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By using a combined experimental, numerical and analytical approach, we investigate the control of plasma properties via the Electrical Asymmetry Effect (EAE) in a capacitively coupled oxygen discharge. In particular, we present the first experimental investigation of the EAE in electronegative discharges. A dual-frequency voltage source of 13.56 MHz and 27.12 MHz is applied to the powered electrode and the discharge symmetry is controlled by adjusting the phase angle θ between the two harmonics. It is found that the bulk position and density profiles of positive ions, negative ions, and electrons have a clear dependence on θ, while the peak densities and the electronegativity stay rather constant, largely due to the fact that the time averaged power absorption by electrons is almost independent of θ. This indicates that the ion flux towards the powered electrode remains almost constant. Meanwhile, the dc self-bias and, consequently, the sheath widths and potential profile can be effectively tuned by varying θ. This enables a flexible control of the ion bombarding energy at the electrode. Therefore, our work proves the effectiveness of the EAE to realize separate control of ion flux and ion energy in electronegative discharges. At low pressure, the strength of resonance oscillations, which are found in the current of asymmetric discharges, can be controlled with θ.

Introduction

For many years, capacitively coupled radio frequency (CCRF) discharges have been an interesting subject of research due to a variety of physical and chemical processes therein, and particularly the vast area of applications, such as the thin film deposition and etching as well as many other surface processings in semiconductor and panel display industries. In most of these applications, separate control of the ion flux and the ion bombarding energy onto the processing surface is of great importance for manufacturing efficiency and quality control [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. The concept of dual frequency discharges, i.e., driving the plasma with two substantially different radio frequencies, had, therefore, been introduced as a promising way to achieve this separate control [START_REF] Schulze | [END_REF][START_REF] Boyle | [END_REF][4][5][6][7][8]. However, it is known that the coupling of both frequencies [9][10][11][12][START_REF] Donkó | Proc. of Symposium of Application of Plasma Processes[END_REF][START_REF] Ahn | [END_REF][15][16][17][18][19] and the effect of secondary electrons [8,[20][21][22] places a strong limitation to realize this goal. A rather new approach was recently proposed to control the ion properties via the Electrical Asymmetry Effect (EAE) [23][24][25][26][27][28][29][30][31][32][33][34][35][36][37]: By applying a voltage waveform, that contains a fundamental frequency and (at least) one even harmonic, the symmetry of the discharge can be changed by tuning the phase angle between the driving harmonics. This in turn allows controling basic properties of the plasma, such as the dc self-bias, the position of the plasma bulk, and the ion energy at both electrodes while maintaining an almost constant ion flux.

Earlier studies of both experiments and numerical simulations had shown that the EAE is very effective in realizing separate control of ion properties in electropositive discharges, such as discharges in argon. However, in most applications a mixture of gases revealing complex chemical and physical features is employed. And most of these gases are electronegative. For example, a gas mixture of O 2 and CF 4 is used for silicon etching [38,39]. And with a small amount of additions of silane and oxygen, a helium discharge can be used to deposit SiO 2 [40]. In both examples and many others negative ions play a very important role in controlling the chemical and physical properties of the plasmas. And many of the plasma properties are different from those in electropositive discharges. It is, therefore, worth studying thoroughly the EAE in electronegative plasmas. This has been our motivation of conducting a combined experimental, numerical and analytical investigation of CCRF discharges in pure oxygen. Oxygen discharges, being one of the simplest electronegative plasma system, provide an interesting scenario for theoretical modeling (see for example [41][42][43][44][45][46][47][48][49][50]52] and references therein) and experimental diagnostics [49,50,[52][53][54][55][56][57] of electronegative plasmas. In contrast to the previous work of the EAE in oxygen discharges with only numerical simulation [36], our complementary approach here certainly promises a more comprehensive description of the discharge properties.

This article is organized as follows. In Sec. 2, we describe the details of our experimental setup, numerical simulation and the analytical model of CCRF discharges. Results are presented in Sec. 3, which is divided into three subsections. First, we show the influence of the EAE on the density profiles of ions and electrons, the peak plasma density, the electronegativity, and the time averaged power absorption. Second, we show the way to control the electrical symmetry and, accordingly, the dc self-bias. And third, the self-excitation of plasma series resonance oscillations is discussed. Finally, conclusions are drawn in Sec. 4.

Description of Experiment, Simulation, and Model

Experiment

The experimental setup is similar to the one that has been used and described in previous studies [27]. Therefore, only a brief description is given here. The discharge is set up in a modified GEC (Gaseous Electronics Conference) reference cell. A pure oxygen plasma is ignited between the lower powered electrode and the upper grounded electrode, both of which have a radius of 5.0 cm. The electrode gap is 2.5 cm. The plasma is confined radially between the electrodes by a glass cylinder. Therefore, the electrode configuration is symmetric. However, the discharge is not perfectly symmetric, since the side confinement of the plasma by the glass cylinder effectively enhances the grounded surface area. This leads to a certain geometrical asymmetry, depending on the discharge conditions [58].

