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Abstract 
 

The dense plasma focus (DPF) device is a coaxial plasma gun that uses a large electric current to 
heat and compress a gas to high temperatures (1-2 keV), densities (1025-26 m-3) and pressures (thousands of 
atmospheres). Under such extreme conditions, the gas radiates copious ultraviolet, X-rays and particle beams 
such as relativistic electrons and ion beams. At Plasma Radiation Sources Laboratory (PRSL), NIE, 
Singapore, our group has six plasma focus devices and our research efforts encompass a very wide range of 
topics covering various fundamental aspects of plasmas to the application of this device to lithography, soft 
and hard x-ray imaging, material modification and thin film deposition. This review paper reports the use of 
single shot and “repetitive” PF device for processing and deposition of thin films using plasma focus devices. 

To synthesize the magnetic thin films, the conventional hollow copper anode was substituted with an anode 
fitted with suitable material tip (FeCo or CoPt). Si wafer and copper mesh were placed axial down the anode 
axis at a suitable distance of about 25 cm above the anode top to improve the uniformity of deposited samples 
over bigger substrate size. The plasma focus device is operated at 1 Hz repetition rate at various combinations 
of charging voltage and filling pressure of hydrogen gas for different number of focus deposition shots. For 
the processing of thin films, the magnetic thin films of FePt were initially deposited using pulsed laser 
deposition and later exposed to energetic ions from hydrogen operated plasma focus device. The morphology, 
structure and magnetic properties of the synthesized and processed thin films are investigated using TEM, 
SEM, XRD and VSM, respectively. The paper will also discuss the fundamental of thin film deposition and 
irradiation mechanisms in plasma focus devices. 

 
1. Introduction 

The nanoparticles’ importance have been increasing phenomenally because of their interesting 
electronic, optical, magnetic, mechanical and chemical properties [1]. The small size gives the nanoparticles 
unique physical and chemical properties which are totally different from those of their bulk counterparts. The 
metallic nanoparticles of magnetic materials are of special attention owing to their notable uses and applications 
in ultrahigh density data storage, gas sensor, toner material for high quality colour copier and printer, new 
generation electric motor and generator, environment friendly refrigerants and biomedicine [1-3]. Each of the 
applications requires the magnetic nanoparticles to have different properties [2]. Magnetic data storage, 
specifically for hard disk data storage, has advanced significantly due to its great market demand. The 
development mostly has been realized by scaling down the feature size of storage bit. The superparamagnetic 
limit, however, has been seen as a possible limit to the rapid increase in the data storage density [4]. In a simple 
term, the super paramagnetic limit is reached when the magnetic energy stored is close to the thermal energy of 
the atoms and any fluctuation of thermal energy will change their magnetic state, and in turn become impossible 
to store magnetic state [5]. The ratio of the magnetic energy density per particle (KuV, where Ku is the magnetic 
anisotropy energy density, and V is the grain volume) and the thermal energy (KBT, where KB is Boltzmann’s 
constant and T is temperature in Kelvin) needs to exceed 40 for data stability greater than 10 years. Since 
Boltzmann’s constant is fixed and the operating temperature is near room temperature for most intents and 
purposes, the values we can vary are the magnetic anisotropy energy density and the grain volume. Therefore, 
the magnetic anisotropy energy density of potential magnetic materials must be high, so that the grain volume 
can be reduced to nano range to enhance their storage density [6]. Great research efforts have been spent on 
seeking the suitable nanostructured magnetic materials, which have high magnetic anisotropy energy density to 
meet these requirements. It was reported that L10-ordered face-centered-tetragonal (fct) FePt (CoPt and FeCo) 
nanoparticles are the prominent candidates, since they exhibit strong magnetocrystalline anisotropy energy 
density (Ku>3107 erg/cm3) [7]. It’s expected that the storage density of fct FePt nanoparticles can be greater 
than 1 Tb/in2, since FePt nanocrystallites can remain ferromagnetic due to their high magnetocrystalline 
anisotropy even when the particle size is reduced to around 4 nm [8]. However, as-deposited FePt nanoparticles 



 

 Proceedings of the International Workshop On Plasma Computations & Applications (IWPCA2008) 24 
 

normally exhibit chemically disordered face-centered-cubic (fcc) phase with low Ku, which have to be 
converted to L10-ordered fct phase by thermal annealing to give rise to ferromagnetic properties. The annealing 
normally is done at the temperature of 500-600 C, which causes grain growth and agglomeration of FePt 
nanoparticles and in turn limit the increase in storage density. Hence, it is urgent and essential to find a suitable 
deposition technique to synthesize L10-ordered fct FePt nanoparticles with size controllability and narrow size 
distribution for the next generation of ultra-high density magnetic data storage media. Hence, the synthesis of 
magnetic nanoparticles (FeCo, CoPt and FePt) in a controlled manner is still a real challenge for their practical 
usages.  

