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Triboelectric and plasma charging of microparticles
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28 June 2016

Abstract

The charge on two sets of 100 µm polystyrene particles has been measured using their acceleration in an externally
applied electric field. This allows for the measurement of the individual charge on multiple particles at the same time.
It is found that particles will charge each other both positive and negative due to the triboelectric effect. This leads
to a broad particle-charge distribution with positive, negative and neutral particles. The particle charge can be largely
removed by applying a plasma over the particle containing surface. After plasma charge removal, the particles are
triboelectrically recharged when they come into contact with other materials.

1 Introduction

The charging of particles is important in many industrial
processes. Particle charge may lead to unwanted electric
forces or possibly hazardous electrical discharges. In the
present work we look at two processes that may influence
the particle charge in a typical industrial environment.
Firstly, frictional charging due to the triboelectric effect.
Secondly, plasma charging due to free electrons and ions.

Triboelectric charging occurs due to the exchange of elec-
trons between two contacting bodies [1, 2]. This does not
only happen for different materials; equal particles can
also charge each other [3]. Charging of similar particles
may often be due to small differences between them. E.g.
smaller particles tend to charge negative and larger ones
positive [4, 5]; different dyes lead to different charging [6]; a
plasma treatment can alter the effective workfunction and
therefore the charging [7]. Also truly identical materials
may charge due to particle polarisation in an external elec-
tric field [8]. Such an electric field may even spontaneously
build up when identical glass beads are shaken [3].

Plasma charging is due to the free ions and electrons
in a plasma. The plasma will charge a body in contact
with it to such a potential that the total net charge flux
towards the body is zero. Generally the bodies will get a
negative charge to repel part of the electrons, that are much
lighter, and therefore faster than the ions. Also particles
on a surface in contact with a plasma will generally charge
negative [9].

In this paper we report on measurement of the charge on
100 µm polystyrene particles. This charge was determined
by measuring the particle acceleration in an externally ap-
plied electric field. This has the advantage over the more
traditional faraday cup measurement, that it allows the
measurement of the individual charge on multiple particles
simultaneously.

2 Experimental setup

In the present experiments we have used two sets of par-
ticles. Both are polystyrene and approximately 100 µm
in size, but they are acquired from different suppliers and
have different dyes. The ‘red particles’ are PS-FluoRed-
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Figure 1: (a) Schematic representation of the dust dis-
penser and the plasma setup (not to scale). Top; the dust
dispenser: the outline of the container is shown in black
with brown particles in it; it is suspended by a movable rod
(grey). Bottom: plasma setup: the powered and grounded
electrode are shown in grey, the piezo in blue, a dust par-
ticle in brown and the plasma in pink. Note that in reality
the dust dispenser and the plasma are never on at the same
time. (b) Schematic representation of the rotated plasma
setup (see a) and the measurement section (not to scale).
Bottom; measurement section: the electrodes are shown in
grey, the electric field is indicated by the red arrows and a
negatively charge particle is shown in brown.

Fil53 produced by Microparticles GmbH [10] and have a
diameter of 95.7 µm with a standard deviation of 1.5 µm;
they are dyed with a ‘FluoRed’ dye. The ‘green particles’
are 35-11B from Thermo Scientific [11]; they have diameter
of 101 µm and are dyed with a green fluorescent dye.

The particles are introduced in the setup using a so-called
dust dispenser (fig. 1a top). This consists of a container
with the particles, that has a hole in the bottom. The
container can be moved approximately 15 mm up and down
using an electromagnet and a spring. This will cause the
particles to roll in the container and some of them to drop
through the hole.
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Figure 2: Twenty one subsequent frames showing particles
falling in the electric field. The frames are recorded at
4 000 fps in grey-scale and are here coloured alternately
red, green and blue.

The particles fall onto the 2 × 2 mm gold-plated surface
of a piezo actuator (fig. 1a). This is done in an argon at-
mosphere at a pressure of 800 mbar to prevent the particles
from bouncing off the actuator surface.

The gold plated surface is part of a larger 70 × 70 mm
grounded surface in an RF-plasma setup. Here we create
a plasma by applying an RF (13.56 MHz) alternating volt-
age to a second electrode that is positioned 27 mm above
the grounded one (see fig. 1a bottom). This is done in
0.5 mbar argon. The plasma power during the experiments
is between 26 and 29 W.

The surface, with the piezo, is, together with the RF elec-
trode, suspended on a rotational-translational feedthrough.
After rotating the surface, the piezo can be agitated, to re-
lease the dust particles and drop them to the measurement
section (fig. 1b).