Oxygen gas is injected through four gas inlets into the chamber, but outside the plasma region. The applied voltage waveform consists of a fundamental frequency component with frequency f and its second harmonic:

φ∼ (t) = φ 0 1 2 [cos(2πf t + θ) + cos(4πf t)] , (1) 
where f = 13.56 MHz is the fundamental frequency used in both experiment and simulation. θ is the fixed, but adjustable phase angle between the driving frequencies. In the experiment, it is generated and matched by two synchronized function generators, amplifiers, and matching boxes. An electrical filter is used to prevent one frequency component from penetrating into the other ones amplifier. The voltage between the filter and the powered electrode is measured by a high voltage probe. The amplitudes of the applied harmonics and the relative phase between them are calibrated with respect to the values on top of the powered electrode, if the chamber is vented. The time averaged voltage yields the dc self-bias. The plasma current flowing to the grounded electrode is measured time resolved by a self-excited electron resonance spectroscopy (SEERS) sensor. Squaring this current yields a measure for the power absorbed by the electrons.

Simulation

We employ here a standard 1d3v (one dimensional in space and three dimensional in velocity) Particle-in-Cell/Monte Carlo Collision (PIC/MCC) method [START_REF] Birdsall | Plasma Physics via Computer Simulation[END_REF] to simulate DF-CCRF discharges in pure oxygen in a gap of 2.5 cm (corresponding to our experimental conditions). The waveform of the driving voltage on the powered electrode (at x = 0) is given by Eq. 1, while the other electrode is grounded. The amplitudes of the driving voltage are again taken from corresponding experimental measurements. As is expected, by changing θ, the absolute values of the positive and negative extremes in the waveform and the voltages across the two sheaths will change accordingly [24], and this leads to a dc self-bias at the powered electrode. The self-bias voltage is determined in the simulation in an iterative way to ensure that the net current to the two electrodes in one low frequency RF cycle is zero [START_REF] Yonemura | [END_REF].

In the MCC part of the simulation, we follow the standard procedure for oxygen [61], except (i) the volume production and surface loss processes of the lowest lying metastable state of the oxygen molecule O 2 (a 1 g ); and (ii) the recombination processes with only reaction rates κ available. The former is beyond the scope of a one-dimensional model and we thus assume a constant density of O 2 (a 1 g ) in the whole chamber of 10% of O 2 density (corresponding to the data of Gudmundsson et al [46] at the chamber center) as Bronold et al did in [48]. For the collisions, which only have rate constant κ available, we adopt Nanbu's method [62] based on Direct Simulation Monte Carlo.

An explicit scheme is used in the simulations and the subcycling technique [63] is adopted for ions. We use 700 uniform cells with about 200 particles per cell and run the simulation for typically 4000 -5000 low frequency periods to converge. We take the ion-induced secondary electron-emission coefficient γ i = 0.12. Two different pressures, namely, 10 Pa and 100 Pa are considered. More details of the simulation, such as collision processes considered in the simulation and processing method can be found in [36].

Model

The analytical model used to describe capacitive discharges was first introduced in [24]. We apply a voltage waveform according to Eq. 1 to the powered electrode. The amplitude of the low (1f) and high (2f) frequency component is φ 0 /2, which altogether gives the total amplitude φ 0 .

In the voltage balance of a capacitive discharge, we assume the well known quadratic charge voltage dependence [31] for the sheaths. The net positive total charge within the discharge volume, i.e. inside the non-quasineutral sheaths, is almost constant as a function of time. The time dependent total charge oscillations can be expected to be even smaller in the electronegative oxygen discharge than in argon [31], because the fraction of electrons in the total amount of charges inside the plasma is smaller. Indeed, in the simulations it only changes by about ±1%. Having made these assumptions, the voltage balance is φ∼ (t) + η = -q 2 (t) + ε (q t -q(t)) 2 -2β 2 (q + ν m q) .

(2)

Here, the applied voltage φ∼ (t) and dc self-bias η are normalized by the applied voltage amplitude φ 0 . The net charge within the powered electrode sheath, q(t), and the total charge, q t , are normalized by the maximum charge in the powered electrode sheath, Q 0 , i.e. 0 ≤ q(t) ≤ 1. Here, Q 0 ≈ A p 2eε 0 nsp φ 0 is a normalization constant with nsp the mean ion density in the powered electrode sheath [34].

ε 0 is the vacuum permittivity and e the elementary charge. The bulk part is obtained from the eletron momentum balance equation; it consists of a resistive part and an inductive component representing the electron inertia. A dot represents differentiation with respect to time. The bulk factor β = (ε 0 m e A p L b )/(e 2 nb Āb s max,p ) depends on the ratio of the surface area of the powered electrode, A p , to an effective bulk surface area, Āb , and the ratio of the bulk length, L b , to the maximum extension of the powered electrode sheath, s max,p . m e is the electron mass and nb an effective electron density in the bulk. Typically, β 1. Therefore, we neglect the voltage drop across the plasma bulk region in the following to obtain time averaged expressions. Even though it might become important in discharges with high electronegativity due to the reduced electron density in the plasma bulk, we justify this assumption by a time averaged bulk voltage of ≤ 1% resulting from PIC/MCC simulations. However, it will be important to take it into account for the analytical description of the plasma series resonance, which is self-excited in asymmetric discharges at low gas pressures.