In this review paper, we discuss and report the use of plasma focus device for magnetic nanoparticle 
synthesis in two different ways viz. (i) Method 1: by instability generated electron beam assisted ablation of 
FeCo/CoPt fitted anode tip of plasma focus device for direct synthesis of corresponding nanoparticles and (ii) 
Method 2: by energetic hydrogen ion irradiation in plasma focus device for nanostructuring of FePt thin films 
synthesized by PLAD technique. For method 1, the plasma focus, compared to other deposition methods, as a 
copious source of energetic ions, has advantages such as high deposition rate, energetic deposition process and 
possible deposition under a reactive background gas pressures. The deposition process in dense plasma focus 
(DPF) is done through the heating, compressing and ionizing the filling gas to form plasma. The plasma then 
disintegrated due to plasma instabilities which generate energetic ions and relativistic electrons. The energetic 
electrons along with plasma jet are responsible for the ablation of the anode material and the ablated material is 
deposited on the substrate. The thin film deposition mechanism in plasma focus device is described in detail by 
Soh et al [9].  For method 2, the plasma focus device being the pulsed plasma device is a pulsed ion-irradiation 
facility which owing to high fluence of ions can achieve desired nanostructuring in PLAD grown thin film in 
single shot exposure in relatively much smaller time as compared to continuous ion-irradiation facility. This 
paper thus presents the plasma focus device as a novel device for nanoparticle synthesis.  
 
2. Experimental Setup 

In this investigation, a repetitive 
Mather-type DPF device, NX2 was employed, 
as shown in Fig. 1, to synthesize FeCo and 
CoPt nanoparticles using different focus 
deposition shots. The anode top, working as 
the target as well, was replaced by FeCo and 
CoPt solid tip. Silicon substrate is cut into 
smaller dimensions of 10mm × 10mm × 0.68 
mm and then washed by soaking into acetone, 
alcohol and de-ionized water respectively for 
durations of 5 minutes in an ultrasonic bath. In 
order to deposit the materials uniformly, 10-15 
conditioning focus shots are fired before the 
synthesis deposition. A shutter was used, 
between the anode target and the silicon 
substrates, to avoid deposition during 
conditioning shots. Once strong and uniform 
focus peak are observed in voltage probe 
signals then the shutter was removed and FeCo 
samples are prepared using a designated 
number of focus shots. The distance between 
the substrate holder and the anode top was fixed at 250 mm for the entire set of deposition. Compared to the 
method discussed using a single shot plasma focus [10], we used a bigger distance as the films deposited at 
shorter distance are not very  uniform because of high flux of high energy ions.  

Hydrogen is used as the filling gas for nanophase FeCo and CoPt particles synthesis not only because 
it does not react with FeCo/CoPt to give different compounds, but hydrogen provides the strong electron 
emission for our NX2 devices [11]. Nano phase FeCo/CoPt particles samples were prepared using various 
combination of number of focus deposition shots and hydrogen filling gas pressure. NX2 was operated at 12 kV 
and repetition rate of 1 Hz. This study therefore represents the first ever use of repetitive plasma focus for 
synthesis of FeCo nanoparticles which allows for much faster preparation of samples. JOEL JSM-6700F 
Scanning Electron Microscope (SEM) with Oxford EDX attachment and JEM-2010 Transmission Electron 

Fig. 1 Schematic of experimental 
setup. 
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Microscope (TEM) were used to observe surface morphology and crystal structure of synthesized nanoparticle 
samples. 

 
3. Results and discussion 
 
3.1 Deposition of FeCo nanostructures using plasma focus device 

Nano-sized agglomerates are synthesized on Si substrate using 25 shots, as shown in Fig. 2a, from 
which we can see clearly that the agglomerates, are composed of smaller grains of the size approximately about 
10-20 nm. The distribution of these agglomerates is quite uniform. The surface morphology of the FeCo sample 
is similar to that reported in reference [11] using single shot plasma focus machine.  

