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Abstract
We report the synthesis of chromium thin films on Si(400) substrates by utilizing a low-energy
(1.6 kJ) plasma focus device. The films of chromium are deposited with different numbers of
focus shots (15, 25 and 35) at a distance of 8 cm and at 0◦ angular position with respect to the
anode axis. The films are investigated structurally by x-ray diffraction analysis and
morphologically by atomic force microscopy and scanning electron microscopy. The
elemental composition is characterized by energy dispersive x-ray analysis. Furthermore,
Vicker’s micro hardness is used to study the mechanical properties of the deposited films. The
degree of crystallinity of chromium films, the size of the particles and the hardness values of
the films increase when the number of focus shots is raised from 15 to 25 and then decrease
when the substrate is treated with 35 shots. We discuss the dynamic processes involved in the
formation of the chromium films.

PACS number: 81.15.-z

(Some figures may appear in color only in the online journal)

1. Introduction

Chromium coatings have played a key role for years in
aerospace, automotive and decorative industries. They are
regarded with great interest because of their bright surface,
high wear and corrosion resistance, high hardness and
good stability under operating conditions [1–3]. Chromium
coatings are deposited on different substrates by various
methods such as magnetron sputtering [4], inductively
coupled plasma-assisted reactive evaporation [5], pulsed laser
deposition [6] and pack-chromising [7–9]. The plasma focus
(PF) [10, 11] is a simple device that compresses the plasma
to a high density (1025–1026 m−3) and a high temperature
(1–2 keV) for a short time (10−2–10−1 µs). This device
generates different types of radiation such as high-energy
ions, relativistic electrons, copious numbers of x-rays and
neutrons [12–16]. The energetic ion beams emitted from the
PF have been employed for material processing, e.g. thin
film deposition [17, 18], ion implantation [19–21] and phase

change of thin films [22, 23]. In recent years, the PF device
has been used for the deposition of thin films. Pan et al [24]
used a low-energy PF device to synthesize CoPt thin films on
Si substrates. Hussain et al [25] have successfully deposited
thin films of TiN on Si substrates. In this paper, we deposit
thin films of chromium on Si substrates by a low-energy PF
device. The films are deposited with different numbers of
focus shots at a distance of 8 cm from the anode tip and
at 0◦ angular position with respect to the anode axis. The
structural, morphological and mechanical properties and the
elemental composition of chromium films are investigated by
x-ray diffraction (XRD) analysis, atomic force microscopy
(AFM), scanning electron microscopy (SEM), Vicker’s micro
hardness and energy dispersive x-ray (EDX) analyses.

2. Experimental details

The schematic arrangement of a low-energy Mather-type
PF device, which is used to synthesize thin films of Cr
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Figure 1. Schematic arrangement of the PF system in our
experiments.

on Si(400) substrates, is shown in figure 1. This 1.6 kJ PF
device is powered by a 10 µF, 18 kV single capacitor [26].
The static inductance of the device is about 130 nH and the
peak discharge current is about 130 kA. The electrode system
comprises a 160 mm long and 20 mm diameter copper rod
as the anode surrounded by 12 copper rods each 150 mm
in length and 12 mm in diameter as the cathode of effective
diameter 6 cm. In order to separate the electrodes and support
the breakdown, a Pyrex glass insulator sleeve with an inner
diameter of 20.5 mm and a thickness of 2.5 mm is used
between the electrodes. To deposit the films of chromium, a
hole, 7 mm in depth and 9 mm in diameter, is made at the end
of the anode and filled with pure chromium. The electrodes
are placed in a stainless steel chamber evacuated to a base
pressure of 10−3 torr by a rotary vane pump and filled with
argon as the working gas. The pressure of operation is 1 torr.
A typical waveform of the current trace, hard x-ray and ion
beam signals that are gathered with a calibrated Rogowski
coil, photomultiplier tube attached to a plastic scintillator and
a Faraday cup can be seen in figure 2. An approximate energy
spectrum of ions (based on the time-of-flight (TOF) method)
at a pressure of 1 torr is illustrated in figure 3. The average
energy of the argon beam is 0.5 J Sr−1 in the typical operating
conditions of the device (18 kV and 1 torr argon filling gas).
These results correspond to the machine with the same energy
and inductance [27, 28].

A shutter is arranged between a sample holder and the
central anode to avoid the deposition until good focusing
is achieved. The proper focusing is confirmed by a strong
voltage peak in the voltage probe signal on the oscilloscope
monitor (Tektronix TDS 2014B). When a high voltage is
applied across the electrodes, the gas breakdown occurs and a
current sheath forms. The current sheath is accelerated axially
up the chamber by the J × B force. Subsequently, the current
sheath collapses on top of the anode to form a pinch column of
hot and dense plasma. The energetic ions accelerated from the
focus region move towards the top of the chamber bombarding
and cleaning the substrate surface prior to deposition. The
electrons that accelerate towards the central anode collide with

Figure 2. A typical waveforms of discharge current, ion beam and
x-ray signals in the operating conditions of 18 kV and 1 torr argon
gas.

