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ABSTRACT 
 
This work presents a new technique to produce 

nanoparticles in a controlled manor using highly ionized 
plasmas that will ionize the source material [1]. The 
advantage of ionizing the source material is that it will 
increase the trapping onto negatively charged nanoparticles 
(NPs) that should result in a significant increase in 
productivity. In this work we have performed both 
simulations and experiments. The experiments were per-
formed using high power impulses to generate high plasma 
densities. The dense plasma yields a high degree of 
ionization of the sputtered metal species. Solid metal 
cylinders of Cu, Ag, Ti and Mo were used as hollow 
cathodes for the synthesis of NPs. By tuning the process 
parameters, pulsing energy, pulsing frequency, etc., the 
particle size can range from of 5 nm to 700 nm in diameter.  

 
Keywords: nanoparticle, hollow cathode, sputtering, 
plasma, pulsed power 
 
 

1 INTRODUCTION 
 
Today there are various plasma techniques where 

material is sputtered and used to synthesize nanoparticles 
(NPs) [1].  However, we have been unable to identify 
anyone ionizing the sputtered material in such a process. 
The advantage of ionizing the source material is that it 
increases its trapping onto negatively charged nanoparticles 
(NPs) in the plasma should result in a significant increase in 
productivity. The experiments were performed using high 
power impulses to generate high plasma densities, similar 
to thin films synthesized by high power impulse magnetron 
sputtering [2], applied to a hollow cathode [3]. Simulation 
was done using a Monte Carlo technique to estimate the 
difference in trapping probability for ionized and neutral 
source atoms. By altering the pulsing conditions – pulsing 
frequency, pulse power, pulse length, etc, - the process can 
be tuned and potentially give a controllable syntheses of a 
number of different particles.  

 
 
 

 

2 EXPERIMENTAL TECHNIQUE 
 
The experiments were done a cylindrical chamber. A 

sketch of the setup is shown in Fig. 1. The hollow cathode 
is mounted in the center of the lid. The cathode is water-
cooled and has a length of 54 mm and an inner diameter of 
5 mm. A grounded anode ring with a diameter of 30 mm is 
placed 45 mm below the cathode, and a mesh cage encloses 
the anode ring. The substrates are placed 160 mm from the 
cathode and consists of Ti-coated of Si-wafers positively 
biased to 10 V. An Ar working gas of about 100 Pa was 
used.  

 
The pulsed power was supplied by a pulsing unit (own 

design) feed by a direct current power supply (Advanced 
Energy MDX-1K). The pulse was characterized by a 
frequency between 250 and 1300 Hz, a pulse width of 10 to 
77 μs and peak current of up to 20 A. The nanoparticles 
were collected on the substrate and analyzed using scanning 
electron microscopy. From the micrographs nanoparticle 
size distributions were calculated.  

 

Figure 1: A schematics of the experimental setup. The 
water-cooled hollow cathode (red) is fed with Ar sputter 

gas from above. Below the cathode an anode ring is 
attached. A mesh cage was used to confine the nano-

particles to the substrate table. 
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Figure 2: a) and b) SEM micrographs of Cu particles of different shapes.  

c) TEM micrograph of a single-crystalline weakly faceted Ti nanoparticle. 

 

3 RESULTS AND DISCUSSION 
 
A number of different sizes and shapes have been 

synthesized using the new technology. Fig. 2 illustrates 
some of the particles. Figs. 2 a and b illustrates Cu NPs of 
different shapes. The irregularly shaped particles are 
obtained using He as a cooling gas supplied in the main 
chamber. Fig. 2 c illustrates a single crystalline Ti particle 
with a thin oxidized layer. The particle is a single crystal.  

  
Figure 3: Variation of the nanoparticle diameter vs. the 

discharge frequency for constant energy per pulse (□) and 
constant average power (Δ). The inset shows the NC size 

distribution at f = 900 Hz at constant average power. 
 
 
 
 

 
 
 
The size and size distribution can be varied using a 

range of different process parameters. In Fig. 3 the result of 
two different conditions are illustrated. The blue (squares) 
illustrates size and size distribution as a function of pulsing 
frequency using identical pulses. The bars indicate the 
standard deviation in the size distribution. The red symbols 
(triangles) indicate values obtained from pulses adjusted to 
keep the mean power supplied to the cathode constant as 
the pulsing frequency is altered. In both cases a step in size 
is found at a pulsing frequency of about 700 Hz. On-going 
plasma simulations indicate that this is due to overlap 
between sequential pulses as the frequency reach this value.  

That the pulsing of the source material and the degree of 
ionization affects the formation of NPs is clear from the 
experiments. Monte Carlo simulations have been used to 
estimate the difference in trapping probability between 
ionized and neutral source atoms. The results indicate that 
for given process conditions, the trapping probability can 
differ dramatically. Figure 4 shows that the trapping 
probability of ions is much higher than neutrals at critical 
process pressure. At 100 Pa — a typical experimental value 
for our NP synthesis — the metal-ion collection probability 
is nearly 100% while only 10-15% of the neutrals are 
trapped. The main reason for the big difference is the cross-
section for interacting with NPs between ions and neutral. 
The cross-section for neutral atoms are limited to the 
physical size of the NP while ions are affected at a distance 
corresponding to the Debye length [suitable ref to Debye 
length] from the particle.  
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Figure 4: The collection probability of neutrals and ions 

by NCs as a function of the operation pressure as estimated 
through Monte Carlo simulations. 

 

4 SUMMARY 
 
NPs can be synthesizes in pulse plasma discharges with 

a high degree of ionization of the source material. Altering 
the pulsing give a range of parameters that can be used to 
tune the size and shape of the produced NPs and the 
collection rate on the NPs increases dramatically in suitable 
parameter range. As illustrated in this work altering the 
pulsing frequency it is possible to tune the size of the 
particles at least from 10 to 40 nm.  
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