Figure 2b is the topography on FeCo samples when NX2 was operated at 12 kV and 12 mbar hydrogen 
for 100 shots. It shows that the surface of the sample has a complex distribution of elongated linear network of 
nanoparticles on the top of a background composed of particle agglomerates. The background is similar to the 
one seen in Fig. 2a but the size of particle agglomerates has now increased significantly and has much wider 
range from about 150 nm to 200 nm. These agglomerates, however, are still made up of grains of much smaller 
size with the typical dimension of about 10-20 nm. The elongated linear network however is a chain of single 

grains or/and multiple grains 
(agglomerate) of the size 
ranging from 20 to 60 nm and 
looks like the beads of different 
sizes arranged on a string. 
Another very interesting feature 
is the observation of very small 
size nanoparticles (less than 10 
nm) at various places on the top 
of the sample surface as shown 
in Fig. 2c. These nanoparticles 
are very spherical and uniform 
in shape and size. They appear 
to be sprayed-on or sprinkled-on 
the sample surface. These nano-
particles are seen either as 
individually dispersed particle or 
to form loosely bound chains.  
The similar structures were also 
observed by Happy et al [12] 
and Henley et al [13]. The 
possible growth mechanism is 
characterized by diffusion 
limited aggregation [14]. 

Figure 2d is the SEM results on FeCo thin film for hydrogen operated at 12kV and 12 mbar for 250 
shots. The surface morphology is similar to the samples prepared using 100 shots. The only difference is that the 
linear network is much denser and seen to form a web-like structure. The size of background particle 
agglomerates and the grain size are similar to that at 100 focus shots. The size of sprinkled sub-10 nm nano-
particles however remains unchanged. 

 
 
 
 

Fig. 2 Topography of FeCo thin film deposited by H operated DPF at 
12kV and 12 mbar 
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The VSM results shows that 
when the number of focus 
shots is 25 or more, a well 
defined Hysteresis loop is 
observed and the amount of 
magnetization and coercivity 
can be estimated. The 
variation in the saturation 
magnetization (Ms) and 
remanance (Mr) have been 
estimated from these 
hysteresis curves and plotted 
in Figure 3 to quantitatively 
analyze the effect of the 
number of the focus 
deposition shots on magnetic 
characteristics of the 
deposited samples. It is found 
that the Ms is increased with 

the increase in focus deposition shots and ranges from 3×10-3 to 68×10-3 emu, and it is proportional to the 
numbers of focus shots. The Squareness Ratio (SQR), defined as Mr/Ms, ranged from 0.117 to 0.224. The 
Coercivity Hc ranged from 170 to 242 Oe, however unlike Ms and Mr there is no definite trend in the variation 
of coercivity with respect to focus deposition shots.  

 

  

  
Fig. 4 SEM images of CoPt thin films deposited by different number of shots. From a to d: 25 
shots, 50 shots, 100 shots and 150 shots. 

 
 
 
 

Fig. 3 Variation of saturation magnetization and remanance with 
number of deposition shots. 
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3.2 Deposition of CoPt nanostructures using plasma focus device 
The CoPt thin films were deposited on Si wafer at the axial distance of 25 cm using different 

number of plasma focus shots in the hydrogen gas with fixed gas pressures of 6 mbar by NX2 devices 
operated at lower charging voltage of 8 kV and repetition rate of 1 Hz.  Fig. 4 shows the morphology of the 
CoPt samples deposited by different plasma focus shots. Very uniform well-separated nanoparticles were 
observed. As shown in Fig. 4(a), the morphology of CoPt nanoparticles thin film deposited by 25 shots 
plasma focus shots, shows very small and uniform distribution with the average particle size of about 10-
20nm.  Fig. 4(b) (c) and (d) show a gradual change process of the particle size with the increase in number 
of focus shots from 50 shots to 150 shots. However, this process shows that the significant increase of 
particle size resulted in the agglomeration of small size particles, which can be clearly seen in Fig. 4(d). 
The average particle size of the agglomerated particles in Fig. 4(d) is about 80 nm to 100 nm,  but, they are 
still made up of much smaller size particle with the typical dimension of about 10-20 nm. The 
agglomeration process arises upon the increase of the number of deposition shots, which can be attributed 
to more materials amount being ablated with increasing number of shots and thermal energy carried by 
material ions was transferred to the sample which cause the small size particles agglomeration.  