Eq. 2 directly leads to analytical expressions for the normalized dc self-bias, η, and the normalized total charge within the discharge, q t [24,34]:

η = - φ∼,max + ε φ∼,min 1 + ε , (3) 
q t = φ∼,max -φ∼,min 1 + ε . (4) 
Therefore, η can be adjusted by changing φ∼,max and φ∼,min , i.e. by tuning θ. The symmetry parameter

ε = φ sg,max φ sp,max ≈ A p A g 2 nsp nsg ( 5 
)
is defined as the ratio of the absolute values of the maximum voltage drop across the powered (φ sp,max ) and grounded (φ sg,max ) electrode sheath. In the case of a geometrically symmetric discharge, A p = A g , ε depends to a good approximation only on the ratio of the mean positive ion densities in the powered nsp and grounded nsg electrode sheath [24]. The maximum sheath extensions, s max,p and s max,g , are calculated based on the Brinkmann sheath criterion [START_REF] Brinkmann | [END_REF] 

s(t) 0 n -(x, t)dx = d/2 s(t) ( n+ (x) -n -(x, t))dx (6) 
at the time of maximum extension of the respective sheath, which are t(s max,p ) = t(φ ∼,min ) and t(s max,g ) = t(φ ∼,max ). Here, n + (x) is the time averaged spatially resolved density of positive ions (O + 2 ) and the negative charge density n -(x, t) is the sum of the time dependent electron density, n e (x, t), and the negative ion density, n O -(x) .

Under the assumption of a negligible bulk contribution, the charge voltage balance (Eq. 2) can easily be solved for the time dependent charge in the powered electrode sheath, q(t). The first derivative of q(t) with respect to time, q(t), is proportional to the electron conducting current density: j e (t) = -(Q 0 /A p ) q(t). Again, Q 0 is the normalization constant of q(t) introduced above. This directly leads to the power absorbed by the plasma electrons, P e (t) [32]. We find P e (t) = [j 2 e (t)/σ]A p L b by using the bulk length L b and conductivity σ ∝ nb [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF] for a given pressure. The time averaged value of P e , P e = P e,0 q2 ,

is of particular interest, since the constancy of P e as a function of θ apparently is the reason for the bulk densities and the ion fluxes to remain almost constant, independently of θ [24,32]. Here, P e,0 = 2φ 0 ε 0 en sp A p L b /σ depends on the ratio of the positive ion density in the powered electrode sheath and the electron density in the plasma bulk.

The analytical approximation of P e , which holds under all conditions investigated here, has been studied in detail before [32].

Results

control of the density profiles

Figure 1 (a)-(c) shows the spatial distributions of positive ions, negative ions, and electrons for different phase angles resulting from PIC/MCC simulations operated at a low pressure. The density profiles of both ion species show one distinct maximum located inside the plasma bulk, whereas the density profile of the plasma electrons is flat in the bulk region. This is caused by the rather long mean free path of the electrons (λ mf p ≈ 7 mm L b ≈ 10 mm at 10 Pa). Therefore, fast electrons, which are accelerated in the sheath regions [36,[52][53][54][55][65][66][67][68][69][70][71][START_REF] Wood | Sheath heating in low pressure capacitive radio frequency discharges[END_REF][START_REF] Schulze | [END_REF][74][75][76][77], ionize the background gas within the entire plasma bulk region and the common diffusion profiles are obtained for the positive ions. The negative ions are confined within this region; due to their low kinetic energy, they cannot penetrate into the sheath regions, where the time averaged potential is much lower than the plasma potential in the bulk. Similar density profiles are found in capacitively coupled single frequency oxygen discharges by different authors [41,42,44,49].

The maximum extension of the sheaths at the powered and grounded electrode shown in Fig. 1 (d) are varied and the bulk region is moved by tuning the phase angle θ from 0 • to 180 • . In this way, the density profiles of the charged species can be shifted away from the discharge center towards the powered or grounded electrode. However, this shift is quite small under these conditions compared to the scenario of even lower pressures discussed in argon [28] and oxygen [36] before. In addition, it is found that the bulk length L b , which we define as the difference between the electrode gap and the sum of the maximum sheath extension at both electrodes,

L b = d -(s max,p + s max,g ) , (8) 
is slightly modulated as a function of θ. It is smaller in the symmetric cases, i.e. at θ ≈ 45 • and θ ≈ 135 • , compared to the asymmetric cases obtained at the phase angles θ ≈ 0 • , θ ≈ 90 • , and θ ≈ 180 • , respectively. This also affects the maximum electron density and the peak densities of both the positive and the negative ions, which are found to be about 20 % (electrons) and 10 % (ions) smaller in the symmetric cases (Fig. 1 (b)) compared to the asymmetric ones (Fig. 1 (a) and (c)). At relatively high pressure, the spatial density distributions look completely different. As can be seen in Fig. 2 (a) -(c), the density of both ion species shows two peaks located close to the maximum sheath extension of the powered and grounded electrode. Of course, the sheath widths shown in figure 2 (d) generally are much smaller compared to the low pressure scenario. The position of the density peaks remains almost unchanged as a function of the phase angle θ. However, the peak density itself shows a strong dependence on the discharge symmetry, which is adjusted via θ. This might give the opportunity to spatially control the source of radicals, which are important in surface processing. Between these peaks a concave density profile is found, which is typical in the high pressure regime with neutral detachment being the dominant loss mechanism for negative ions in the discharge volume [44,45,50]. The decrease of the density profile between the peaks in the bulk centre might be overestimated, for instance due to the assumption of a spatially constant metastable density. However, a detailed discussion about the formation mechanisms of the peaks in the ion density profiles is beyond the scope of this work. Moreover, the profiles are in good agreement with the results of other groups [41,43,44,49].

