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The kinetics of stable species has been studied in-situ in pulsed CF 4 /H 2 radio frequency discharges by means of time resolved quantum cascade laser absorption spectroscopy. The absorption spectra were usually recorded with a time resolution of 5 ms and required a multi-species analysis, because of interfering complex absorption features of CF 4 and C 3 F 8 . For this reason, measurements were carried out at two different spectral positions. High resolution spectroscopic data were established by calibrating effective absorption cross sections and their relative temperature dependences for the relevant low pressure conditions (10 Pa). During the discharge a decrease of the CF 4 density by ~12 % was observed. The off-phase was mainly characterised by the gas exchange. The C 3 F 8 density in the off-phase was found to be of the order of the detection limit (3 × 10 13 cm -3 ). Spectra acquired during the plasma-on phase showed a rapid temperature-induced increase of the absorption signal and, additionally, suggested the influence of a short-lived broadband absorbing species. The reasonable assumption of the presence of CF 4 hotbands, has not yet enabled a further quantification.

Introduction

Fluorocarbon plasmas are applied in industry and fundamental research for etching or deposition purposes and as model systems. Pulsing of the discharge provides an additional means of tuning plasma parameters, e.g., densities and temperatures, which become time dependent [1,2]. However, a better understanding of the plasma chemistry and kinetics in these complex discharges is still required. Thus time resolved information on absolute number densities of transient and stable species is desirable. Several plasma diagnostic methods have been used so far to measure densities of radicals or other neutral species in fluorocarbon containing plasmas [3], among them optical emission spectroscopy [4,5], mass spectrometry [5,6], laser induced fluorescence [6][7][8] or absorption spectroscopy (AS) in the ultraviolet [6,9,10] or infrared (IR) spectral range. Apart from Fourier transform (FT-) IR studies [11,12], tuneable diode laser absorption spectroscopy (TDLAS) has been established as a suitable diagnostic tool for monitoring absolute ground state number densities in plasmas. For years tuneable lead salt diode lasers have been used as mid-IR light sources emitting between 3 and 20 µm, where characteristic absorption lines of many molecular species are normally located [13,14]. Specifically, IR-TDLAS has been applied for time resolved studies of CF or CF 2 radicals and C 2 F 4 as a stable reaction product in capacitively coupled radio frequency (rf) CF 4 /H 2 pulsed plasmas (13.56 MHz) [1]. Furthermore, based on the simultaneous monitoring of three selected absorption lines, the time dependence of the rotational temperature of the CF 2 radical was determined within a plasma pulse [2]. Recently, quantum cascade lasers (QCL) have become available as alternative light sources in the mid-IR spectral range (3 -20 µm) [15]. After their first spectroscopic application [16] pulsed QCLs have rapidly been employed for chemical sensing in general and for plasma diagnostics and plasma process monitoring in particular [17][18][19][20][21][22]. Different modes can be used to tune the single mode emission of a distributed feedback QCL over the spectral transitions of interest. Particularly the intra pulse mode is of high interest for time resolved measurements. For this tuning approach a relatively long laser pulse is used. The internal heating of the QCL causes a frequency down-chirped laser pulse which can be used to acquire a sweep of about 1 cm -1 within the pulse width of typically a few hundred nanoseconds [23]. The time resolution is thus theoretically limited by the pulse length of the laser. While IR-TDLAS generally provides an adequate means for measurements in reactive plasmas, QCLAS may now facilitate an even better time resolution. However, absorption features measured under low pressure conditions by using pulsed QCLs are typically affected by obstacles, i.e. the rapid passage effect which may be accompanied by potential power saturation of the transitions [24,25]. Accurate quantitative results can be obtained if a careful calibration [18,19] or normalisation [20] is performed. This approach is also suitable for complex molecular spectra where high resolution spectroscopic data are absent or have to be extracted from additional jet cooled experiments. In this case, an effective absorption cross section defined and calibrated for a specific spectral micro-window is also sufficient. Stancu et al. demonstrated this for SiF 4 where no temperature dependence was observed, since contributions from several spectral lines compensated each other [18]. This article concerns pulsed CF 4 /H 2 capacitively coupled rf discharges and focuses on the time resolved determination of the absolute concentrations of stable molecules. A pulsed QCL emitting at 7.86 µm (1269 -1275 cm -1 ) was used for measurements of complex absorption features of CF 4 and C 3 F 8 [11,[START_REF]NIST Chemistry WebBook[END_REF][START_REF] Mcdaniel | [END_REF][28]. For C 3 F 8 only coarse spectra or band integrated absorption cross sections are available in literature. For CF 4 a few high resolution IR-TDLAS measurements around the band origin at 1283 cm -1 are reported, but these studies provide only line positions [29,30] or relative absorption cross sections [31]. Absolute absorption cross sections for CF 4 provided by the HITRAN database (2004 edition, [32]) have usually been acquired at several hundreds of Torr and hence are limited in their spectral resolution. For this reason, effective absorption cross sections had to be deduced for CF 4 and C 3 F 8 by a complementary calibration. This approach simultaneously factors in the non-linear absorption effects caused by the pulsed QCL. Additionally, the temperature dependence of the absorption cross sections was studied. The paper is organized as follows: section 2 describes the experimental arrangement and section 3 follows with spectroscopic issues, i.e. the calibration procedure and the discrimination of multiple species in the spectra. The results of measurements in pulsed rf discharges are discussed in respect of the temperature increase in section 4.

