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Analysis of electron energy distribution function in a
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The electron energy distribution function (EEDF) for a magnetically filtered dusty plasma is studied in a dusty double
plasma device where the electron energy can be varied from 0.15 eV to ~ 2.8 eV and plasma density from 10° cm~—3 to
10° em~3. The characteristics of EEDF for these ranges of plasma parameters are investigated in a pristine plasma as well
as in a dusty plasma. The results show that in the presence of dust, there is a drastic modification in EEDF patterns in a
plasma with higher electron temperature and density than those in a low temperature and low density plasma produced by

the magnetic filter.

Keywords: dusty plasma, magnetic filter, electron energy distribution function

PACS: 52.25.-b, 52.27.Lw, 52.70.-m, 52.20.—j

1. Introduction

The control of plasma parameters such as electron tem-
perature, electron density, sheath potential, and electron en-
ergy distribution function (EEDF) in a weakly ionized plasma
is of much importance in many plasma-based applications.!!!
Since these plasma parameters are essential to study the
dependences of different particle elementary processes and
plasma collective phenomena in weakly ionized plasmas.”!
In some recent experimental works, different techniques have
been reported to optimize those plasma parameters using dif-
ferent plasma devices.*”) In addition, the EEDF is closely
related to the rates of major changes in elementary processes,
and it determines the stability as well as the dynamic proper-
ties of plasma.®~'?! Therefore, the control of EEDF is one of
the most important challenges in the application of chemically

(13.14] 1 general,

active plasmas in plasma processing reactors.
EEDF is calculated from the double derivative of the experi-
mentally measured Langmuir probe /-V characteristics' !> but
some authors have also reported on a few other models to es-
timate EEDF in a plasma in different ways.['®~1°]

It is well understood that the presence of micron-sized
charged dust particles in plasma drastically changes the
plasma parameters and sheath potentials, and also affects the
collective processes in such plasma systems.!”>!] Denysenkoa
et al*? and Ostrikov et al>}) studied the properties of EEDF
in the presence of dust particles in a plasma and they con-
cluded that a typical Druyvesteyn-like EEDF in a pristine
plasma may become Maxwellian one in the presence of the
sufficient number of dust particles. For non-equilibrium plas-
mas, such as low pressure discharge plasma, the electrons are

in equilibrium neither with other plasma components, nor with
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the electron ensemble itself.'>! This means that the EEDF of
such a plasma is non-Maxwellian, and as a result the plasma
modeling is much more complicated.”*! Therefore, to char-
acterize the plasma, it is important to know the energy distri-
bution of the electrons, which is directly related to not only
the chemistry of the electronic kinetic processes within bulk
plasma but also the electron density and temperature.[>>-2]

Again, the role of ambient plasma condition (density,
temperature, etc.) in dust charging processes has been studied
by many researchers based on the OML approximation.27-28]
Kaushik et al!*®! studied the effect of electron temperature
on dust charge and they observed a reduction in dust charge
with the decrease in electron temperature even after increas-
ing plasma density. However, this peculiar observation should
be well understood, because although the electron temperature
is a determinative factor in determining the dust charge but
the role of plasma density cannot be neglected as indicated in
earlier reports.”=3!1 Though there is much research work on
EEDF, which has reported from time to time, to our knowledge
no experimental evidence is available which shows the effect
of dust on EEDF in a plasma at the most fundamental level.
Hence, in this paper, based on the techniques for the determi-
nation of EEDF from the double derivative of Langmuir probe
I-V characteristics,[!5! different important features of EEDF
in a dusty plasma are presented. Finally, the measured EEDFs
are compared with the existing theoretical one.

2. Experimental procedure

The experiment is performed in a dusty double plasma
device and the schematic diagram is shown in Fig. 1. The de-
vice is divided into two sections, namely the source and the
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target by a magnetic filter made by an arrangement of perma-
nent magnets. The magnetic filter is composed of 5 permanent
magnets that are similar to those used for surface plasma con-
finement and are fixed at 3.4 cm apart from each other with
opposite pole orientations. The maximum pole field strength
of each magnet (1.8 cm in thickness, 1.0 cm in breadth) is
0.07 T. The details of the filter configuration (field mapping,
etc.) have already been reported by Bailung ez al!*°]

wide band
oscillator

power | |
amplifier

dust dispersing set up

LP1 LP2

source
- e .