In contrast to the low pressure case, the electron mean free path is short (λ mf p < 1 mm L b ≈ 17 mm at 100 Pa). Therefore, the production of positive ions is strongly localized in front of the sheaths, where the electrons are accelerated. Starting from these planes, diffusion takes place within the bulk region, leading to the flat ion profiles. Due to this localization of production, the peak density of positive and negative ions strongly interacts with the electron heating within the respective sheath. As will be seen later, this will affect the symmetry parameter and the control range of the dc self-bias.

As it has been observed in oxygen discharges [78][79][80] as well as in other electronegative plasmas [81][82][83][84], a double layer may appear in electronegative discharges under certain conditions. The formation of a double layer leads to a peak in the electron density localized in front of the electrode sheaths around the time of sheath collapse. However, one criterion for the formation of a double layer is that the negative ions reasonably contribute to the time resolved total discharge current [80,84]. Due to the relatively small electronegativity and the low mobility of negative ions compared to the electron mobility, this is not the case under all conditions investigated here. Therefore, we do not observe any double layer structures. In order to estimate the impact of secondary electrons on our simulation results, a comparison between the density profiles obtained in a simulation with γ = 0.12 (secondary electron emission coefficient that is used throughout this article, see Sec. 2.2) and γ = 0 (no secondary electrons released from the electrode surfaces) under otherwise identical discharge conditions is given in figure 3. The total densities are marginally higher in the case including secondary electrons due to the enhanced ionization by fast electrons. However, this does not affect the shape of the density profiles, which are almost the same for both values of γ. Therefore, all results discussed here are not expected to be very sensitive with respect to the specific choice of γ.

The electronegativity is, among others, a discharge parameter that is often used to describe the composition of species in oxygen plasmas [47]. It can be defined in two different ways, either by taking the ratio of the peaks of the density distributions or by spatially integrating these distributions [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]:

α int = d 0 n O - d 0 n e , (9) 
α peak = n O -,max n e,max . (10) 
Figure 4 shows the electronegativity, α int and α peak according to the definitions above, resulting from PIC/MCC simulations at low and high pressure as a function of the phase angle θ. Due to the relatively small change of the densities of ions and electrons as a function of the phase angle (also see Figs. 1 and2), the electronegativity is almost constant as a function of θ under all conditions investigated here. In fact, the change in the bulk length depending on the phase angle discussed above leads to the small modulations observed. At low pressure, the peaked shape of the density distribution of O -and the flat distribution of the electron density cause α peak to be much bigger than α int [47]. At high pressure, both density profiles are rather flat. Thus, the difference between the electronegativity obtained using Eqs. 9 and 10, respectively, is small. The absolute values determined here are comparable with the results obtained by other authors in single frequency capacitive discharges. [41, 42, 44-46, 50, 55] From figure 4 we conclude that α peak decreases with the neutral gas pressure, whereas the spatially averaged electronegativity, α int , remains almost constant. A similar pressure dependence of α peak was observed before [41,42]. Other groups found α int to increase as a function of pressure in single frequency capacitive discharges [50,51]. However, a direct comparison of the results is not possible due to the strong dependence of the electronegativity on all discharge parameters, e.g. the applied rf power [44], and the general disparity between these discharge conditions in single and dual frequency discharges. To explain the reason why the bulk densities and the electronegativity remain constant to a good approximation as a function of θ, it is useful to examine the time averaged power absorbed by the plasma electrons, P e . Figure 5 shows P e as a function of θ at low and high pressure resulting from experiment, simulation, and model. The period averaged absorbed power is normalized by the mean value for all θ. At both low and high pressure, the mean electron power stays rather constant as a function of θ. A slight decrease is found around θ ≈ 45 • , which is due to the weak dependence of the normalized total charge, q t , on θ [32]. Therefore, the density of positive ions, which are mainly produced by collisions between fast electrons and the neutral background gas molecules, depends only weakly on θ. As a consequence, the flux of positive ions onto the electrodes is approximately constant, independently of θ. This constancy was obtained in Ref. [36] and can be explained here. It should be noted that this argument might fail in other electronegative, e.g. fluorine containing, gas mixtures [8].

Since the analytical model does not include the effect of secondary electrons, the good agreement between all three approaches indicates that the discharge is operated in the α-mode, i.e., the power absorption by the plasma electrons is mainly due to sheath expansion heating. This can also be recognized from the rather small effect of secondary electrons on the densities of charges species (see figure 3). In addition, the phase between the applied rf voltage (equation 1) and the rf component of the discharge current appearing later in this manuscript (figures 8 and 10), is approximately out of phase by 90 • . By comparing this phase with literature data [85], this also indicates that the discharge burns in the α-mode. 

control of the electrical symmetry

In this section, the control of electrical potentials in capacitively coupled oxygen discharges via the EAE is explained. We concentrate on time averaged potentials, which are important for the ion species due to their relatively low plasma frequency. [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF][START_REF] Schulze | [END_REF]86] Figure 6 shows the time averaged potential profile between the powered and grounded electrode for different phase angles at low and high pressure resulting from PIC/MCC simulations. In general, the profile reveals the common shape consisting of a plasma bulk region with a negligible voltage drop confined between the sheaths in front of the powered and grounded electrode [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. The latter regions show a strong potential decrease. Thus, negative ions cannot reach the electrodes by overcoming the potential barrier and are well confined within the discharge. It can also be seen that the sheath regions are bigger at low pressure [START_REF] Schulze | [END_REF], which is in good agreement with the data shown in Figs. 1 (d) and 2 (d), respectively.

