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Highly sensitive measurements of the energy transferred during plasma sputter deposition of metals

This work reports results obtained from heat flux measurements performed during the deposition of metallic thin films by low-pressure plasma sputtering. It introduces a sensitive diagnostic, which allows to perform such measurements directly during the process and to follow in real-time mechanisms involved in plasma/surface interaction. Although quantitative results are provided and discussed, the main scope of this article is a qualitative study of the sputter-deposition process via the energy flux transfers. The diagnostic developed for energy flux measurements is presented and the versatility of the experimental apparatus is described.

Results on the study of the deposition of Pt (and Fe) thin films demonstrate a good reproducibility of the measurements and the ability to separate the energetic contributions of the main plasma (∼ 300 mW/cm 2 ) from the deposition process ones (2 to 23 mW/cm 2 ). The influence of gas pressure, plasma power and target bias voltage, on the energy transferred to the silicon substrate is also studied. challenging research area [1]. The complexity of the energy transfer study is due to the fact that energetic contributions are of different kinds [2,3]: -energy transfer by collision from electrons, ions, excited neutrals, sputtered atoms, -release of potential energy from metastable atoms, neutralization of ions or adatom condensation radiation from emitting plasma and heated devices (target, reactor walls etc.)

Depending on the plasma source, the reactor geometry, the substrate bias, the main species contributing to the energy transfer are different. Whereas charged particles are the

Introduction

At present time, plasma enhanced processes, such as thin film deposition, etching, polymer functionnalisation, etc. are widely used for various industrial applications (microelectronics, protective coatings, material treatments…). To achieve the control of the process and help to the scale-up step, a better knowledge of the involved mechanisms is still necessary. Simultaneously to the plasma characterization, a good knowledge of the energy released onto the substrate is of crucial importance to control accurately the properties of the plasma modified material. Up to date, the fundamentals of these energy transfers are still a main source of energy flux in case of biased substrates [4], contribution of electrons or neutrals may become significant in other cases [2][START_REF] Ekpe | Reactive Sputter Deposition[END_REF][4][5][6]. Events occurring during plasma/surface interaction could be more complicated when chemical reactions (molecule dissociation, chemical etching, etc…) occur on the substrate surface [2,7]. Nevertheless, for non reactive sputtering, it is commonly admitted that the total energy transfer is composed of the contributions listed below [2,[START_REF] Ekpe | Reactive Sputter Deposition[END_REF]:

Sputter-deposition stage

• The adsorption enthalpy of the incoming atoms, usually referenced as condensation energy • The kinetic energy of the sputtered atoms

• The energy of the gas ions, which recombine with electrons when colliding with the negatively biased target, becoming fast neutrals. Their key role has been evidenced in magnetron sputtering [6,[8][9][10][11] Plasma contribution

• The kinetic energy of gas atoms [12] • The potential energy of metastables that can be partially released at the surface • The kinetic energy of the charged particles: ions accelerated through the plasma sheath, and electrons which may interact with the substrate (eg in RF plasmas). For ions that are neutralized at the surface, the ionization energy has to be taken into account Other transfer processes • The radiative energy coming from both excited particles of the plasma and heated devices (vessel walls, metallic target …)

To distinguish each of these energy flux contributions, specific experiments have to be made in different configurations. Results provided by literature most often come from calculations based on temperature measurements [4,12]. Even if some sophisticated thermal probes have been developed [13][14][15], the total energy flux is always estimated a posteriori from thermograms recorded during the heating and cooling steps. Mathematical treatments are then employed to estimate the heat flux, that introduce systematic deviations. Moreover, with this kind of methods, it is not possible to evidence transfer mechanisms of different kinetics such as transfer by collision (instantaneous) or transfer involving a heating step (IR emission). Moreover, detection of transient or small energetic contributions (several mW/cm²) could not be reasonably achieved.

The present work describes a study of the energy transfers onto a silicon substrate during deposition of metallic thin films by plasma sputtering. It is based on measurements performed with an energy flux diagnostic whose time resolution (1ms) is sufficient to follow the energy transfer occurring at the substrate surface in real time. Unlike Ellmer et al. [16] whose calorimetric sensor exhibits similar characteristics (i.e. sensitivity ≈ 20µV/mW/cm²), in the present energy flux diagnostic, the sensor is maintained at fixed temperature. This is favourable to repetitive heat loading and long operating time. Especially remarkable is the time rise, that is lower compared to the calorimetric sensor one (few ms). The experimental configuration has been chosen in order to separate heat fluxes coming from the argon plasma itself, and the ones due to the Sputter-Deposition Process SDP. An Inductively Coupled Plasma (ICP) reactor is used, where a metallic target can be independently DC biased. After a brief description of the experimental setup, results obtained with respect to experimental parameters are presented and discussed.