Experimental setup

The experimental arrangement, which is schematically shown in figure 1, consists of two main parts: the discharge setup and the optical arrangement. The discharge setup has been described in detail elsewhere [1,2,33] and is therefore only briefly considered here. The asymmetrical, capacitively coupled rf discharge (13.56 MHz) was created in a cylindrical stainless steel vacuum chamber. A rf generator provided 100 W to the powered electrode. A master pulse generator (MPG) was used to pulse the discharge with a period of 3 s and a duty cycle of 1/3 (i.e. 1 s on and 2 s off). The gas mixture was made of CF 4 and H 2 with a constant gas flow of 7 and 3 sccm respectively. The total gas pressure was kept constant at about 10 Pa. Additionally, the MPG served to synchronize the emission of the pulsed QCL (figure 2). The MPG provided a master gate TTL trigger which primarily determined the plasma on-phase (figure 2a). Next, a delay generator launched a sequence of trigger pulses for the QCL with a delay time of t del after the rising edge of the MPG signal (figure 2b and2c). The burst of subsequent QCL trigger events was realized by a frequency generator. The repetition frequency of the trigger events defined the time resolution of the measurements t res (figure 2d). Typically, a burst of 600 pulses with a time resolution of t res = 5 ms, launched at t del = 500 ns, was used to map the entire plasma pulse. In other words, using this time resolution the recovery time of the QCL after its emission was long enough to record spectra from the entire discharge pulse by means of a single burst of trigger pulses. Finally, to increase the signal to noise ratio, 25 of such sequences (i.e. from 25 subsequent plasma cycles) were recorded and averaged yielding 600 individual averaged spectra. All calibration data have been recorded under identical trigger conditions as for the plasma measurements. This approach was required, since changes in the trigger frequency (e.g., to speed up the data acquisition) would affect the heat sink temperature and thus the output frequency of the QCL. The QCL radiation was collected by an off-axis parabolic mirror (OAP) (50 mm diameter, f/0.99) and guided through the plasma reactor in a double pass configuration (~90 cm), approximately 4 cm above the rf electrode. Beam shaping optics (BO, e.g. telescopes) collimated and reduced the diameter of the IR beam to match the shared ~30 mm entrance and exit port of the reactor (figure 1). Further details can be found elsewhere [34]. A fast thermoelectrically (TE) cooled detector (D 2 , neoplas control, VIGO element PDI 3TE-10/12) was placed close to the plasma chamber where the transmitted light was collected by an OAP (25.4 mm diameter, f/0.64). A small fraction of the QCL output power was deflected by a ZnSe beam splitter (BS) into a reference path, where a second fast TE cooled detector (D 1 ) was placed for triggering purposes. The rising edge of the QCL signal provided a stable trigger for the digitizing oscilloscope (LeCroy, WR104Xi) and obviates uncertainties due to jitter effects. Reliable triggering is essential because a single absorption line spreads usually over less than 5 ns while the typical jitter between the trigger of the QCL power supply and the laser emission is about 1 ns. The pulsed room temperature QCL (Alpes Lasers) emitting between 1269 and 1275 cm -1 was operated with a QCL measurement and control system (Q-MACS, neoplas control) in a water cooled laser housing. All measurements were carried out in the intra pulse mode with a laser pulse width of 300 ns, i.e. a spectral coverage of ~1 cm -1 .