The control of the mean potential at the powered electrode and of the time averaged plasma potential via the EAE, i.e. by tuning the phase angle θ between the applied harmonics, is found in both pressure regimes. The profile is almost symmetric for θ = 45 • . It is strongly asymmetric at θ = 0 • and θ = 90 • and can be reversed by switching between these two cases. However, the control range, e.g. the difference between the mean plasma potential at θ = 0 • and θ = 90 • , is bigger at low pressure. This will be explained below.

From these potential profiles, it is obvious that a dc self-bias develops in a geometrically symmetric discharge depending on the choice of θ. The dc self-bias resulting from experiment, simulation, and model is shown in Fig. 7. For the analytical model, the symmetry parameter ε obtained from the PIC/MCC simulation is used as input parameter. Despite the small deviation at high pressure, which is due to the model assumption of a negligible voltage drop across the plasma bulk, this gives an excellent agreement. Similar to the results obtained in argon discharges [25,27,30], the dc selfbias changes almost linearly as a function of the phase angle in the range 0 • ≤ θ ≤ 90 • and 90 • ≤ θ ≤ 180 • . In this work, the EAE is tested experimentally for the first time in an electronegative discharge. Due to the controllability of the dc self-bias we find that the effect works in the oxygen scenario investigated here, as well.

However, the control range, i.e. the difference between the minimum possible and maximum possible bias, is smaller at 100 Pa (Fig. 7 (b)) if compared to the argon case. This is indicated by the comparison of the results in oxygen with the dc self-bias obtained by the analytical model assuming ε = 1 for all θ; it corresponds to the assumption of equal mean ion densities in both the powered and the grounded electrode sheath (see Eq. 5), which is well justified in geometrically symmetric argon discharges operated at relatively high pressures [25,27]. It should be noted that the experimentally obtained values of the dc self-bias are shifted towards smaller values due to the capacitive coupling between the glass cylinder confining the plasma radially and the outer chamber wall. This effectively enhances the grounded surface area and, thereby, reduces the geometrical symmetry. However, in all cases the dc self-bias changes almost linearly with the phase angle in the range 0 • ≤ θ ≤ 90 • and 90 • ≤ θ ≤ 180 • , respectively. It has been shown before and can be confirmed by the data shown in Fig. 6, that the time averaged voltage of the powered and grounded electrode sheath vary linearly with η [32]. This, in turn, is the most important parameter for the energy of the ions hitting the respective surface. Therefore, the control of η with the phase angle shown in Fig. 7 is the key to control the ion energy separately from the ion flux via the EAE, which has been examined in argon [24][25][26][27] and oxygen [36] discharges up to now.

The effect of a decreased control range of the dc self-bias in oxygen discharges at high pressures can be explained by the density profiles discussed above (see Sec. 3.1). At 100 Pa, the density profile of positive ions has two maxima, which are in the vicinity of the powered and grounded electrode sheath edges, since the production of ions by collisions of fast electrons and neutrals is strongly localized. By diffusion, O + 2 ions enter the sheath regions, where they are accelerated towards the adjacent electrode. Therefore, the ion density in each of the sheaths depends on the respective peak density of positive ions. Similar to the dynamics in electrically asymmetric argon discharges at relatively high pressures [33], the number of highly energetic electrons is increased at θ = 45 • and θ = 135 • at the powered and grounded electrode, respectively.

This can be examined in more detail by analyzing the time dependent electron conducting current. Electron heating at the powered and grounded electrode sheath [52][53][54][55][65][66][67][68][69][70][71][START_REF] Wood | Sheath heating in low pressure capacitive radio frequency discharges[END_REF][START_REF] Schulze | [END_REF][74][75][76][77] leads to a negative and positive current, respectively. Figure 8 (a) shows the measured discharge current as a function of time within one low frequency period at 100 Pa. The squared current resulting from (b) experiment, (c) simulation, and (d) model is a measure for the power absorbed by electrons. In the model, the charge voltage balance (Eq. 2) without the bulk contribution is solved for q(t). The normalized current is found by differentiation. Here, the experimentally determined dc self-bias, η, and symmetry parameter, ε, are used as input parameters. We find an excellent agreement between experiment, simulation, and model. At θ = 0 • and θ = 90 • , the current shows a symmetric behavior: its shape basically consists of a strong and a weak maximum and a strong and a weak minimum, respectively (see Fig. 8 (a)). Therefore, electrons are heated mainly at two times within the rf period, once at the powered electrode sheath and once at the grounded electrode sheath (see Fig. 8 (b)-(d)). Consequently, they gain about the same amount of energy at both sheaths during one low frequency period. At θ = 45 • , one strong minimum and two relatively small maxima are found in the discharge current. This means, that the electron heating is stronger at the powered electrode, even though the time of power dissipation is shorter (see Fig. 8 (b)-(d)). Accordingly, electron heating, ionization, and the peak density of O + 2 are enhanced in front of the grounded electrode and ε > 1 is found. At θ = 135 • , the symmetry of the discharge is reversed, i.e. the sign and direction of the current is reversed. Therefore, the major gain of electron energy takes place at the grounded electrode sheath. This asymmetry of the electron heating at θ = 45 • and θ = 135 • leads to a higher ionization rate and, by that, to a higher peak density on the corresponding side. The resulting modulation of the sheath densities as a function of θ, which also affects the symmetry parameter, in turn changes the electron heating by sheath expansion.

