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Removing dust particles from a large area discharge Yang-fang Li,a兲 U. Konopka, K. Jiang, T. Shimizu, H. Höfner, H. M. Thomas, and G. E. Morfill Max-Planck-Institute for Extraterrestrial Physics, 85748 Garching, Germany



共Received 16 December 2008; accepted 9 February 2009; published online 27 February 2009兲 Introducing a striped electrode in a large area discharge allows us to transport microparticles in the discharge in a user defined way. A directed and continuous dust transport is established by modulating the voltage signals on all individual electrodes to cause a traveling plasma sheath distortion. Particles, trapped in the potential wells and thus following the distortions, are finally removed from the central discharge region. Transport efficiency and velocity can be controlled by changing amplitude and traveling velocity of the plasma distortions. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3089873兴
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ticles efficiently have to be removed from the discharge. Suppressing particle growth could be realized, for example, in a-Si: H processes using H2 dilution in SiH4 共Ref. 7兲 or using a sine-wave modulated rf plasma in a plasma-enhanced chemical vapor deposition of silicon dioxide thin film using the mixture of tetraethoxysilane and oxygen 共TEOS/ O2兲 without significantly decreasing the film growth rate.8 Removing particles from a discharge has been demonstrated, for example, by Uchida and co-workers9,10 using their “negatively charged fine particle collector” that is based on the influence of static electric fields and hollow cathode secondary plasmas on the particles. Other approaches use localized secondary plasmas or the influence of temperature gradients on the particles.11 In spite of all these efforts, the “question of scale” remains, i.e., how to remove unwanted nano- and microparticles from several meter-sized electrode assemblies. In contrast to the more localized already investigated particle removal methods, the technique proposed here is based on traveling plasma distortions in front of a multisegmented electrode and thus is reactor size independent. To demonstrate the proposed method of dust removal by traveling plasma distortions, we used a large area capacitively coupled rf plasma reactor with an inner diameter of 80 cm and a height of 40 cm. As sketched in Fig. 1, the plasma is generated by the rf-driven 50⫻ 50 cm2 square electrode that mainly consists of a frame structure. The striped electrode, separated 5 cm from the driven electrode, consists of 100 electrical insulated stainless steel narrow strips of 0.5⫻ 50 cm2 共for simplicity, we only sketched ten individual strips in Fig. 1兲.



dust dispenser



5 cm



rf electrode probe



40 cm



Particle contamination in processing plasma reactors that are designed for deposition, etching, and sputtering applications 共e.g., for solar cells, flat panel displays, and chip production兲 often plays a crucial role in the quality and the yield of the processed products.1 In these situations, the main contamination sources are particles grown through chemical reactions in the processing plasma2 or direct sputtering of dust particles from the electrodes. For example, in capacitatively coupled radio-frequency 共rf兲 discharges in silane gas,3 nanometer sized precursors grow within fractions of a second, reaching density of 1010 cm−3. These precursors coagulate within seconds to form hundred nanometer sized agglomerates. The final dust cloud then consists of 108 particles/ cm3.3,4 Particles and precursors are in general highly negatively charged due to plasma particle bombardment. Only the very small particles might get slightly positively charged as a result of statistical fluctuations of the charging process, secondary or photoelectron emission.5 The negatively charged particles are well confined. They do not impact on the processed substrate since the sum of gravity, ion drag, and thermophoresis acting on them is in general well compensated by the sheath electric confinement force. Still, after some growth time, the sheath confinement might be too weak to levitate the largest particles. This problem might in principle be handled by a suitable orientation of the processing device, however, vertical mounting of very large 共several m2兲 thin glass plates 共or other substrates兲 is not feasible mechanically in many situations. In any case, the main problems arise from positively charged nanoparticles that are strongly attracted to the surfaces during the discharge process and those particles that, after the discharge is switched off, keep a significant residual positive/negative charge6 so that they are attracted to the surfaces by static electric fields. Because of their high density, dust particles also collect a significant amount of the free electrons in the plasma. As a result, the repetitive process of precursor growth, coagulation, continuous growth. and sedimentation can cause local inhomogeneities and fluctuations in the plasma conditions that might reduce the quality of the plasma process. To avoid dust contamination effects, either the growth of fine particles has to be suppressed or the contaminating par-
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FIG. 1. The sketch of the striped electrode device. FOV denotes field of view. 94, 081502-1
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FIG. 3. The horizontal position of the injected particles with respect to the recording time. I and II correspond to two separate dust clouds trapped in different potential wells. Their time and space duration 共⬃5 s and ⬃60 mm, respectively兲 are approximately equal to the 1 / f and  of the applied signals on strips.
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FIG. 2. 共a兲 The suspending positions of the injected and grown particles with all the strips floating. 关共b兲–共i兲兴 The profile of the particles during transportation is shown for every second after the sinusoidal modulation signals are applied to the strips. Only interested region extracted from the original images is presented. The scale of the stripe electrode is shown at the bottom of the images. Note that when the modulation is on, all the injected and most grown particles are attracted to the trapping point of the potential profile so that we see the significant increase of the particle density in trapping point in 共b兲–共i兲. And also the particle number decreases from 共b兲 to 共i兲 because a lot of particles move outside of the camera’s focus area during the long-distance transportation.



