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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. (a) Side-view spatial distribution of dust particles captured by a high-resolution camera under 2 W RF power at 8 Pa dis-

charge pressure; (b) lateral profiles of dust distributions observed during RF power from 2 W to 10 W at fixed 5 Pa; (c), (d) simu-

lated resultant axial force profiles acting on dust particles (considering gravitational, electric field, and ion drag forces) at 5 Pa with

RF voltages of 50 V and 250 V (corresponding to increased RF power in experiments); bold red lines indicate positions of zero axial

resultant force. The groove diameter is ¢ = 20 mm.
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Fig. 3. (a) Lateral profiles of dust distributions observed with the pressure increasing from 5 Pa to 15 Pa, under a fixed power of

2 W; (b), (c) simulated resultant axial force profiles acting on dust particles (considering gravitational, electric field, and ion drag

forces) with fixed RF voltage of 50 V (corresponding to 2 W RF power) at 5 Pa and 10 Pa, respectively; bold red lines indicate pos-

itions of zero axial resultant force. The groove diameter is ¢ = 20 mm.
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Fig. 4. Void formations in the uppermost and lowermost
dust particle layers are experimentally observed via a high-
resolution camera under RF powers of 4 W (a), (b) and
6 W (c), (d), at 7 Pa. The groove diameter is ¢ = 40 mm.
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Fig. 6. Resultant axial force diagrams of dust particles obtained from fluid simulation under (a) 50 V and (c¢) 75 V (corresponding

to experimental RF powers of 4 W and 6 W, respectively), at fixed 7 Pa; (b), (d) the magnified localized diagrams in the region of

the dashed line shown in panel (a), (c), respectively. The groove diameter is ¢ = 40 mm.
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Fig. 7. (a) Variations in void diameter and dust cloud outer diameter with pressure under 10 W and 15 W; (b) radial electric field

(E,) and radial ion flux at positions A, B, and C as a function of pressure. The groove diameter is ¢ = 20 mm, the dust cloud con-

sists of several hundred particles.
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Fig. 8. (a) Height of dust particles above the lower elec-
trode and (b) the electron density at the chamber center as
a functions of the DC |Vg| under 100 V and 200 V, at
fixed 60 Pa.
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Influence of lower electrode plate grooves on collective
behavior of dust particles in radio-frequency
capacitively coupled plasma”
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Abstract

In radio-frequency capacitively coupled dusty plasma discharge, the grooves on the lower electrode plate
significantly modify the electric potential distribution in the sheath region, thereby influencing the collective
dynamic behavior of dust particles. Experimentally, when micrometer-sized dust particles are injected into the
discharge chamber, a distinct layer of dust particles forms above the groove-induced potential well, exhibiting a
characteristic bowl-shaped cloud structure. The volume of the dust cloud shows a strong dependence on RF
power and discharge pressure. As power increases or pressure decreases, the dust cloud moves upward due to
the influence of axial force on the particles. Besides, dust voids form in the middle of each dust layer, and their
diameter evolution is influenced by particle number, RF power, and pressure. Particularly, when the diameters
of the electrode grooves are small, the diameters of the dust voids first increase, then decrease and finally
disappear as discharge pressure increases. Furthermore, a hybrid model is theoretically established. This model
couples a fluid model with a dust particle model to explain the collective behavior of dust particles. This
behavior is governed by the resultant axial force which includes axial electric field force, ion drag force, and
gravity, as well as the resultant radial force, which considers radial electric field force and ion drag force. It is
also found that in the DC-overlapped RF plasma, the suspension height of dust particles first increases and then
decreases as the negative DC bias is increased. The change in dust particle height can reflect the transition of

plasma discharge from o -mode to v -mode.
Keywords: radio-frequency capacitively coupled plasma, dust void, hybrid model, negative DC bias
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