Altogether, this effect leads to a phase angle dependence of the symmetry parameter, which is in contrast to the constancy of ε ≈ 1 obtained in an argon discharge operated under similar conditions [25]. The change of ε(θ) causes smaller absolute values of the dc self-bias η (see Eq. 3) and, thus, a damping of η as a function of θ in oxygen at high pressures. It also explains the small curvatures of η(θ) shown in Fig. 7 (b). This correlation is also illustrated by the comparison of ε with the ratio of the peak density of positive ions in front of the powered (O +,p 2 ) and grounded (O +,g 2 ) electrode depicted in Fig. 9 (b). The experimentally determined symmetry parameter qualitatively shows the same behavior. However, it always is smaller than ε from PIC/MCC simulations. Again, this is caused by the nonideal geometrical symmetry. We find in the experiment that, under the conditions investigated here, η and ε are stable, even if the gas flow is varied or if we change from a pure oxygen discharge to a gas composition of oxygen and argon by admixing different amounts of Ar gas.

At low pressure, the symmetry parameter changes only by about ±8 % (see Fig. 9). Here, it is increasing as a function of the phase angle in the range 0 • ≤ θ ≤ 90 • and decreasing in the range 90 • ≤ θ ≤ 180 • (see Fig. 9 (a)). The difference between the mean sheath voltages, i.e. the occurence of a dc self-bias, affects the mean ion densities in the sheaths. This leads to a small self-amplification of the dc self-bias generated via the EAE [24,25] and, accordingly, a slightly bigger control range in both experiment and simulation compared to the assumption of a constant ε (see Fig. 7 (a)). Here, it can also be seen that a symmetry parameter ε = const. different from unity only leads to a shift of the bias curve towards smaller (ε < 1) or higher (ε > 1) values. 2 ) and grounded (O +,g 2 ) electrode obtained from the simulation at high pressure (100 Pa) is also shown. (φ 0 = 150 V, d=2.5 cm)

control of the self-excitation of PSR oscillations

The self-excitation of the plasma series resonance (PSR) is an important issue in asymmetric capacitive discharges operated at low pressures, because it enhances the electron heating [65,67,[START_REF] Schulze | [END_REF][74][75][76][86][87][88][89][90][91][92]. Due to Eq. 2, the nonlinearities of the plasma sheaths do not cancel if ε = 1 and resonance oscillations occur. In general, it does not matter whether this asymmetry is induced geometrically (A p = A g ) or electrically (φ ∼,max = -φ ∼,min ) [28]. It should be noted that the discharge symmetry is characterized by ε and not by the value of η [37]; even though we could define an electrical symmetry by η = 0, this would not necessarily mean that the densities are symmetric with respect to the discharge center, which would imply ε = 1 in the case of a geometrically symmetric discharge.

Figure 10(a)-(c) shows the time resolved discharge current within one low frequency period for different phase angles at low pressure resulting from experiment, simulation, and model. In the model, the PSR can be examined if the voltage drop across the plasma bulk is taken into account, i.e. by solving the charge voltage balance (Eq. 2) for q(t) and calculating q(t) [34]. We choose the input parameters of the model according to the experimental results. Taking the values of η(θ) obtained from the experiment (see Fig. 7 (a)) allows us to calculate the symmetry parameter, ε, (see Fig. 9 (a)) and the total charge, q t , using Eqs. 3 and 4. At 10 Pa, the electron momentum changing collision frequency can be estimated ν m ≈ 1.2 • 10 8 s -1 . From the optical appearance of the plasma, we assume L b ≈ 1.0 cm and s max,p ≈ 0.5 cm, which is in satisfying agreement with the PIC/MCC simulation data shown above. We also roughly estimate the mean electron density in the plasma bulk to be 5 • 10 8 cm -3 , which might be reasonable due to the simulated density profiles shown in Fig. 1. At the time of maximum or minimum discharge current (corresponding to the time of the collapse of one of the sheaths), oscillations with a small amplitude, but afrequency of about one order of magnitude higher than the applied fundamental frequency are self-excited in experiment, simulation, and model. Of course, the amplitude of these PSR oscillations is very small compared to the total current amplitude due to the relatively small asymmetry. This is different from the "classical" scenario of the PSR self-excited in geometrically asymmetric discharges [65,[86][87][88][89][90][91], where usually ε 1 and NERH (Nonlinear Electron Resonance Heating) gives a large contribution in the electron heating [65,87,92]. Due to the symmetry parameter ε shown in Fig. 9, ε ≈ 1 at 10 Pa and θ = 45 • in the PIC/MCC simulation and the PSR almost vanishes in this case. Therefore, the small amplitudes of the PSR oscillations in the discharge current can be controlled in a geometrically symmetric electrically asymmetric capacitively coupled oxygen discharge. Accordingly, NERH can be neglected. The electrically induced asymmetry of the discharge (see Fig. 9 (a)) is just too small to cause a reasonably enhanced electron heating. This explains, why the time averaged electron power absorption is independent of θ even at low pressures as discussed above (see Fig. 5 (a)).