Each strip is driven independently by one channel of a multichannel voltage function generator. For each generator channel, different waveform, frequency, dc-bias, amplitude, and phase angle can be chosen separately. For the present experiments, a voltage signal, which is described by V共Ns,t兲 = Vdc + Va sin共2 f ⫻ t + Ns ⫻ ␦⌽兲,



共1兲



was applied to each strip with Ns being the strip number. The bias voltage was set to Vdc = −15 V, the amplitude to Va = 20 V, and the frequency to f = 0.2 Hz. A fixed phase shift of ␦⌽ =  / 6 was chosen between every pair of neighboring strips. The plasma was generated in argon at a pressure of 28 Pa with an rf-power of 30 W. Plasma parameters measured by an rf compensated Langmuir probe 共Hiden ESPion Advanced Langmuir Probe兲 gave an electron temperature of ⬃2 – 3 eV, plasma density of ⬃1 ⫻ 109 cm−3, and a plasma potential of ⬃22 V in the center of the discharge area, 2 cm above the striped electrode. Two kinds of particles were used in the present experiments. Al2O3 spherical particles with an average diameter of



3 m were injected into the plasma region by a dust dispenser mounted on the top flange of the chamber. The other very small particles 共ⱗ1 m兲 were grown inside the chamber. The particles were illuminated by a laser sheet 共with wavelength 680 nm, cw mode兲 perpendicular to the electrode and the observing direction of a camera 共Basler A404k兲. The camera was aligned with the longer side of the strips. The particle motion across strips was captured by this side view camera at 49 frames per second. Using a camera lens with focal length of 85 mm 共Nikon AF 85 mm f/1.4D IF兲, the camera with 2352⫻ 1726共W ⫻ H兲 pixels sensor imaged a field of view of 8.8⫻ 6.5 cm2. An interference filter with center wavelength 680 nm and bandwidth 12 nm was added between the lens and camera sensor. The camera showed that applying different voltage signals on strips modified the sheath structure, i.e., the potential profile, above the striped electrode. As the previous work has shown using an adaptive electrode device.12 The injected and grown, negatively charged particles then found their equilibrium 共trapping兲 points with lowest energy 共highest electric potential兲 in the sheath, presheath, or bulk plasmas region determined by the force balance on the particles. By producing the time varying, traveling potential profile above the striped electrode, we succeeded in manipulating/transporting the dust particles by attracting the particles to a newgenerated trapping point. Figure 2 shows how the particles were transported by the traveling plasma sheath distortion. The top image 共a兲 shows the position of the levitated particles without modulating signals on the strips 共the strips were electrically floating with the floating voltage ⬃−3 V兲. The injected particles were levitated at the height of ⬃4 mm from the striped electrode and the grown particles located at the height of ⬃11 mm. When the modulation was switched on 共t = 0兲, all the injected particles and most of the grown particles were first attracted to the nearest trapping points. Then the directed transportation, from right-to-left, of the injected particles as well as the trapped grown particles was achieved by the continuous modulation on the strips. However, a small part of the grown particles were pushed out of the trapping region as a result of the interparticle repulsion in the cloud. Those particles, levitated at larger distance from the electrode, are only weakly trapped and thus perform mainly a horizontal and vertical oscillation overlayed by a slow horizontal drift. Figure 3 visualizes the horizontal time depending posi-
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tion of the injected particles. The particles were transported from right to left with almost a constant velocity v p ⬃ 12 mm/ s, which was approximately the traveling velocity v pT of the plasma distortion. For the sinusoidal modulation in present experiments, v pT was determined by the applied signals on the strips and was calculated as v pT = f, where  = W ⫻ 2 / ␦⌽ is the spatial period of the traveling potential distortion and W is the width of each strip 共including the insulating space of ⬃0.2 mm兲. With the selected parameters ␦⌽ =  / 6 and f = 0.2 Hz, we expected the traveling velocity of v pT ⬃ 12.5 mm/ s. It was found that the particle transport velocity was equal to v pT as long as the particles could be trapped in the potential well during the transportation. Therefore, the transport efficiency relies on the trapping of the particles in the distorted potential profile. If the particles were trapped by the potential wells, they were transported directly by the traveling sheath distortion and their velocity was approximately the phase velocity of the modulating signals on strips. Otherwise, if the particles were not full trapped by the potential well, they oscillated during the transportation and then the transport efficiency was low. The trapping of the particles can be improved by choosing appropriate parameters for the modulating signal on strips by producing stronger potential gradient 共increasing Va兲 or/and slower traveling velocity, namely, decreasing f and/or increasing ␦⌽. The transport velocity v p of the particles are proportional to the frequency f and inversely proportional to ␦⌽. In principle, the particles can gain a very high velocity during the transportation, which means high removal efficiency. However, to transport the particles with higher speed, it is necessary to produce stronger potential well 共with larger Va and also appropriate change of Vdc兲 for the efficient trapping of the particles. Then the higher transport speed of the particles results in more disturbance to the plasma. For the application of this device in reactive plasmas, it is necessary to find a proper set of parameters from the viewpoint of the particleremoval rate, related to the particle growth rate, and processing quality. We expect that the homogeneity of the plasma is



still be given in time average for a process time T P Ⰷ 1 / f. However, process parameters have to be readjusted accordingly to compensate for the effects of the plasma modulation. As an advantage to other particle removal methods, the here demonstrated one is reactor size independent and thus has the potential to work for very large area discharges. Although not tested here, an efficient dust removal can be also expected in case of a dielectric barrier on top of the striped electrode since modifying the applied signals on the electrode by an ac-modulation would still lead to the required plasma sheath distortions. Also a setup with the manipulation electrode to be the upper electrode might be considered for future applications. This work was supported by DLR under Contract Nos. 50JR0582 and 50WP0700. We are grateful to the help from B. Steffes, H. Rothermel, G. Stadler, and M. Pustylnik. 1
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