Spectroscopic issues

Figure 3 illustrates the spectral range used in this study. For measurements of the target species in the discharge reduced interferences from other plasma produced transient or stable fluorocarbons were required. The upper panel of figure 3 shows normalized FT-IR spectra for three stable C x F y molecules between 1269 and 1275 cm -1 . The selected spectral range is shifted from the maximum of the CF 4 absorption band at 1283 cm -1 . Under the present experimental conditions the strong CF 4 absorption signal around the band origin would have led to an almost total attenuation of the incident radiation. Thus, a part of the P-branch with weaker absorption features was used. No other stable molecules than C 3 F 8 may interfere with CF 4 absorption features in the considered range. Potential contributions of CF 3 and CF radicals (figure 3, lower panel) are negligible due to their weak absorption features or low concentrations. Highly resolved QCLAS spectra of pure CF 4 and C 3 F 8 measured in the discharge vessel (without plasma) are displayed in the lower panel of figure 4. The spectral range was successively mapped by tuning the heat sink temperature of the QCL while keeping pulse width and repetition frequency constant. Absorption features of C 2 F 6 could not be detected for pressures up to several tens of Pa. Notably, the CF 4 absorbance in figure 4 exhibits significant fluctuations, which are caused by the rapid passage features of spectrally resolved CF 4 absorption lines. This effect is smoothed in the case of the dense C 3 F 8 spectrum. In order to discriminate the contributions of both CF 4 and C 3 F 8 , all plasma measurements were performed within two spectral micro-windows (R 1 , R 2 ) centred around 1271 cm -1 and 1274 cm -1 where the ratio of the absorption cross sections is considerably different (figure 4, lower panel). Both microwindows were also used to quantify the effective absorption cross sections σ eff for CF 4 and C 3 F 8 .

Following Beer-Lambert law, the number density n of an absorbing species is determined from the ratio of the incident and transmitted intensity I 0 and I along the line of sight of length
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where σ(ν) is the absorption cross section. For a single, isolated absorption feature the integrated absorption coefficient (or line strength) is often used. However, in the case of dense or complex spectra (e.g., CF 4 or C 3 F 8 ) this is not applicable. As pointed out earlier, literature values with the required spectral resolution were absent and non-linear absorption effects caused by the pulsed QCL had to be considered. Therefore, effective absorption cross sections σ eff of CF 4 and C 3 F 8 have been extracted for R 1 and R 2 by analysing corresponding calibration spectra. As discussed in section 2, even a small inevitable jitter of less than 1 ns in the trigger may cause a nonnegligible error, since not the peak but the wing of an absorption feature would be analysed at a constant temporal position in the spectrum. This error can sufficiently be reduced, if a carefully defined spectral range ∆ν is used which yields
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Instead of calculating the absorbance from the transmitted intensities I at ν the area (or integral)

A ≈ I∆ν can be employed in predefined ranges. The value of ∆ν cancels out in equation (2). The effective absorption cross sections for CF 4 and C 3 F 8 obtained at room temperature by this approach are plotted in figure 4 (upper panel) for 10 and 25 Pa. In practice, each spectral micro-window (R 1 and R 2 ) corresponds to a 300 ns chirped QCL pulse for which 3 areas A i of different ∆ν have been selected. As could be expected, the most extended area covering the entire laser pulse represents an average for the corresponding spectral micro-window resulting in a σ eff which is found to be between those obtained from the smaller areas A i .

The calibration measurements shown in figure 4 were carried out under flowing gas conditions in the plasma chamber to obviate any change of the gas mixture, e.g., due to gas decomposition, which might be present in a closed volume of a reference cell. This approach also enables the parameters, such as gas pressure, absorption signal etc., to be adapted to the experimental conditions as close as possible.

On the other hand a homogeneous external heating of the gas phase in the reactor volume was not feasible to study the temperature dependence σ eff (T). Thus, only in this case, a metallic reference cell was placed in the beam path and externally heated up to 400 K by a heating tape.