Experimental apparatus

The energy flux diagnostic is based on a commercial sensor built by Vatell Corporation [17] and composed of 1600 thermocouples/cm 2 mounted in series, and having a 6 mm diameter active surface (See Fig. 1a). Its principle is based on the Seebeck effect (thin film thermopile). The Vatell probe has been preferred to other commercial heat flux sensors because of its good sensitivity and time resolution (~1ms). This Heat Flux Microsensor (HFM) is inserted in a water-cooled copper chamber (Fig. 1a). Hence, the HFM is set at a sufficiently low temperature (278 K) to make the heat flux permanently oriented toward the probe. Moreover, the lower the HFM temperature, the more accurate the energy flux signal (better signal to noise ratio). Measurements are carried out with a Keithley ® Nanovoltmeter 2182, since the output HFM voltages are of the order of µV at the relatively low energy fluxes reached in the present conditions.

The plasma reactor is a 40 cm diameter and 20 cm height chamber, in which pressure can be set down to 10 -5 Pa. The argon (Ar) gas inlet is set to 5 sccm and the working pressure is adjusted between 0.5 and 5 Pa. The experimental apparatus can be used in two configurations:

The first one is dedicated to the calibration procedure of the energy flux diagnostic. It has been widely described in previous paper [18]. For this step, a cylindrical (copper) homemade blackbody, surrounded by thermal shields, is inserted in the reactor at 0.5 mm from the HFM. The blackbody can be heated up to 500 K with a DC power supply. The calibration is performed in vacuum, so that only radiative transfers occur between the blackbody and the HFM, satisfying thus the NIST (National Institute of Standard and Technology) procedure [19].

The second configuration, designed for the SDP study, is schemed in figure 1b). The plasma is created in argon gas. A 13.56 MHz generator is able to provide a power up to 1000 W, via a matching box (reflected power < 5W). The sputtering target and the energy flux diagnostic are placed in a TCP reactor, 10 cm away from each other.The sputtered target is a 5x5cm 2 and 0.5mm thick metallic plate (Pt or Fe). A DC generator is connected to the target.

Hence, the target voltage can be varied from -50 to -350 V. The substrate is a 0.5 mm thick and 1x1 cm 2 silicon wafer directly stuck [20] on the HFM active surface with a thermal paste, in order to reduce the thermal contact resistance. During the SDP, substrates are at floating potential.

Results and discussion

Previous studies, based on comparisons between experiments and COMSOL multiphysics simulations, have shown that the major part of the heat flux reaching the substrate is transferred to the HFM with negligible losses [START_REF] Bedra | Proceedings (CD) of the 5 th European Thermal-Sciences Conference[END_REF]. Since the HFM is water-cooled at 278 K and the substrates relatively thin, the heat flux remains directed toward the HFM.

Therefore, the energy flux density on the substrate is deduced from the HFM measurement by multiplying the value obtained from the calibration curve with the ratio between the areas of the substrate and the HFM active surface.

1. SDP contribution to the global energy transfer

A typical energy flux time evolution recorded during sputtering of Pt is presented in Fig. 2a. This experiment consists of a sequence of seven sputter-deposition steps, lasting 1 min each, with increasing negative bias voltages of the target. First of all, it is interesting to note that the background signal (heat flux density before switching on the plasma, i.e. for t < 1500 s) is not equal to zero, but of the order of 18 mW/cm 2 . This is due to radiative transfer between the reactor at room temperature and the substrate which is cooled down to 5°C. After switching off the plasma (t ≈ 3700 s), the signal reaches again this value.

As soon as the plasma is turned on (t ≈ 1500 s), the heat flux through the substrate surface increases sharply within 2s. The plasma contribution (∆ϕ plasma = 300 mW/cm 2 ) has been studied in [18] and is due to energy transfer from charged particles, especially Ar ions.

After this switching on step, the signal continues on increase until it reaches a steady state (at about 2500 s). This behaviour is attributed to the progressive heating of the reactor, inducing radiative transfer from the walls toward the substrate. This thermal contribution is detected by the HFM in addition to the plasma one.

From t = 2500 s, small signals are visible on Fig. 2b, corresponding to the 1 min lasting sputter-deposition steps. One can first observe on each signal a sharp rise followed by three kinds of evolution:

the top of the first signals (-50 and -100 V) slowly increases, -the last ones (from -200 V) decrease rather linearly, -for -150 V signal, a steady state is reached.