= =

to pump

target

Fig. 1. Schematic diagram of the experimental device, F-filament, V-
discharge voltage, Vs-filament heating voltage, MF-magnetic filter, D-
dust column, LP >-Langmuir probe.

The chamber is evacuated down to 2.0x 10~* Pa using an
oil diffusion pump backed by a rotary pump. The experimen-
tal observations are recorded at different working pressures
(5.3x1072 Pa to 1.2x10~! Pa)) by injecting argon gas at a
desired partial pressure under continuous pumping. Plasma
can be produced both in the source section and in the target
section independently by filament glow dc discharge. The dis-
charge voltage is kept fixed at 60 V and discharge current is
varied within a range from 50 mA to 450 mA.

Now, to produce dusty plasma, a sufficient number of dust
particles is dispersed from the dust dispersing setup mounted
at the top of the target section, and dust density can be varied
from ~103 cm ™3 to ~10* cm~3. The edge of the dust column
is placed at a distance about 6 cm from the magnetic filter
surface to avoid the effect of magnetic field. Plasma param-
eters such as electron density, electron temperature, etc. are
measured in the target section as well as in the source section
using two planner Langmuir probes each with 6 mm in diam-
eter. The average charge quantity acquired by a dust grain is
calculated from the reduction in the electron density using the
modified charge neutrality condition for such a plasma. To
produce a low density and low temperature plasma in target
section, discharge takes place only in the source section. And
the plasma is allowed to diffuse from source to target section
through the magnetic filter. The high energetic electrons in the
source plasma are then captured or reflected by the magnetic
field lines and only low energy electrons are allowed to pass
through the magnetic filter towards target section.”’! However,
the target section is also equipped with discharge generating

system, so plasma is produced in the target section also when-
ever necessary to obtain higher electron temperature and den-
sity there.

3. Results and discussion

The EEDF is analyzed based on the technique of deter-
mining electron energy distribution function for Maxwellian
as well as for non-Maxwellian but isotropic plasma from the
double derivative of I-V characteristics.['>! In the presence
of discharge on both sides of the double plasma device, the
EEDF is measured in the target section for three different par-
tial pressures of argon. It is seen from Fig. 2 that as the work-
ing pressure is increased from 5.3x1072 Pa to 1.2x10~! Pa,
the EEDF behaves like a typical Druyvesteyn type because
of the depletion in the high energy tail of the EEDF due to
more collisions with the increase of the neutral particle density
which often exists in such a type of plasma environment.*!
The electron temperature (7;) shows a decrease in its value
from 1.8 eV to 1.1 eV while the electron density (ne) increases
from 1.5x10” cm™3 to 6.5x10° cm™> as working pressure is
increased from 5.3x 1072 Pato 1.2x10~! Pa.

0.8
ro. — 5.3X1072 Pa
1\ - . -2
06k ’,’/“ 9.3X107? Pa
H ‘ —-= 1.2x10"! Pa

EEDF/arb. units

Fig. 2. EEDF patterns at different values of partial pressure (P) of ar-
gon. The solid line represents the data for P = 5.3 x 102 Pa, dash line
for P =9.3 x 1072 Pa, and the dashed-dot line for P = 1.2 x 107! Pa.

Now to carry out the EEDF study in the presence of dust
particles the working pressure is kept at 9.3x1072 Pa. And
then dust particles are introduced into the plasma with differ-
ent concentrations and the results are summarized as follows.
As described above, in this pressure range the electron en-
ergy distribution function behaves like a typical Druyvesteyn
type in the absence of dust particles. Typical /-V character-
istics in the presence of different dust densities are shown in
Fig. 3. The corresponding discharge voltage is fixed at 60 V
and discharge current is kept at 150 mA both in the source
section and in the target section. The EEDF in the presence of
dust particles is estimated from this set of -V plots. As seen
from the figure, as the dust density is increased from nqg =0
to 3.98 x 10%* cm™> the average T is increased from 1.47 eV
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to 2.6 eV and accordingly a depletion in 7. is observed from
1.57x10° cm™ t0 0.65x 10° cm ™. This is due to the fact that
as the dust particles are introduced into the system low energy
electrons are captured by dust grains, and hence the average
energy of the electrons increases and density decreases. This
experiment is repeated for different discharge currents (50 mA
to 250 mA) with the discharge voltage kept fixed, and similar
trends of results are observed.