In contrast, in the electron current obtained in the experiment and the model using experimentally determined values, the PSR oscillations are strongest at θ = 0 • and become smaller with increasing θ. Again, this is caused by the symmetry parameter ε changing as a function of the phase angle. Here, ε is smaller than unity, but increases with θ (see Fig. 9 (a)). Therefore, the discharge becomes more symmetric by tuning θ from 0 • to 90 • , because the small geometrical asymmetry found in the experiment is partly compensated by the electrical asymmetry.

However, the amplitude of the high frequency oscillations at θ = 0 • is distinctly smaller in the model compared to the results of experiment and simulation. The reason for this deviation is most likely caused by the low electron density in the plasma bulk (see Fig. 1(a)). This allows for resonance oscillations at the plasma frequency, which in electropositive discharges typically is well above the frequency of the PSR oscillations (ω P SR ≈ s max,p /L b ω p,e [87]). According to the simulation data discussed in Sec. 3.1 (see Fig. 1), these frequencies can be estimated ω P SR ≈ 0.98 • 10 9 s -1 < ω p,e ≈ 1.13 • 10 9 s -1 . Therefore, both frequencies are very close.

The PSR oscillations lead to an enhanced acceleration of the sheath expansion velocity, which results in the generation of electron beams with very high velocities if compared to the thermal velocity of the bulk electrons. The current density of this beam is j beam = e n beam | u beam |. Under the assumption of a quasineutral sheath region at the time of sheath collapse, the beam electron density is about 1.5 • 10 13 m -3 according to the ion density profile shown in figure 1(a). In a rough estimation, the beam velocity has a value of about 4 • 10 6 m s -1 . As will be understood later, this can also be found in the tilting of the arrows shown in figure 10(d). This yields a current density j beam of the order of 10 A m -2 , which is in reasonable agreement with the current density depicted in figure 10(c).

When these beam electrons enter the bulk they cause a rather strong electric field. This is because the electron density in the plasma bulk and, accordingly, the bulk conductivity, σ b , are low [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. With the electron density given in figure 1(a), we find σ b ≈ 140 • 10 -3 Ω -1 . Therefore, the electric field strength E beam = j beam /σ b has to be of the order of 100 V m -1 . In a very simple picture, this field is completely shielded by the bulk electrons after one plasma frequency. Then, the resulting displacement current inside the plasma bulk should be of the order of ε 0 E beam • ω p,e ≈ 1 A m -2 . In other words, the beam current is distributed in Fourier space around the PSR frequency. As discussed above, the PSR frequency is very close to the electron plasma frequency in our case. Therefore, a reasonable part of the current has a frequency higher than ω p,e , which can excite an electrostatic wave [67,93] accompanied by a displacement current. This rough estimation shows that the displacement current within the plasma bulk is not negligible in an oxygen discharge under the low pressure conditions investigated here.

Figure 10(d) shows the displacement current density in the plasma bulk region at θ = 0 • . The upper and lower boundaries of the colour plot are choosen to suppress the strong displacement current in the sheaths. However, they do not correspond to the exact sheath motion. As can be verified here, the contribution of the displacement current to the total current is not negligible at the time of the expansion of the sheath in front of the powered electrode, i.e. the time of strongly pronounced PSR oscillations. The amplitude of the displacement current is in reasonable agreement with the above estimation. This is not taken into account in the analytical model. Therefore, the model assumption of a pure conduction current in the plasma bulk underestimates the strength of the resonance. Even though the amplitude of the resonance oscillations is smaller in the model for this reason, a damping of it can be observed at higher θ in Fig. 10(b).

This double resonance structure might be of great importance for all asymmetric electronegative discharges operated at low pressures, since the requirement of a rather low electron density in the plasma bulk is mostly fulfilled. Both resonances are governed by the second derivative of the charge q with respect to time, q(t), occuring in the plasma bulk term (see Eq. 2) [87]. This is directly proportional to φ∼ (t). At θ = 0 • , the absolute value of φ∼ (t) is maximum at the beginning of the low frequency period. Therefore, we find a strong impact of both resonances in the first part of the rf cycle. It might be possible to model these results accurately. However, the coupling certainly needs a more detailed treatment, which should be done in a future work.

Conclusions

The Electrical Asymmetry Effect has been investigated in a dual-frequency capacitively coupled radio-frequency discharge in pure oxygen. Our results show that many of plasma parameters can be controlled via the EAE by tuning the phase angle θ between the applied harmonics. In particular, it is observed that the density profiles of all charged species are shifted between the two electrodes due to the dependence of the sheath extensions on θ, while the total densities stay rather constant, varying only within ±10 % for different θ. This is because the time averaged power absortption of the electrons does not vary much with θ. The bulk length is found to change slightly with θ, leading to small modulations in the densities of electrons and ions and consequently the electronegativity of the oxygen plasma.