All absorption cross sections should be considered as averaged values with a total error of about 15 %. This includes uncertainties in the pressure and gas flow measurements as well as in the data acquisition from the detector, e.g., baseline stability over time.

The σ eff values deduced at 25 Pa reveal a systematic difference compared to those at 10 Pa. Power saturation effects caused by the QCL may explain the reduced absorption cross sections at 25 Pa since the relaxation times in the low pressure regime are insufficient to cancel this effect. It should be noted, that power saturation is present for all pressures or number densities, but it is more apparent at higher values and hence underlines the relevance of performing a calibration close to the experimental conditions.

In figure 5 the calibrated effective absorption cross sections of CF 4 are compared with data provided by the HITRAN database [32]. The HITRAN data were measured at temperatures below 300 K and at pressures considerably higher than those used here (at least 90 times higher). The recently acquired data are in good agreement with other non-highly resolved literature values [37,38] though non-linear effects were present during the calibration procedure.

It can be also seen in figure 5 that the CF 4 absorption cross section increases by ~25 % from 273 K to 296 K (solid black and grey traces). Consequently, σ eff (T) has to be considered for plasma diagnostic measurements where elevated gas temperatures are usually observed. The temperature dependence σ eff (T > 296 K) for both spectral micro-windows has been established elsewhere [34]. The relative changes of σ eff (T) observed for CF 4 and C 3 F 8 respectively were parameterized by second order polynomials in order to apply σ eff (T) during the multi-species analysis of the spectra acquired in the plasma.

