases on both sides of the Paschenminima
corresponding to ∼3.9 Pa cm. This naturewas expected because at the RHS of the Paschen
minimum, the increased pressure zone is governed bymore frequent collisions in the elec-
tron path, but this results in a reduction of electron energy which fails in the ionization of
atoms. Therefore, larger voltage for electrons is required to provide sufficient energy to ion-
ize the gas atoms and reach avalanche state. On the other hand, on the LHS of the Paschen
minimum, the pressure is less; hence, the mean free path (MFP) is longer, although the
electrons have more energy but accompanied by fewer collisions. Hence, again a greater
breakdown voltage is required to ionize the gas atoms to start the avalanche.

Figure 3. I–V plots at five different pressures: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e) 6.2 Pa cm of the
Paschen curve.

Electron density plays amajor role in the energy transfer to the substrate for deposition.
Figure 3 shows I–V plots at five different pressures: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e) 6.2
Pa cmof the Paschen curve. The electron density was estimated using the standard relation
(12, 13) as

ne = Ies

eA
√

KBTe
2πme

,

where Ies is the electron saturation region in the I–V plot (Figure 3), e is the electron charge,
A is an area of the probe, KB is the Boltzmann constant, Te is the electron temperature and
me is the electron mass.

Figure 4 shows the electron density, ne vs. five different combinations of Pd (a) 1.3, (b)
2.2, (c) 3.9, (d) 5.3 and (e) 6.2 Pa cm. The electron density seems to follow the Paschen curve,
with its minimum coinciding with the Paschen minimum.

The deposition rate (Dr) at five different combinations of Pd is shown in Figure 5. The
maximum deposition rate obtained at both sides of the Paschen minimummay be due to
the fact that both breakdown voltage and deposition rate are driven by electron collisions
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Figure 4. Electron density, ne, at five different pressures: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e) 6.2 Pa cm
of the Paschen curve.

Figure 5. Deposition rate, Dr, at five different pressures: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e) 6.2 Pa cm
of the Paschen curve.

with the gas neutrals, leading to ionization, dissociation, etc. On the LHS of the Paschen
minima, voltage dominates, whereas on the RHS of the Paschen minima, pressure domi-
nates in the deposition condition. It is found that the deposition rate decreases up to the
Paschenminima and then increases slowly on the RHS. This was expected because theMFP
on the LHS decreases with increasing pressure, causing a relatively large number of colli-
sions leading to adecrease in thedeposition ratewith an increase in pressure. On the RHSof
the Paschenminima, the pressure increases further; but here the collision induced is partly
compensated by electron density increase, resulting in a slow increase in the deposition
rate (14).

The nanostructured film growth process is driven by different combinations of Pd
and Vb, leading to different deposition rates through heterogeneous gas phase nucle-
ation. However, the magnetic field in magnetron undergoes competition between the
collision-induced scattering/diffusion of electrons with the gas molecules (electron MFP)
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Figure 6. Typical grain size at three different pressures: (a) 0.13, (b) 3.9 and (c) 6.2 Pa cm of the Paschen
curve.

Figure 7. Grain sizeof thinfilmsat fivedifferentpressures: (a) 0.13, (b) 2.2, (c) 3.9, (d) 5.3 and (e) 6.2 Pa cm
of the Paschen curve.

and electron confinement within a cyclotron radius. Hence, reactive species get confined
in the magnetic field and as a consequence, pure deposition with very less contamination
for a longer period of time without any peeling effects of residuals and particle formation
is achieved. Similar results were obtained by Ledernez et al. (15).

It is interesting to obtain the grain size and correlate it with the electron density, because
it is well-known that the electron density becomes large enough for crystal growth at both
sides of the Paschen minimum. Thus, based on the value of the electron density, the grain
size can be predicted. The typical grain size for three different values of pressure (P), that is,
(a) 0.13, (b) 3.9 and (c) 6.2 Pa cm, of the Paschen curve is shown in Figure 6. Grain size was
evaluated using themolecular device and tools for nanotechnology (NT-MDT), NOVA is the
name of software by threshold calculation of the topographical data of the given sample,
and average of all the image (not given) datawas used for the given sample shown in Figure
7. It shows the grain size increases on the LHS andRHSof the Paschenminimum.On the LHS
of the Paschen minimum, as shown in Figure 2, the MFP of the electrons is longer and the
electrons undergo less collision, which provides more time for grain growth. This may lead
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to an increase in the grain sizewhich decreaseswith an increase in pressure till reaching the
Paschen minimum. However, the RHS of the Paschen minimum (Figure 2) is governed by
less efficient collision-based reactionsdue tovery smallMFPof electrons. This further causes
larger clustering and agglomeration, hence the grain size increases. The density and size of
thenanostructured filmcritically dependon the collision andmobility of themovingatomic
species. Therefore, this method of Paschen curveminima can be utilized for the deposition
of the nanostructured thin films with quantitative control of thickness and grain size.

4. Conclusion

A DC magnetron sputtering system was designed and characterized with the help of the
Paschen curve. It was observed that the deposition rate could be controlled through the
Paschen curve analysis. The minimum deposition of smallest grain size can be observed
at the Paschen minimum and maximum on both sides of the Paschen minima. This could
help in optimizing the plasma parameters to develop the required coating for the modern
technology.
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