Figure 3. An approximate energy spectrum of ions at the pressure
of 1 torr based on the TOF method.

the Cr insert at the top end of the anode and ablate it. The
chromium vapors then deposit onto the substrate surface. In
this experiment, the 10 × 10 × 1 mm3 Si(400) substrates are
ultrasonically cleaned with alcohol and acetone for a period of
10 min, respectively. Each sample is then exposed to a number
of focus shots (15, 25 or 35) at a distance of 8 cm from the
top end of the anode. The structural properties of the films
are investigated by a STOE model STADI MP diffractometer
(XRD, Cu Kα radiation). Also, the surface topography of the
films is characterized by AFM (Auto Probe Pc, Park Scientific
Instrument, USA; in contact mode, with a low-stress silicon
nitride tip of less than 200 Å radius and a tip opening of 18)
and SEM (LEO 440i). The hardness measurement is made
using a Duramin Vicker’s micro hardness.

3. Results and discussions

3.1. X-ray diffraction results

Figure 4 presents the XRD patterns of the films deposited with
different numbers of focus shots and at a distance of 8 cm from
the anode tip; at the bottom is illustrated the pattern of an
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Figure 4. XRD patterns of the films deposited for 15, 25 or 35
shots at a distance of 8 cm and at 0◦ angular position.

unexposed sample indicating the diffraction peak of Si(400)
at 2θ = 69◦.

As shown in figure 4, for all of the deposited samples,
the Cr(111) and Cr(200) diffraction peaks are presented in
the XRD patterns. The proper positions of observed Cr
diffraction peaks are in agreement with Joint Committee for
Powder Diffraction Standards (JCPDS) standard data (refer to
JCPDS card no. 088-2323). It is also observed that the treated
samples have an additional peak at 2θ = 33◦ corresponding to
Si(211) [17]. Figure 4 demonstrates that the intensity of Cr
diffraction peaks increases when we increase the number of
focus shots from 15 to 25. However, as the number of focus
shots increases from 25 to 35 the Cr diffraction peak decreases
in intensity. This drop in intensity has been explained based
on the surface damage of the deposited film, as the sample
is exposed to too many focus shots [29]. A more detailed
description of the processes is given in the next section.

3.2. Atomic force microscopy results

The AFM images of the films deposited with various numbers
of focus shots and at 8 cm distance from the top end of
the anode are shown in figure 5. All the images have been
obtained with a scanning area of 4 µm × 4 µm.

As depicted in figure 5, the size of the chromium particles
is increased with the increase in the number of focus shots
from 15 to 25. This may be attributed to the availability
of more Cr particles arriving with increasing the number of
shots, thus improving the coverage. In figure 5, a reduction in
the size of particles is observed when the number of focus
shots increases to 35. Gribkov et al [30] have discussed
in some details the dynamic processes that may occur in
targets placed in front of the PF anode. We include features
of their observations in our situation. Quantitative figures
are estimated from a Lee model code computation [31, 32].
During the radial phase of focusing, shock waves (SWs) are
generated axially from the elongating focus pinch. Traveling
at 30 cm µs−1 these SWs impinge on our substrate surface
300 ns after maximum pinch. Just preceding that, a fast Ar
ion beam (FIB) traveling at 70 cm µs−1, but starting behind
the SW, overtakes the SW, penetrates it and strikes the

substrate surface first. The Ar from the FIB penetrates the
substrate surface to the order of 1 µm, while the subsequent
Ar ions carried by the SW system penetrates the substrate
surface to the order of nm. The combined energy of the
Ar ions (from FIB and SW) amounting to more than 50 J
causes some melting and evaporation of the substrate surface
material. About the time the FIB starts from near the anode, a
relativistic electron beam impinges on the Cr embedded in the
anode. The Cr particles are ablated and some of these particles
travel to the substrate target at a speed of about 2 cm µs−1 [33]
taking 4 µs to get there. The Cr particles impinge onto the
melted, evaporated and re-deposited substrate material and
some Cr implantation occurs. That happens in the first shot.
In each subsequent shot the Ar ions of the FIB and SW
impinge not on the bare Si substrate but onto Si, which
has been increasingly implanted with more and more Cr
particles. By increasing the number of focus shots, the film
surface is exposed to further higher-energy ions, making the
deposited films thicker. From the observations, after 25 shots
the maximum implantation had occurred and at 35 shots
the damage to the implanted Cr surface by the FIB and
SW reduces the amount of implantation. However, while the
thickness is increasing there is a competing mechanism as
the arrival of further high-energy ions from subsequent shots
also causes damage to the already deposited layer of Cr.
The data indicate that when the number of shots increases
beyond 35 the damage caused by the further number of shots
is more than the further buildup of Cr layers. Any further
increase in the number of shots then reduces the amount of
implantation [34].