The charge on the particles is measured by diverting
them in an electric field (see fig. 1b bottom). The elec-
tric field is created between two parallel metal plates
3 cm apart; one grounded and one with a 4 kV poten-
tial. The measurements are performed in a high vacuum
(< 10−4 mbar). Therefore the two main forces acting on
the particles will be gravity in the vertical direction and an
electric force in the horizontal direction.

The particles are imaged using a high-speed camera at
4 000 fps. Figure 2 shows an example of 21 frames as cap-
tured by the camera. The original frames are in greyscale,
but are here alternately coloured red, green and blue. Mul-
tiple particles can be seen traversing and accelerating in
the electric field.

The measured horizontal acceleration can easily be used
to calculate the particle charge

q =
m

E

d2x

dt2
. (1)

Here m is the mass of the particles, E is the applied electric
field, x is the horizontal position and t is time.

To test the system we have measured a number of par-
ticles without turning on the electric field and subjected
these measurements to the same analysis. The results
(fig. 3a) show a particle charge distribution with mean
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Figure 3: (a) Sensitivity check: histogram of the ‘measured
charge’ when the electric field was turned off, which should
have resulted in zero particle charge. The histogram is com-
posed of 2851 particles in 19 measurements. (b) Histogram
of the initial charge on the green and red particles from the
dust dispenser. The histogram is composed of 393 red and
588 blue particles in respectively 47 and 15 measurements.

2 · 103 e and standard deviation (SD) 2.3 · 104 e (1 e =
1.6 · 10−19 C is the elementary charge). This should have
resulted in no measured charge. The found results are mea-
surement errors caused by e.g. lens aberrations, particle
detection problems and flow forces. From this we conclude
that our system is usable to measure particle charges down
to the order of 104 e.

During a typical experiment, our particles have contact
with each other and a number of surfaces made of different
materials. There are three specific stages in which the par-
ticle charge can get altered. In the first stage the particles
are shaken in the dust dispenser and will repeatedly bump
into each other. In the second stage the particles are on
the gold coated piezo surface, where their charge may be
altered by the presence of a plasma. In the last stage the
particles fall during the measurement and may bounce off
different surfaces (mainly the glass window at the bottom
of the vessel). Bellow we will look at these three stages.

3 Dust dispenser

To measure the initial charge on the particles, we drop par-
ticles from the dust dispenser directly to the measurement
section (i.e. the plasma electrodes and the piezo are re-
moved from the setup). These measurements are performed
completely in a high vacuum (< 10−4 mbar), because this
is required for reliable charge measurements. Two separate
sets of measurements were performed for the red and the
green particles.

Both sets of particles charge both positive and negative
(fig. 3b). They show a broad distribution. This indicates
that the particles charge each other; some charge positive,
others negative. Besides this, both particle sets have a
mean negative charge. This is likely due to tribocharg-
ing against the container walls or bottom, which are made
of, respectively, stainless steel and aluminium. The green
particles are charged more negative than the red ones; re-
spectively mean charge −8 · 105 e (SD: 1.1 · 106 e) for the
green and −5 · 105 e (SD: 1.5 · 106 e) for the red particles.

The histogram is composed of 393 particles in 47 mea-
surements for the red, and 588 particles in 15 measurements
for the green particles. All measurements of one particle
type were performed subsequently with a pause of approx-
imately 10 minutes between the measurements. The parti-
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Figure 4: Mean (dots connected by line) and standard de-
viation (errorbars) of the charge on the red and green parti-
cles. (a) Subsequent measurements of particles falling from
the dust dispenser. (b) Particles being exposed to different
durations of plasma. The two leftmost points correspond
to measurement without plasma.

cles remained in the stationary dust dispenser between the
measurements; it was not refilled. Particles in later mea-
surements were found to have a more negative charge than
those in the first measurements (fig. 4a). This is especially
clear for the green particles. Particles falling in later mea-
surements have had more contact with the container, and
therefore have a higher net charge. Note that in later mea-
surements the container gets emptier, causing less particles
to fall from it. Therefore the later measurements contain
more statistical noise.

4 Plasma decharging

In the next step the particles land on a gold-plated surface
and are exposed to different durations of plasma (fig. 4b).

The left two points in fig. 4b are measurements in which
no plasma was applied; the particles were dropped on
the surface at 800 mbar and then dropped into the mea-
surement section at high vacuum. These measurements
also show a higher negative charge on the green particles
(mean: −3 · 105 e; SD: 5 · 105 e) than the red particles
(mean:−3 · 104 e; SD: 3 · 105 e). Both particle sets have a
smaller charge than their counterparts without surface con-
tact in the previous section. This goes for both the mean
charge and the standard-deviation. There are a number of
explanations for this. Firstly, the dust dispenser has been
refilled between the sets of measurements. Refilling will al-
ter the particle charge, similar to the shaking, as seen in
fig. 4b. Secondly, the particles in these measurements are
dropped at a pressure of 800 mbar, while those in the pre-
vious section were dropped in high vacuum (< 10−4 mbar).
This may alter the triboelectric charge when the particles
are released from the dispenser. Thirdly, the particles may
triboelectricaly charge against the gold surface. This ef-
fect is, however, expected to be limited, because only the
contact surface of the particle will be charged.