Probe current

——nao=0

--=-nq; =0.64X10% cm—3
JE— nge =1.21X10% cm—3
_____ nas =2.34x10% cm—3 al i

s g = 3.02X10% cm 3 i
....... ngs =3.98X10% j
A

I T—rr 1 T T T T T T T 1

N

Probe bias voltage

Fig. 3. Typical Langmuir probe /-V characteristics recorded at different
dust particle densities. The solid line represents the data for the no dust
condition, dashed line for ng;, short-dash—dot line for ny,, dash—dot line
for ng3, dash—dot—dot line for ny4, and short-dash line for ngs.

Now, the EEDF patterns for different dust densities are
shown in Figs. 4(a) and 4(b).
curve represents the theoretical Maxwellian EEDF, the dotted

In these figures the solid

curve represents the theoretical Druyvesteyn EEDF whereas
the solid square point represents the experimentally measured
EEDF pattern. The theoretical curves have been obtained from
the well-known expressions for Maxwellian and Druyvesteyn
distribution.*?! As seen from Fig. 4(a), for a small dust den-
sity (ng = 0.64 x 10* cm™3) the EEDF retains its typical
Druyvesteyn shape even after introduction of dust particles.
But as the dust density is increased from ng = 0.64 x 10* cm ™3
to ng = 3.02 x 10* cm ™ the distribution starts to become typ-
ical Maxwellian type as shown in Fig. 4(b). A similar trend
is noticed as dust density further increases to ng = 3.98 x
10* cm—3.
particles are introduced into the system low energy electrons

The reason behind this transition is that as dust

are captured by dust grains and thus the average energy of the
plasma electrons increases and thus the EEDF shows an in-
crease in the high energy tail and an overall depletion of the
electron population. The Maxwellization of the EEDF at high
dust densities can also be attributed to electron—dust collisions.
These inelastic electron—dust collisions often result in low en-
ergy electron capture by the dusts since electrons are collected
by the dust grains. Due to the enhanced loss to the dust grains,
at relatively high dust density, electron density decreases dra-
matically with dust density increasing. With the increase of

the total electron loss (to the dust grains), the system then self-
organizes to maintain a balance between production and loss
of electrons by increasing the number of electrons in the high-
energy tail of the EEDF. That is, inelastic electron—dust colli-
sions cause the electron EEDF to become Maxwellian. This
Maxwellization of EEDF has been studied extensively by Os-
trikov et al?3! from the theoretical point of view for different
dust densities and dust particle sizes. They also reported that
not only with dust density increasing but also with dust par-
ticle radius (size) augmenting, the Maxwellization of EEDF
can take place. However to our knowledge till now no exper-
imental evidence has been reported. Our observation closely
follows their numerical results.
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Fig. 4. EEDF patterns (a) for ng ~ 0.64 x 10* cm™3 and partial
pressures of argon is kept fixed at 9.3 x 1072 Pa and (b) for ng ~
3.02 x 10* cm™3. The solid line represents the Maxwellian EEDF, the
dashed line represents the Druyvesteyn EEDF, while the solid square
points represent the corresponding experimental points.

Next, to study the EEDF in a low temperature and low
density plasma, the plasma in the plasma device is produced
only in the source section and is allowed to diffuse towards
target section through the magnetic filter placed between the
source and target.””! The discharge current (I3) in the source
is varied from 50 mA to 450 mA with the discharge voltage
kept fixed at 60 V. The n, and T; profile in source are shown in
Fig. 5 (lower panel). It is observed that in the source plasma,
the density as well as temperature increases up to a certain
discharge current (250 mA). However, beyond 250 mA, even
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after increasing discharge current, the change in electron tem-
perature is not much prominent but density increases reason-

ably.
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Fig. 5. (upper panel) electron density and electron temperature profile
in target plasma for source discharge current ranging from 50 mA to
450 mA. (Lower panel) electron density and electron temperature pro-
file in source plasma for the same range of discharge current.