The time averaged potential profiles are found to be dependent closely on θ, as the voltage drop across both sheaths can be varied via the symmetry of the applied voltage waveform. The dc self-bias is approximately a linear function of θ. The variation range of the dc self-bias is smaller at relatively high pressures, due to the localized ionizations in the sheath regions at high pressures. This leads to a higher positive ion density in the sheath, and an enhanced electron heating therein. This mechanism might become more important in electrically asymmetric discharges, which are operated in other (electronegative) gases at even higher pressures.

At low pressures, the plasma series resonance is self-excited in asymmetric discharges resulting in high frequency oscillations in the temporal evolution of the conducting current, though only small amplitude PRS oscillations are observed in comparison to those typically generated in geometrically asymmetric discharges. Nevertheless, a certain amount of resonance oscillations and consequently the Nonlinear Electron Resonance Heating can be switched on and off by tuning θ, i.e. by electrically controlling the discharge symmetry. In addition, these PSR oscillations are superimposed by another resonance structure, i.e. an electrostatic wave close to the electron plasma frequency due to the low electron density in the bulk region. This can be regarded as a principal mechanism in low pressure electronegative discharges.

In conclusion, the EAE has been verified experimentally for the first time in an electronegative discharge. And we show that it is an effective way to control many plasma paramters by using the EAE in electronegative discharges. Especially, we examine the underlying mechanisms to realize the separate control of the ion flux and ion bombarding energy onto the electrodes. Although further investigations, e.g. in other gases, are needed to explore the applicability of the EAE in a broader scope of CCRF discharges, this work clearly motivates applying this effect to strongly electronegative plasmas, such as dusty plasmas.
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 1 Figure 1. Spatial distribution of positive ions, negative ions, and electrons between the powered electrode and the grounded electrode resulting from PIC/MCC simulations: (a) θ = 0 • , (b) θ = 45 • , (c) θ = 90 • . (d) Length of the plasma bulk and maximum extension of the sheath at the powered and grounded electrode. (10 Pa, φ 0 = 150 V, d=2.5 cm)
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 2 Figure 2. Spatial distribution of positive ions, negative ions, and electrons between the powered electrode and the grounded electrode resulting from PIC/MCC simulations: (a) θ = 0 • , (b) θ = 45 • , (c) θ = 90 • . (d) Length of the plasma bulk and maximum extension of the sheath at the powered and grounded electrode. (100 Pa, φ 0 = 150 V, d=2.5 cm)
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 3 Figure 3. Spatial distribution of positive ions, negative ions, and electrons between the powered and the grounded electrode resulting from PIC/MCC simulations for two different values of the secondary electron emission coefficient: γ = 0.12 and γ = 0. The other discharge conditions are the same as in figure 2. (100 Pa, φ 0 = 150 V, d=2.5 cm)

Figure 4 .

 4 Figure 4. Electronegativity as a function of the phase angle at low and high pressure resulting from PIC/MCC simulations. By definition, α peak and α int is the ratio of the peak and integrated density profiles of negative ions and electrons, respectively. (φ 0 = 150 V, d=2.5 cm)

Figure 5 .

 5 Figure 5. Time averaged power absorbed by the plasma electrons as a function of θ at low and high pressure resulting from experiment, simulation, and model. P e (θ) is normalized by the mean value for all θ. (a) low pressure (10 Pa), (b) high pressure (100 Pa). (φ 0 = 150 V, d=2.5 cm)

Figure 6 .

 6 Figure 6. Time averaged potential profile between the powered and grounded electrode for different phase angles resulting from PIC/MCC simulations. (a) low pressure (10 Pa), (b) high pressure (100 Pa). (φ 0 = 150 V, d=2.5 cm)

Figure 7 .

 7 Figure 7. Normalized dc self-bias as a function of the phase angle θ resulting from experiment, simulation, and model. (a) low pressure (10 Pa), (b) high pressure (100 Pa). (φ 0 = 150 V, d=2.5 cm)

Figure 8 .

 8 Figure 8. (a) Experimentally determined discharge current as a function of time within one low frequency period for different phase angles at high pressure. The squared current resulting from (b) experiment, (c) simulation, and (d) model is a measure for the power absorbed by electrons. (100 Pa, φ 0 = 150 V, d=2.5 cm)

Figure 9 .

 9 Figure 9. Symmetry parameter ε as a function of the phase angle θ resulting from PIC/MCC simulations and experiment at (a) 10 Pa and (b) 100 Pa. The ratio of the peak density of positive ions in front of the powered (O +,p 2 ) and grounded (O +,g 2 ) electrode obtained from the simulation at high pressure (100 Pa) is also shown. (φ 0 = 150 V, d=2.5 cm)

Figure 10 .

 10 Figure 10. (a)-(c) Discharge current as a function of time within one low frequency period for different phase angles at low pressure resulting from (a) experiment, (b) model, and (c) simulation. The input parameters of the model are chosen according to the experimental data and are described in the text. (d) Spatially resolved displacement current in the plasma bulk region within one low frequency period for the case of θ = 0 • resulting from the simulation. The powered electrode is located at x=0. The color scale gives the displacement current density in [A/m 2 ]. (10 Pa, φ 0 = 150 V, d=2.5 cm)
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