 
 
 
 

The uniformity of the particles distribution also can be represented by the cross-section view of 
SEM images.   As shown in Fig. 5, the typical cross-section view of 100 focus shots deposition sample very 
clearly shows the uniform distribution of the agglomerated particles. The thickness of the deposited CoPt 
thin films also can be measure from the cross-section images. The thickness of sample deposited by 100 
plasma focus shots is about 200 nm which shows that the use of repetitive PF to deposit thin film is a much 
faster technique. XRD spectra of samples annealed at different temperature which were deposited by 100 
shots plasma focus shots were given in Fig 6.  The XRD spectra show that the phase transition temperature 
of CoPt thin film deposited by PF was around 600oC. When annealing was performed below 600oC, heat 
treatment appreciably promotes intensity of fundamental (111) peak, which became stronger and shaper 
upon the temperature increase and no ordering peaks could be observed in the XRD pattern. When the 
annealing temperature increase by 600oC, very clear lines of (001) /(110) from ordered fct structure arise,  
indicating that CoPt grains has transformed from disorder fcc structure to order fct structure.  
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Fig. 7 shows the M-H loops for the sample deposited by 100 plasma focus shots, annealed at 
Ta=600oC for 1 hour. Very high coercivity of 5000 kOe was observed, which is 2 times larger than the 
reported value for CoPt/ZrOx [15]. The significant increase of coercivity results from the ordering of the 
CoPt grains upon the 600 oC annealing, accompanied by the large crystalline anisotropy.  

 
4.   Effects of Ion irradiation using plasma focus device on pulsed laser deposited 

FePt thin films 
Figure 8 shows the morphology of FePt thin films deposited by conventional PLD in vacuum at 

room temperature and consequently irradiated by energetic H+ ions using plasma focus device. As Figure 
8(a) shows, as-deposited FePt thin films are smooth with few big particulates (known as laser droplets) 
dispersing on the surface, which are the typical drawbacks of PLD technique. After irradiation by single 
shot energetic H+ ions from dense plasma focus device, the morphology of FePt thin films changes from 
that of the smooth uniform film to film with small well-separated nanoparticles with good uniformity, refer 
Figure 8(b). The composition of FePt nanoparticles are determined to be 48.1 at %Fe and 51.9 at %Pt using 
EDX spectrometer, which remains almost the same as target materials. The average particle size, 
determined by ImageJ@ analysis software, is found to be 9.12.3 nm. When highly energetic ions penetrate 
into sample materials, they have an almost constant energy loss in the beginning and a very high energy 
loss at the end where they stop, the so called Bragg peak. For H+ ions with mean energy of 124 keV, their 
project range is about 521 nm, which is greater than the thickness of FePt thin films of about 675 nm, 
indicating most of H+ ions stop in silicon substrates. Since the energy from energetic ions is mostly 
deposited near Bragg peak which in our case will falls in silicon substrate, the top silicon layer just below 
the FePt thin film will be heated up to a very high temperature in a very short time and then the thermal 
energy is conducted to FePt thin films. The thermal energy in turn leads to the diffusion of metal atoms 
either through the lattice or along grain boundaries, which releases the thermal expansion mismatch stresses 
and leads to the formation of nanoparticles at the surface layer of FePt thin films. 
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Fig. 8 SEM images of (a) as-deposited sample and sample after (b) single shot ion  
           irradiation by  plasma focus device. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 shows XRD patterns of as-deposited FePt sample and samples after single shot ion 
irradiation and annealing at different temperatures. As-deposited FePt thin films exhibit fcc phase with a 
broad and weak peak of (111) at about 41° which may results from the overlapping of a number of 
crystalline peaks or crystal defects in the nanocrystallites. After single shot ion irradiation, the intensity of 
broad (111) peak decreases significantly and almost disappears compared with that of as-deposited sample. 
There are two possible mechanisms for this phenomenon: (i) continuous accumulation of defects which 
destabilize the crystal structure at some critical levels, and (ii) rapid quenching of irradiation induced liquid 
thermal spike regions. Thermal spike is a damaged and amorphous structure, which forms due to the local 
melting of the irradiation region and consequently a rapid quenching of the liquid phase.  