The particles decharge when they are exposed to a
plasma (fig. 4b). We have shown earlier that a plasma
will cause particles on a surface to charge towards a cer-
tain equilibrium charge [9]. In the present experiments the
equilibrium charge is smaller than the initial charge, and
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Figure 5: (a) RF root mean square (RMS) voltage and (b)
DC bias on the powered electrode during the measurements
in figure 4b.

the particle charge is seen to reduce. For the red parti-
cles this happens on a sub-millisecond timescale, while for
the green particles this takes tens of seconds. This last
timescale is very long for plasma charging processes, that
generally happen within a millisecond. We currently do not
have an explanation for the long duration in these measure-
ments. One might be found in the direction of the charge
migration over the particle surface. Surface conductivity
typically leads to longer timescales [12].

Plasma etching does not have a significant effect on the
particle size in the used timescales. Separate experiments
with in-situ imaging have shown no vissible change in par-
ticle size for plasma durations of over an hour.

The difference between the two sets of particles is re-
markable, because both consist of the same material. The
size difference between them is only 5%, and should there-
fore not lead to significant differences in charge.

The difference might be due to a different surface con-
ductivity, and therewith a difference in particle charging.
This conductivity might be either due to crystal defects
near the surface or water adhered to the surface. Both
will depend on the surface roughness and therewith the
particle production process. Unfortunately neither of the
two suppliers could provide details on the particle surface
roughness. We have measured that in ambient air the re-
sistance is more than 1 GΩ between the top of the particle
and the surface for both sets of particles.

4.1 Plasma parameters

The plasma is diagnosed electrically using a Scientific Sys-
tems smartPIM and a GREMI-probe [13] to measure re-
spectively the RMS voltage and DC bias of the powered
electrode (figure 5). The DC bias is caused by the asymme-
try between the powered and grounded electrode, because
the surrounding vessel also acts as a grounded electrode.

For insight in the other plasma parameters we have
simulated the plasma using a drift-diffusion model in the
PLASIMO plasma simulation software [14]. The simula-
tion domain is chosen cylindrically symmetric, on the top
and bottom bounded by respectively the powered electrode
and the grounded electrode with the gold-plated surface
in the centre (figure 6a). This thus means that we sim-
plify the actual square gold surface to a circular surface.
For the powered electrode we set a sinusoidal voltage with
amplitude 77 V and offset -170 V, in agreement with the
experimental measurements.

Figures 6b, c and d show respectively the potential, elec-
tron density and temperature as function of height above
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Figure 6: (a) Domain of the PLASIMO simulation with
the powered electrode (top; grey), grounded electrode (bot-
tom; grey) and gold surface (bottom; black). The colours
indicate the electron density. (b-d) Simulation results as
function of height averaged over the width in the area in-
dicated by the red dashed outline in a for different times in
the 74 ns RF cycle.

the gold surface in the dashed red rectangle in figure 6a for
different times in the RF cycle. The bulk electron density
and temperature are relatively independent of the RF cy-
cle time, while the potential is clearly influenced by it, as
would be expected. The gold surface is floating and the
simulations show it charges slightly negative compared to
the surrounding grounded electrode to potentials varying
from -6.5 V to -9 V in the RF-cycle.

4.2 Plasma charge theory

Theoretically determining the charge on a particle on a sur-
face in a plasma is a tedious problem. We have attempted
it numerically in [9] for a single insulated particle on a flat
surface. Its equilibrium charge was determined by balanc-
ing the ion and electron fluxes. We have rerun this model
for an electron temperature of 6 eV and a density of 2 and
5 · 1015 m−3, as taken from figure 6. The resulting particle
charges are shown by the black solid lines in figure 7.

This model is, however, developed for equilibrium
charges in DC plasmas and thus does not take the RF
fluctuations into account. These fluctuations occur on a
timescale that is approximately a factor 10 smaller than
the charging timescale (charge divided by electron and ion
flux). Therefore the real particle charge would not fluctu-
ate much in the RF-cycle and will end up around its central
value somewhere around -0.4 to −0.05·106 e as in the -30 to
-40 V region. A real time-dependent simulation is required
to fully implement the influence of the RF fluctuations.

Other estimates in literature assume that the particle
acquires a similar surface charge density to the surface [17,
16, 18]. This is the true when the particle is conductively
connected to the surface. In this case the particle charge
can be deduced from the electric field near the surface [15]
(dashed line in figure 7).