On the other hand, the T, and n. profile in the target sec-
tion represented in Fig. 5 (upper panel) show that the plasma in
the target section contains low density and low energetic elec-
trons. But the T; value arrives at a saturation level ~ 0.15 eV
beyond the source discharge current 250 mA, while n. value
increases with the increase of source discharge current. Now,
EEDFs of the filtered plasma are studied for different source
discharge currents and it is observed that the EEDF follows
a typical Maxwellian type as shown in Fig. 6. The EEDFs
for typical source discharge current from 250 mA to 450 mA
shown in Fig. 6 signify the fact that even after increasing dis-
charge current no substantial change in average T; is observed
but plasma density increases. The experiments are repeated for
different argon partial pressures starting from 5.3x 1072 Pa to
1.2x 107! Pa but no significant change in the electron energy
distribution is observed. The density in the target section rises
with source discharge current increasing, which is due to more
charged particle diffusion from the source since the leakage
width for charged particles across CUSP (the filter is of CUSP
geometry) increases with discharge current increasing.!*3! The
decrease of T in the target section with the increase of Iy in
the source section as well as the saturation of T, beyond a cer-
tain limit of source discharge current (250 mA) may be due to
the effect of electron diffusion through a magnetic filer. The
expression for the electron diffusion coefficient across mag-
netic field is D| = KBTev/(a)z + vz), where kg is the Boltz-
mann’s constant, v = 2.91 x 10~6InAn. 7./ is the total elec-
tron collision frequency and the electron cyclotron frequency
under the influence of magnetic field B is @ = eB/me with
me being the mass of electron and InA being the Coulomb
logarithm.**! From this expression two clear regimes can be

identified which are as follows. In the low magnetic field limit,
when © < v and Dy, = k7% /(2.91 x 10"5InAmen.). But
in the higher magnetic field limit, when w > v, the plasma
electrons are magnetized and accordingly we can have D |, =
2.91 x 10~ %InA kg Tefl/ 2neme / ¢?B%. In our experimental con-
dition we have v ~ 10°/sec and @ ~ 10°/sec, therefore in the
present condition electrons are magnetized and accordingly
only relatively cold electrons have high diffusion rate across
the magnetic filter.

2.4+
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240_:-‘ ---- 300 II]A
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R~ —mme 400 mA
£ L6 meemnems 450 MA
2
5 1.2
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0.4}
0
0 1 2 3 4 5

T./eV

Fig. 6. EEDF patterns in target plasma for source discharge current
varying from 250 mA to 450 mA. The electron temperature is 0.15 eV
and electron density varies from 1.31 x 107 cm™3 to 1.93 x 10* cm 3.
The solid line represents the EEDF in target plasma for source Iy =
250 mA, dashed line for Iy = 300 mA, dotted line for Iy = 350 mA,
dash—dot line for Iy = 400 mA, and the dash—dot—dot line for Iy =
450 mA.

On the other hand, since the diffusion coefficient is in-
versely proportional to the square root of 7; and the target
plasma is totally dependant on source plasma, as 7; in source
plasma increases with discharge current increasing, a greater
number of low energy electrons diffuse from the source. But
after a certain discharge current it is seen from Fig. 5 (lower
panel) that the 7. value tends to be saturated and hence the
same behavior is reflected in target also. Since all available
electrons in the target chamber are low energetic, they can-
not make effective ionization and hence plasma in the target
chamber is of low density also. Qualitatively, this can also be
attributed to the fact that the electron-neutral collisional cross
section weakly depends on temperature (kinetic energy) and
with temperature decreasing it rises slowly due to the prolon-
gation of the interaction time.’>! Again, mean free path is in-
versely proportional to the collision cross section, thus with
the increase of collision cross section the mean free path de-
creases and hence the electron cannot transfer its energy to the
neutral atom further. Therefore, the saturation in 7, can be ob-
served at a certain density in the target section. However, the
detail of heat transport across a magnetic filter is beyond the
scope of this paper but work in this direction is underway and
will be communicated elsewhere.