The slow rise is due to a radiative transfer from a heated device. As soon as the target is biased, it undergoes bombardment from the positive Ar ions. Its temperature rises (the target is not cooled) and it starts emitting in the infrared range. This radiation is detected by the HFM and partly overlaps the sputter-deposition signal.

To sustain this explanation, an experiment has been made with a 5x5cm 2 piece of Si inserted between the sputtering target and the HFM. The Si shield was set very close (0.5 mm) to the substrate-HFM system, in order to avoid any metal atom deposition on the silicon substrate. Silicon was chosen as a shield for its wide spectral transmittance (1-9 µm) [START_REF] Allmen | Ion Beam Interactions with Materials[END_REF],

which allows most of the IR radiation emitted by the target to reach the HFM. Note that the Si shield, left floating, can also be slightly heated under bombardment of low energy (e(Vp-Vf))

argon ions. When biasing the target in such a configuration, a small signal with a different shape from the one of SDP steps is observed (see Fig. 3). As a matter of fact, the sharp rise attributed to the atom deposition onto the substrate (that can be assisted by fast argon neutrals)

does not exist anymore. However, as it can be seen in Fig. 3, there is a slow rise of the signal, which is attributed to a heating process of both sputtered target and Si shield. This experiment was thus useful to demonstrate that the sharp rise of the sputtering signal is due to collision processes (momentum transfer from particles) that we are interested in. The direct link between the target heating and the further evolution of the first SDP signals in the sequence is also checked. After a while, the target temperature becomes constant, and the SDP signal reaches a steady state as observed on Fig. 3 for -150 V.

The decreasing trend of the SDP signal (from -200 V) observed on Fig. 2b can also be explained. This behaviour is attributed to the progressive coating of the upper reactor window just below the antenna by sputtered Pt atoms. This statement is supported by the fact that the signal only decreases during the sputter-deposition steps, whereas it is constant in-between (plasma contribution in Fig. 2b). If such a thin Pt layer covers the window, plasma-antenna coupling becomes less efficient (confirmed through the plasma colour change) and the electron density in the plasma is globally lowered. Consequently, the sputtering ions at the target are less numerous and the sputtering process becomes less efficient. This leads to a decrease of the energy transferred during the SDP. Moreover, after each sputtering step, the contamination layer being thicker, and the Ar ions density lower, the plasma contribution diminishes too.

From this first experiments it is seen that the contribution corresponding to the SDP ∆ϕ sput is well quantifiable and strictly distinguished from the ICP plasma signal. It is proved that the HFM sensitivity is sufficiently high to detect the small amount of energy deposited by the SDP (from 2 mW/cm² to 23 mW/cm 2 ), hardly observed by classical thermal probes. It is also of particular importance to notice the ability of the HFM diagnostic to distinguish the heat flux transferred by fast mechanisms (conduction, adsorption) from those involving a thermal step (target heating,…).

Bias voltages ranging from -50 down to -350 V were applied in order to study the effect of the target bias voltage on the energy transfer by the SDP onto the silicon substrate.

At first glance, one can see on Fig. 2b that the more negative the bias voltage, the higher the energy transfer. This will be discussed in the paragraph 3.3.

2. Reproducibility of heat flux measurements

To investigate the reproducibility of both the SDP and the heat flux density measurements, additional experiments were carried out. The signal of a sequence of 6 sputterdeposition steps of Pt was recorded for a constant target bias voltage of -200 V (Fig. 4a and4b). It is clearly shown that the corresponding heat flux density ∆ϕ sput = 8-9 mW/cm 2 remains constant from one step to another. Note that the heated target contribution was removed from the first one. This shows that the presence of the previously deposited metallic layers does not perturb the energy flux density measurements. Indeed, measurements being performed on a growing metallic layer containing some interfaces (sputtering off steps), an increasing thermal resistance should have been formed. This would have led to a decrease of the measured signal (∆ϕ plasma and ∆ϕ sput ). Possible perturbation of energy flux measurements induced by a change of the heat conduction were reported by Ellmer et al. [16] in the case of the calorimetric sensor they use. They conclude that for relatively low thicknesses of the deposited layer, this effect is negligible. The good reproducibility of the signal after each sputtering step indicates that measurements remain accurate enough during the growth of the metallic layer, in the experimental conditions used in Fig. 4.

Rather than the thickness, the interfaces created inside the layer during the plasma/surface interaction steps can influence the thermal conductivity. To check this point, we have performed two kinds of experiments where the growing regime of the Pt layer was modified.