Results and discussion

Since the spectral features of CF 4 and C 3 F 8 (further denoted with index k = 1 and 2, respectively) interfere in the target spectral range, the number densities n k could not be determined straightforwardly from the acquired spectra. Therefore, time resolved measurements were carried out under identical plasma conditions at the two spectral micro-windows ν j (R j ). After initial averaging over 25 plasma cycles the time dependent absorption I(ν j ,t) (or the integrated absorption A(ν j ,t)) was obtained. An example of the absorbance is plotted in figure 6 which already illustrates (i) the different trends during the plasma-on phase and (ii) a still dominant increase of the absorbance in range R 2 where the CF 4 absorption should dominate and could be expected to decrease. Next, these traces were numerically converted for each molecule k into the time dependent absolute number densities n k (t) using the extracted effective absorption cross sections σ k eff (ν j ,T(t)) [33]:
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The numerical solution of equation (3) requires information on the temporal evolution of the gas temperature T(t) as an input parameter which was provided by a model function. The gas temperature during the plasma-on phase may significantly differ from room temperature observed in the afterglow. A value of ~390 K has been established for the plasma pulse [33] and correlates with values of the CF 2 rotational temperature found in [2] under similar discharge conditions. A rapid change of T(t) between the on-and off-phase was also detected [2]. These transitions were taken into account as a short exponential increase or decrease of T(t). The corresponding time constants of about 10 ms were confirmed in complementary QCLAS measurements of higher time resolution (1 ms). The steady state values of the T(t) model function were set to 390 K and 296 K during the on-and off-phase respectively. The number densities n k (t) obtained from the calculation are shown in figure 7. The gradual increase of the CF 4 number density which is observed during the plasma-off phase agrees well with an unfinished gas replacement, since the residence time was estimated to be about 12 s for the present experimental conditions. During the on-phase the initial precursor concentration decreases by ~12 % due to both dissociation and conversion processes. If C 3 F 8 is taken into account as species k = 2, the calculation yields a density n 2 that sharply increases from zero (or noise) level up to 2.8 × 10 14 cm -3 during the discharge. The carbon-fluorine content deduced from the calculated number densities in figure 7 clearly exceeds the initial one of the feed gases flow. This suggests an additional non-negligible fluorocarbon source and its conversion in the gas phase. Amorphous fluorocarbon (a:C-F) layers deposited at the chamber walls during previous experiments may explain the production of C 3 F 8 and the increase of the carbonfluorine content in the gas phase. Diffusion losses and subsequent chemical reactions would lead to a decrease of n 2 in the off-phase. However, this picture is still inconsistent. Firstly, the time scale of less than 100 ms, which was observed for the transitions in n 2 and could be established in complimentary measurements with a higher time resolution t res , is almost one order of magnitude smaller than typical values found for other stable products [1]. Secondly, if the calculated C 3 F 8 density were present, the gas phase would also contain a significant number of C 2 F 6 molecules [9,37] which in turn would further increase the excess of fluorocarbons in the system. Other effects or species may therefore contribute to the observed time trace of n 2 . Potential transient and stable molecules that might be detected in the CF 4 /H 2 plasma are CF, CF 2 CF 3 as well as CHF 3 , C 2 F 4 , C 2 F 6 and C 3 F 8 . Higher fluorocarbon molecules may be neglected here, since they should only be present at low fractions in the gas phase, especially during a short 1 s plasma-on phase [9]. Except for C 3 F 8 , none of the mentioned stable C x H y F z molecules or CF 2 exhibit absorption features in the target spectral range (figure 3). The radical densities (e.g. CF) in similar plasmas are typically too low [1] to cause the detected change in the order of 10 14 cm -3 (figure 7). Moreover, CF or CF 3 radicals would appear as individual absorption lines in addition to the complex broadband C x F y absorption spectrum which in turn leads to different results derived from the areas A 1 , A 2 and A 3 . No such evidence was found and hence the behaviour of n 2 (t) cannot be explained by the presence of radicals. In order to identify and quantify the main stable products, the off-phase gas composition was studied ex-situ by means of FT-IR spectrometry (Bruker Vertex 80V). A glass cell attached to the plasma reactor was used to extract a sample of the gas phase after discharge operation. Next, the FT-IR spectrum of this gas mixture (figure 8) was deconvolved by using the reference spectra of stable fluorocarbons which were previously acquired for calibration purposes. Although these complimentary measurements cannot directly be compared with the QCLAS results, they provide a means to assess the trends found in the time resolved experiments. Other stable compounds than the precursor molecule CF 4 , namely C 2 F 6 , C 3 F 8 , CHF 3 and HF, were identified in the spectra (CHF 3 and HF are not displayed in figure 8). A linear fit to the calibration spectra yielded the expected distribution of the perfluoroalkanes: [9]. The C 3 F 8 number density was found to be about 0.4 × 10 14 cm -3 (C 2 F 6 : 1.8 × 10 14 cm -3 ). From the peak-to-peak noise level of the QCLAS measurements a C 3 F 8 detection limit of ~0.3 × 10 14 cm -3 can be estimated, which is comparable to the off-phase density determined above. It can therefore be concluded that the C 3 F 8 density during the off-phase is just below the detection limit. Consequently, n 2 exhibits a "zero-signal". However, during the on-phase n 2 is even higher than the sum of the estimated C 3 F 8 and C 2 F 6 densities. In combination with its characteristic time dependence, which almost resembles the plasma pulse shape, this suggests another short-lived molecule or absorption feature which has not been considered during the multi-species analysis. Since CF x radicals exhibit no (broadband) absorption in the selected spectral range, CF 4 hotbands may be included in the analysis [37]. This usually implies elevated vibrational temperatures T vib in the plasma. However, Haverlag et al. pointed out that the vibrational excitation of CF 4 in capacitively coupled rf discharges is small [12]. Nevertheless, contributions of ν 3 + jν 2 -jν 2 (j = 1,2,...) hotbands around 1280 cm -1 , i.e. ν 3 transitions starting from vibrationally excited ν 2 , have been detected in several studies [12,37,39] where only slightly elevated T vib around 400 K were found. These absorption features in combination with the tail of the 2ν 4 band (1262 cm -1 ) may thus be the most reasonable explanation of the n 2 behaviour. Unfortunately, such an influence cannot be calibrated or taken into account by using the presently employed approach. Further investigations are therefore necessary to discriminate the obviously non-negligible contribution of excited CF 4 from other stable molecules of interest.

n(CF 4 ) > n(C 2 F 6 ) > n(C 3 F 8 )