Besides these mean particle charges, it has been sug-

Figure 7: Measured mean (red and green solid horizon-
tal line) and SD (red and green dotted horizontal line;
hatched region) charge on the red and green particles. The
black solid line (bottom axes) is a charge estimate for sin-
gle insulating particle (with bulk electron density of 2 and
5 ·1015 m−3 for respectively the right and left line) [9]. The
dashed black line (top axes) is an estimate for conducting
particles [15]. The dotted black line is an RMS fluctuations
estimate [16].

gested that the charge fluctuations may be important [17].
Sheridan and Hayes [16] have derived an expression for the
RMS charge (dotted line in figure 7). These fluctuations
are relatively small compared to the mean charge on the
big 100 µm particles.

Our experimental results are shown in figure 7 by the
horizontal red and green line (mean charge) and hatched
region (standard deviation). All plasma results in fig-
ure 4b are summed. Therefore, the green particles have
a large negative mean charge and high standard deviation,
mainly induced by the short-plasma measurements. The
grey shaded area indicates our measurement accuracy (SD
from figure 3a).

Both the insulating and conducting theoretical estimate
show charges in the same order of magnitude as the exper-
imental results. Unfortunately, further comparison is lim-
ited due to both experimental uncertainties in the particle
conductivity, and theoretical uncertainties in the influence
of the RF fluctuations.

Wang et al. [15] experimentally found both positive and
negative charges in the order of 105 e on 100 µm parti-
cles on a surface in a plasma, depending on the surface
potential. They, however, used a hot filament to create the
plasma, which is known to cause hot electrons and therefore
possibly a higher equilibrium charge [9].

5 Glass bounce

After being decharged by the plasma, the particles may be
charged again, when they come in contact with a surface.
This is seen when the particles bounce off the horizontal
glass window in the bottom of the measurement vessel.

Figure 8a shows the charge on particles entering the mea-
surement section at different times. The particles left the
surface when it was agitated between time t = 0 and t = 1 s.
The time that they should arrive in the measurement sec-
tion is indicated in grey in fig. 8a. Particles coming di-
rectly from the agitated surface correspond to the group
with near-zero charge in this grey area.

Besides the near-zero-charge group there is also a spread-
out group of particles with a more negative charge. These
are also seen in the measurement section after the agitation
of the surface has stopped. These are particles that have
bounced at least once; probably on the glass in the bottom
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Figure 8: (a) Charge on downward (black dots) and up-
wards (red dots) moving particles in the measurement sec-
tion. The time at which particles falling directly from the
surface will arrive is indicated by the grey patch. (b) His-
togram of the particle charges in (a).

of the vessel. Glass is known to mostly charge positive, thus
charging the particles negatively, as seen in fig. 8a. This
group of particles consists of both upward (red dots) and
downward (black dots) moving particles. This indicates
that the particles bounce, move up and then fall back down
again.

In a histogram of the particle charges (fig. 8b) one
can clearly see different populations of particles. The
largest group contains the particles coming from the sur-
face around zero charge. Beside this, there is a population
around −1.2 · 105 e and a smaller one around −2.4 · 105 e.
These probably correspond to particles that have bounced
off the glass respectively once and twice. This means that
in a single bounce event the particles gain a charge of
−1.2 · 105 e. Higher order populations are hard to dis-
tinguish, because most particles are lost to the walls before
bouncing three times.

Note that for the measurements in the previous sections,
the bouncing was largely prevented by placing a diagonal
surface in the bottom of the vessel. This caused a strong
reduction in the observations of the negatively charged
bouncing particle population.

6 Conclusion

The charge has been measured on two sets of polystyrene
100 µm particles from different manufacturers with differ-
ent dyes. Both sets of particles triboelectrically charge due
to collisions amongst themselves and with surrounding ma-
terials. The collisions with surrounding materials led to a
mean net negative charge on the particles. The collisions
amongst themselves led to a broad distribution around this
mean, with positive, negative and uncharged particles.

A plasma can be used to remove the charge from the par-
ticles, because the equilibrium charge caused by a plasma
on a particle on a surface is smaller than the triboelectric
charge. Our particles, which started with an initial charge
in the order of 105 e were decharged to the order of 104 e or
lower. This happened at a sub-millisecond timescale for the
red particles and at a second time scale for the green parti-
cles. This first time scale is as to be expected for a plasma
charging process. We do not have an explanation for the
long decharging of the green particles or the difference be-
tween the particle sets; it might be due to a difference in
surface conductivity.

The particles can recharge after being decharged by the

plasma. It was found that a bounce off a glass surface
leaves a charge of −1.2 · 105 e on the particles.
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