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Fig. 1. In the discharge of SiH,/H, at different pressures (2-4 Torr), the discharge conditions are two parallel plates with a length of

11 cm and a distance of 2 cm between them, driving frequency is 13.56 MHz and a voltage amplitude of 50 V, and SiH,/H, gas ra-

tio is fixed at 1/9: (a)—(c) Period-averaged electron density; (d)—(f) spatial distribution of SiHj; density.
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Fig. 2. Profiles formed after deposition time of 30 s for dif-
ferent pressures: (a) 2 Torr; (b) 3 Torr; (c) 4 Torr. the dis-
charge conditions are the same as in Fig. 1.
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Fig. 3. The ion energy distribution in SiH,/H, mixed gas
discharge at different pressures (2—4 Torr): (a) At the radi-
al center; (b) ground the electrode surface at the edge of the
electrode; the discharge conditions are the same as in Fig. 1.
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Fig. 4. The hydrogen content, reaction II content and va-
cancy content for different pressures (2—4 Torr), the dis-

charge conditions are the same as in Fig. 1.
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Fig. 5. Spatially resolved and RF period-averaged electron density (a)-(c) and SiHj density (d)—(f) for different SiH, contents

(10%-90%). Discharge condition: Two parallel plates with a length of 11 ¢cm and a distance of 2 cm between them. The frequency

used in this work is 13.56 MHz and a voltage amplitude of 50 V. The discharge pressure is 2 Torr.
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Fig. 6. Profiles formed after deposition time of 30 s for dif-
ferent SiH, contents: (a) 10%; (b) 50%; (c) 90%. The dis-
charge conditions are the same as in Fig. 5.
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Fig. 7. The ion energy distribution in SiH,/H, mixed gas
discharge at different SiH, contents (from 10% to 90%):
(a) At the radial center; (b) ground the electrode surface at
the edge of the electrode. The discharge conditions are the

same as in Fig. 5.
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Fig. 8. The hydrogen content, reaction II content and va-
cancy content for different SiH, contents (from 10% to
90%), the discharge conditions are the same as in Fig. 5.
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Fig. 9. (a) Dual-frequency tailored voltage waveforms; (b) variations of self-bias voltage and mean ion energy as a function of phasel®!l.
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Fig. 10. (a) Ion fluxes and (b) neutral fluxes at the powered electrode for different phase angle 6, respectively!.
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Fig. 11. The etching profiles at different phase angle (eth-
ing time: 70 s)BU: (a) 6 = 15°; (b) 6 = 60°; (c) 6 = 90°.
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Fig. 12. Etching profiles for different gap distancel!l: (a) 3 cm;
(b) 4 cm; (¢) 5 cm.
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Fig. 13. Etching profiles at the grounded electrode for (a) N =1, (b) N =2, (c¢) N = 3; and at the powered electrode for (d) N =1,
(e) N =2, (f) N = 3 after an etching time of 150 s, the discharge conditions are the same as those in Fig. 3, grey material is the

photoresist, black material is SiO,, other colors represent polymer or passivation layers on the material surface/.
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Fig. 14. Total ion flux (a), the sum of the CF,, CF and H fluxes (b), the Syn value (defined as ((I'cr, + IcF + ITH)/T% o) () ,
and the mean ion energy (d) at the powered and the grounded electrodes at N = 1, 2, 3.
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Fig. 15. (a) The schematic of discharge chamber structure and mesh grid; (b) the schematic of the tailored bias waveform applied to

the lower electrode.
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Fig. 16. Density profiles: (a) Cl; (b) Ar*; (c) Clt; (d ) Cl;‘ .
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Fig. 17. Ton energy distribution: (a) The tailored bias voltage waveform; (b) radio frequency (RF) bias waveform.
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Synergistic effect of ions and neutrals and surface morphology
in plasma deposition/etching processes”
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Abstract

Low-temperature plasma deposition and etching technologies play a vital role in plasma-assisted
manufacturing fields such as semiconductor chip fabrication, flat-panel displays, and photovoltaic devices. The
physical and chemical interaction mechanisms between plasma and materials form the fundamental scientific
basis for elucidating the nature of process dynamics, optimizing processing parameters, and improving device
performance and reliability.

In this work, by using a fluid hybrid model coupled with a surface profile evolution model, the plasma
discharge characteristics and the deposition/etching surface profile under different discharge parameters are self-
consistently simulated, and the simulation results and discussions of some research cases are also presented.

During amorphous silicon thin-film deposition, it is found that the radial distribution of electron density
generated in the plasma discharge process is non-uniform, which can lead to the non-uniform distribution of
neutral and ion fluxes on the substrate surface, as well as the non-uniformity of film thickness or film quality.
Moreover, the ion energy distribution strongly influences the composition and bonding configurations in the
film, thereby affecting its quality and performance.

In the studies of SiO, etching using fluorocarbon mixed-gas discharges, it is found that under voltage
waveform tailoring, adjusting the electrode gap, phase, and harmonic number can flexibly control ion and
neutral fluxes. This allows the discharge parameters to be optimized in order to improve etching performance.
During Si etching with inductively coupled Ar/Cl, plasma, the application of tailored bias waveform causes the
ion energy to accumulate predominantly in the high-energy range, which can significantly enhance etching
efficiency.

In summary, this work systematically investigates how the self-consistent coupling between plasma
discharge and deposition/etching processes can be achieved through the hybrid simulation, while further
elucidating the essential synergistic roles of ions and neutral radicals. It is hoped that these findings will serve
as valuable references for the optimizing plasma processes and equipment.
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