Summary and conclusions

Pulsed CF 4 /H 2 containing rf plasmas have been studied by means of time resolved QCLAS. The entire discharge pulse was mapped by subsequent laser pulses, which was sufficient to achieve a time resolution of 5 ms. The recorded spectra consisted of interfering (broadband) absorption features of CF 4 and C 3 F 8 and thus required a numerical multi-species analysis. Effective absorption cross sections of both molecules (including potential non-linear effects caused by the pulsed QCL) and their temperature dependence have been determined in two spectral micro-windows around 1271 cm -1 and 1274 cm -1 respectively. Although slightly affected by non-linear absorption phenomena, the deduced CF 4 values (≤ 5 × 10 -18 cm 2 ) showed fair agreement with non-highly resolved literature data. It should be noted that the absolute σ eff values cannot directly be employed for other QCL systems, since every change in the chirp rate or in the bandwidth of the detection system may alter the observed absorbance. Nevertheless, carefully chosen and normalized values (e.g., σ eff ) still enable quantitative results to be obtained [20] and may be transferred to other systems. While the multi-species analysis yields reasonable results for the precursor density, the number density of the second species, which was assumed to be C 3 F 8 and thus a stable species, shows rapid changes between the plasma on-and off-phase. Complimentary FT-IR measurements confirmed that C 3 F 8 should only be present in the order of its QCLAS detection limit (3 × 10 13 cm -3 ). Contributions of excited CF 4 molecules (hotbands) are expected to considerably influence the absorption spectra recorded during the discharge. However, the quantification of this effect using the presented approach requires a third spectral micro-window and absorption cross sections for the excited states. Recently, CF 4 has been included in the HITRAN database [40], i.e. high resolution line strength data are now available and may provide an alternative to estimate the contribution of CF 4 hotbands. [11,[START_REF]NIST Chemistry WebBook[END_REF]35,36]. [32]) for CF 4 (solid black -660 Torr/273 K, dotted grey -7 Torr/273 K, solid grey -633 Torr/296 K).

C 3 F 8 , c -C 2 F 6 , d -C 2 F 4 , e -CF 4 , f -CF 3 , g -CF 2 , h -CF)

Figure 6:

Temporal behaviour of the absorbance ln(A 0 /A) determined in the spectral micro-windows R 1 (1271 cm -1 ) and R 2 (1274 cm -1 ) during an entire plasma pulse period (10 Pa, 7 sccm CF 4 + 3 sccm H 2 , 100 W). 
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 123 Figure 1: Experimental arrangement used for calibration measurements and plasma diagnostic studies. Double lines show the trigger signals. (MPG -master pulse generator, D -detector, BO -beam shaping optics, BS -beam splitter, Osc./PC -oscilloscope/personal computer)
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 4 Figure 4: Lower: Overview absorption spectra of CF 4 (black) and C 3 F 8 (grey) measured by using the entire temperature tuning range of the QCL (10 Pa, 90 cm absorption length). Two spectral micro-windows, R 1 and R 2 , have been defined for further analysis to discriminate absorption contributions from these two molecules. Upper: Effective absorption cross sections σ eff for CF 4 (triangle up, left, right) and C 3 F 8 (triangle down, square, circle) determined at 10 Pa (open symbols) and 25 Pa (full symbols). The σ eff values were deduced at different spectral positions A i within the defined spectral micro-windows R 1 and R 2 : A 1 -triangle up/down (lines serve as a guide to the eye), A 2 -triangle right/circle, A 3 -triangle left/square.
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 5 Figure 5:Comparison of the presently measured effective absorption cross sections σ eff at 10 Pa shown in figure4(symbol code unchanged) and different values provided by the HITRAN database (2004 edition[32]) for CF 4 (solid black -660 Torr/273 K, dotted grey -7 Torr/273 K, solid grey -633 Torr/296 K).
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 7 Figure 7:Time resolved absolute number densities of species n 1 (CF 4 ) and n 2 (C 3 F 8 ) obtained from figure6assuming a rapid change of the gas temperature between 296 K during the off-phase and 390 K in the plasma pulse (10 Pa, 7 sccm CF 4 + 3 sccm H 2 , 100 W).
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 8 Figure 8:FT-IR spectrum (measured ex-situ) of the residual gas phase after a discharge operated under static gas conditions (circles) and the deconvolution into the corresponding constituents, i.e. CF 4 (dotted black), C 2 F 6 (solid grey) and C 3 F 8 (solid black).
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