Using SRIM software, it is found that for silicon substrate coated with 67 nm FePt the projected 
range of 124 keV hydrogen ions, the average energy of ions in our plasma focus device, is about 1.1 m. 
This means that most of the energy of ion pulse is deposited on the top layer of silicon substrate as FePt 
film is relatively thin. Using a simple method in conjunction with ion penetration depth, as estimated by 
SRIM software, the fast rise in temperature around the surface layer of silicon substrate is estimated to 
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about 1830 K. After annealing the single shot ion irradiated sample at 300 °C, two peaks at around 41° and 
47° appear on its XRD pattern. The sample is determined to be mainly fcc phase FePt and the peaks are fcc 
phase of (111) and (002). However, the slight splitting of these two peaks indicates that some of FePt 
nanoparticles may have been converted to L10 ordered fct phase, since the lattice constants of fct FePt are 
different from those of fcc FePt. By increasing the annealing temperature further to 400 °C, more peaks 
appear on the XRD pattern.  The appearance of (001) peak at around 24° indicates the phase transition to 
the long range L10 ordered fct, which is the most thermodynamically stable plane in the fct structure. The 
phase transition is confirmed by the further splitting of the fundamental (111) and (002) peaks. The 
enhancement in (001) and (002) peaks indicates that most of the FePt nanoparticles have their (001) planes 
parallel to substrate surface, which would give rise to high magnetocrystalline anisotropy and high 
coercivity in in-plane hysteresis behavior. The mean crystallite size of FePt was estimated to be about 13.7 
nm for the sample annealed at 400 C, which still can be considered as reasonably small. The order 
parameter S can be used to measure the long range L10 order, which is calculated from the ratio of the 
integrated intensities of the (001) and (002) peaks and ranges from zero (disordered fcc phase) to unity 
(fully ordered fct phase). It is estimated to be about 0.75 for the sample annealed at 400 °C and indicates 
that most of FePt nanoparticles have been converted to fct phase. However, the samples without ion 
irradiation but after annealing at 400 °C, as shown in Figure 8, remain in fcc phase though with improved 
crystallinity. The non-irradiated samples would not convert to fct phase unless the annealing temperature is 
raised up to around 600 °C. The low phase transition temperature of single shot ion irradiated samples can 
be explained by the impact of energetic ions and neutral species which provoke significant adatom mobility 
and a decrease of the activation energy for atomic ordering by increasing point defects such as vacancies 
and interstitials.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 shows the transmission electron microscope (TEM) image of FePt nanoparticles 

synthesized by single shot ion irradiation and annealed at 400 °C, which was measured by JEOL 2010 
TEM. TEM sample was prepared through dropping FePt nanoparticle suspension onto Cu meshes, and the 
suspension was prepared through scratching out FePt nanoparticles from irradiated sample and then re-
dispersing them in ethanol using ultrasonic bath. It was found that FePt nanoparticle synthesized by single 
shot ion irradiation using plasma focus have good particle size distribution with average particle size of 
113.7 nm. FePt nanoparticles seem to aggregate together from TEM images, whereas they are well 
separated in SEM image (refer Figure 8 (b)), which is due to the method used for TEM sample preparation. 
The electron selected area diffraction (SAD) pattern is shown in the inset of Figure 10, which is analyzed 
by JEMS@JEOL and indicates that FePt nanoparticles are fct phase polycrystalline after annealing at     
400 C. It is consistent with the results concluded from XRD patterns (refer Figure 9).  
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The hysteresis loops of samples exposed to single shot energetic H+ ions at a distance of 5 cm and 

annealed at 400 C are shown in Fig. 11. FePt thin film after single shot ion irradiation shows weak 
ferromagnetism with coercivity of about 150 Oe. After annealing at 400 C, the coercivity of the irradiated 
samples increases tremendously from about 150 Oe to about 6820 Oe, which is about 45-folds increase. 
The order of magnitude enhancement in coercivity of annealed irradiated samples is due to the presence of 
highly ordered L10 fct-structure confirming the phase transformation from low Ku fcc to high Ku fct at 
lower temperature of 400 C for H+ ion irradiated samples.  

 
5. Conclusion 

It can be concluded that plasma focus device is indeed a novel device for nanoparticle synthesis. 
The magnetic nanoparticles were successfully synthesized in two different ways: (i) by instability generated 
electron beam assisted ablation of FeCo/CoPt fitted anode tip of plasma focus device for direct synthesis of 
corresponding nanoparticles and (ii) by energetic hydrogen ion irradiation in plasma focus device for nano-
structuring of FePt thin films synthesized by PLAD technique. The plasma focus based synthesis always 
results in nanoparticle formation, though the agglomeration of nanoparticles is seen to occur very 
prominently with the increase in the number of focus deposition shots. The plasma focus uses the energetic 
and dense plasma for thin film deposition which results in as-deposited crystallinity and high deposition 
rates. The plasma focus device, as pulsed ion-irradiation facility owing to high fluence of ions, can achieve 
desired nanostructuring in PLAD grown thin film in single shot exposure in relatively much smaller time as 
compared to continuous ion-irradiation facility.  
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