3.3. Scanning electron microscopy and energy dispersive
x-ray results

Figure 6 shows the SEM micrographs of the films treated with
different numbers of focus shots and at a distance of 8 cm from
the anode tip.

It can be seen from figure 6 that with increasing the
number of focus shots from 15 to 25, the size of grains in
the film surface is increased. The increase in the size of the
particles of the film deposited with 25 focus shots is probably
due to the repeated melting of the surface and the increasing
number of Cr particles onto the film surface [17, 30]. Beyond
25 shots the competing effects of damage apparently exceed
that of further Cr implantations. The lines that are observed
on the film surface deposited with 15 shots are because of
the fact that the energy density of ions is not sufficient to
cover the grooves on the substrate surface. In contrast, for the
film deposited with 35 shots, the appearance of the lines on
the surface is due to the high-energy flux of ions leading to
the radiation damage. The disappearance of the lines on the
film surface deposited with 25 shots is probably due to the
sufficient energy of ions, which leads to the better covering of
the film surface.

Figure 7 demonstrates the EDX spectra of the substrate
and the film deposited with 25 focus shots. The EDX
spectrum, as illustrated in figure 7(b), shows the peaks
corresponding to chromium and silicon elements present in
the film and the substrate. As shown in figure 7(b), no peak
related to any additional element is detected in EDX pattern.
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Figure 5. AFM micrographs of samples exposed to (a) 15 shots, (b) 25 shots and (c) 35 shots and at a distance of 8 cm and at 0◦ angular
position.

Figure 6. SEM micrographs of samples exposed to (a) 15 shots, (b) 25 shots and (c) 35 shots and at a distance of 8 cm and at 0◦ angular
position.

Figure 7. EDX spectra of (a) substrate and (b) thin films deposited with 25 focus shots.

It seems that the EDX spectra are similar for all the deposited
samples but with variations in the relative intensities of the
peaks. Indeed, using various numbers of focus shots produces
films with varying thickness, which resulted in the relative
variation of the peaks intensity of elements. The relative
intensity of EDX peaks increases with an increase in the
number of focus shots from 15 to 25 and then decreases when
35 number of shots are applied.

The thickness of deposited Cr thin films for different
numbers of shots is shown in table 1.

3.4. Hardness results

A micro hardness tester is used to characterize the mechanical
properties of the chromium films exposed to various numbers
of focus shots. The variation of micro hardness (HV) of the
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Table 1. Thickness of deposited Cr thin films for 15, 25 and 35
numbers of shots.

Number of focus shots 15 25 35

Thickness (nm) 59.5 113.46 87.24

Figure 8. The variation of the micro hardness (HV) of the
deposited chromium thin films as a function of imposed loads for
three different numbers of shots.

deposited chromium thin films is shown in figure 8 as a
function of imposed loads (gf) for the exposed samples with
15, 25 and 35 numbers of shots.

As illustrated in figure 8, the hardness values tend to
increase as the number of focus shots increases from 15 to
25. But when the sample is exposed to a higher number of
focus shots (35), the hardness of the film is decreased. These
results can be explained with the XRD patterns presented in
figure 4. As depicted in this figure, the degree of crystallinity
of chromium films increases as the number of focus shots goes
up from 15 to 25 and then decreases as the film is exposed to
more focus shots. As the number of focus shots increases from
15 to 25, the energy density of ions rises, making the deposited
films coarser and therefore increasing the hardness value.
However, when the film surface is exposed to a greater number
of shots (35), the radiation damage leads to a reduction of the
hardness of the deposited film.

4. Conclusions

We used a 1.6 kJ PF device for the synthesis of chromium
films on Si(400) substrates. We considered various numbers of
focus shots at 0◦ angular position and at the distance of 8 cm
from the top end of the anode. The XRD results show that the
intensity of Cr diffraction peaks increases with increasing the
number of focus shots from 15 to 25. However, for the sample
exposed to 35 shots, the degree of crystallinity of chromium
film is decreased. AFM and SEM images present a two-stage
variation pattern for the sizes of the particles distributed on
the film surface by increasing the focus shots from 15 to 25
and then to 35. We discuss the dynamic processes involved

in the formation of the chromium films. The EDX spectra
confirm the presence of chromium and silicon elements in the
deposited films. Micro hardness results also illustrate that the
hardness values of the deposited films depend on the number
of focus shots in the same manner.
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