After that, the EEDF in the presence of dust is investi-
gated. The typical I-V characteristics in target plasma for a
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source discharge current 450 mA at different dust densities are
shown in Fig. 7(a). It is seen from the figure that even after in-
troducing dust particles into the plasma, 7; remains unchanged
and only plasma density decreases. The reasons are obvious:
since the target plasma contains only low temperature elec-
trons after introduction of dust grains, only plasma density is
reduced due to loss in charging of dust grains but the average
T value remains unchanged. This may be due to the fact that
at this condition almost all the electrons have the same tem-
perature. This can also be seen from the EEDF patterns shown
in Fig. 7(b).

(a) 450 mA
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Fig. 7. Typical Langmuir probe /-V characteristics (a) and typical
EEDF patterns (b) recorded at different dust densities in target plasma
for a source discharge current 450 mA. The solid line represents the
results obtained in no dust condition, dashed line represents results ob-
tained at ng; = 0.64 x 10* cm—3, dotted line at ng> = 2.34 x 10* cm 3,
dash—dot line at ng3 = 3.02 x 10* cm~3, and the dash—dot—dot line at
ngs = 3.98 x 10* ecm 3.

Figure 8(a) shows the variations of average charge quan-
tity acquired by the dust grains with dust particle density at
different values of 7. when both source and target plasma dis-
charge are on. The average charge quantity acquired by a
dust grain is calculated from the reduction in the plasma den-
sity using the modified charge neutrality condition for such a
plasma.’% As seen from the figure, it is clear that the dust den-
sity is kept constant (at 0.64x 10*) as discharge current is in-
creased from 50 mA to 250 mA. In this limit of Iy, the electron
temperature T; is increased from 1.47 eV to 2.6 eV, plasma

density is increased from 1.57x 10° cm™3 to 2.31x10° cm 3

and the calculated average dust charge quantity is found to in-
crease from 2.81x 10%e to 4.53 x 10*¢. The same observation
is also found for other dust densities.
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Fig. 8. Variations of measured dust particle charge quantity with dust
particle density (a) for electron temperatures ranging from 1.47 eV to
2.6 eV and (b) for electron temperature 0.15 eV, electron densities from
1.31x107 cm ™3 to 1.93%x 107 cm ™3, and source I3 450 mA.

Again, this set of experiments is also performed in the
case of magnetic filter plasma. We try to observe the dust
charging process for the source discharge current (300 mA—
450 mA). In this range of discharge current, plasma across
magnetic filter typically exhibits only an enhancement in the
value of n.. The interesting phenomenon is observed here
in this case: an increase in dust charge quantity is observed
even if at constant plasma temperature, but with the increase
of plasma density. The results are summarized in Fig. 8(b). It
is observed that at constant 7; (~ 0.15 eV) and with plasma
density increasing from 1.31x107 cm™3 to 1.93x107 cm ™3
(percentage of increase 47%) the dust charge quantity in-
creases from 2.81x 10%e to 3.59x 10%e (percentage of increase
27.7%). However, for plasma with higher T;. (1.47 eV or2eV),
the plasma density increases at almost the same increase rate
(~ 47%), the increase in the average dust charge quantity is
measured to be around 61%. Therefore, for the same rate of
change in plasma density, higher increase rate of dust charge
quantity is observed in a higher 7; (~ 2.6 eV) plasma than in
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alow T; (0.15 eV) plasma. The same trends are also noticed
in other dust densities.

4. Conclusion

In the present work the effects of negatively charged dust
grains on the EEDFs for different plasma densities ranging
from 10® cm™3 to 10° cm™3 and plasma temperatures from
0.15 eV to 2.8 eV are investigated. It is observed that typi-
cal Druyvesteyn-like EEDF in a pristine plasma may behave
like Maxwellian type in the presence of sufficient concentra-
tion of dust grains. Also, it is observed that dust grains are
unable to change the characteristics of EEDF in a low temper-
ature (0.15 eV) and low density (10° cm_3) plasma. We also
demonstrate the crucial role of T, in dust charging by mea-
suring the values of dust particle charge quantity in a wide
range of 7. (0.15 eV to 2.8 eV) at different plasma densities.
The results show that an increased rate of plasma density has
practically less effect on dust particle charge quantity than the
increase rate of plasma temperature.
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