First, we have compared a sequence of 6 Pt sputtering steps of 1 min each with a continuous sputtering process of 6 min; depositing respectively either 6 layers or one continuous layer for the same total sputtering time. Fig. 5 shows the HFM signal for the continuous sputtering step of 6min. Once again, one can see on this graph the effect of the processes described above: after the SDP contribution, a slow rise due to the radiative transfer from the heated target and a linear decrease, attributed to the growth of a Pt layer on the window. The value of ∆ϕ sput = 8-9 mW/cm 2 either calculated from the sharp rise or from the falling down of the signal, is the same for both cases: short time sputtering steps and long time continuous coating. The energy measurement is thus not affected by the layer growth mechanism.

The second conducted test consists of making several Pt sputtering steps (with increasing negative bias voltage), but by turning off the plasma between each. As shown in Fig. 6, the sputter-deposition contribution ∆ϕ sput for a given target bias are the same on both experiments (8-9 mW/cm 2 ). This validates the rather accurate reproducibility of the diagnostic. Thus, it is proved from these last experiments that, in the present conditions, the presence of a growing metallic layer on the substrate does not affect the energy flux measurements.

A comparison is made with the SDP of Fe in the same conditions than in Fig. 4 for Pt (see Fig. 7a and7b). The contribution of the SDP ∆ϕ sput = 6-7 mW/cm 2 is well reproducible step to step. However, in this case, the plasma global signal does not decrease, even after several sputtering steps. This is also visible on the top of the sputtering slots, which never decreases.

In opposite, they keep growing in a slow way due to the target IR emission and reach a steady state regime when the temperature becomes constant. The different behaviour observed on the sequence of 6 sputter-deposition steps between Pt and Fe is also a check of the reason for the decreasing tops observed on the Pt sputtering signals. The iron sputtering yield for 300 eV argon ions is lower (0.6) than the platinum one (0.8) [START_REF] Yamamura | [END_REF], thus the dielectric window under the excitation antenna is slower contaminated in the case of iron. The global Fe quantity deposited (in conditions of Fig. 5) after 6 min total sputtering time is not enough to significantly perturb the RF power/plasma coupling.

Energy transfer during DSP versus experimental parameters

All these experiments have shown that the diagnostic is suitable to study plasma/surface interaction via energy transfers, and for deposition process control. The order of magnitude of the global energy deposited onto the substrate is in good agreement with works on magnetron sputtering reported in literature [2,5,16]. An important result is that, according to the experimental configuration and to the sensitivity of the sensor, it is possible to separate the sputter-deposition contribution from those due to the plasma or from the residual heating of the reactor parts. This is an advantage compared to conventional techniques used for energy flux measurements during deposition. It is shown that in the present conditions, the energy part brought by condensing atoms and reflected neutrals is very small (≈ 5%) compared to the contribution of the argon plasma. This is in correspondence with S. Mahieu et al. work [6,11], where the contributions to the energy momentum flux are calculated from plasma characterizations and simulations.

In the following, the diagnostic is used to study the influence of experimental parameters onto the SDP contribution: bias voltage, gas pressure and plasma power. Fig. 8 shows the linear evolution of the energy brought by the SDP with respect to the Pt target bias voltage. Obviously, as the target voltage becomes more negative, the kinetic energy and the flux of the Ar + attracted by the target increases. This leads to a more efficient sputtering process (higher sputtering yield of metal atoms). The metal atoms sputtered out of the target are thus more numerous. It has been shown that, the mean kinetic energy of sputtered atoms only weakly depends on the energy of the incoming argon ions [9,24,25]. The increase of the deposition contribution is thus mainly due to a rise of the number of condensing atoms. In the same manner, the contribution of the argon ions reflected by the target gets higher. This can be predicted from simple calculations given for example in [9].

Both phenomena tend to increase the global energy transfer coming from the SDP. The behaviour observed in Fig. 8 was thus expected.

For the most negative voltage, i.e. -350 V, the energy transferred to the Si substrate by the SDP is around 25 mW.cm -2 . The target voltage corresponding to ∆ϕ sput = 0 is about 25V.

Taking into account the plasma potential (≈ 10 V in the present conditions), the corresponding energy of the sputtering argon ions can be estimated to 35 eV. It is interesting to compare this value with the sputtering threshold of Pt by Ar+ given in literature (25-30 eV) [START_REF] Yamamura | [END_REF]. The good agreement between both values indicates that the energy transfer from metal sputtered atoms is the main contribution in the SDP.

Measurements performed at various gas pressures are presented in Fig. 9a. They have been made at 3 different bias voltages (-100, -200 and -350 V) and for each of the 4 pressure values (0.5, 1, 3 and 5 Pa). As expected, the energy transferred by the plasma increases with pressure. This is because the ion density increases when the plasma gets more confined by collisions. This point is reported in [26] for instance.

Since the number of collisions of plasma particles increases with pressure, the sputtered atoms are also subjected to deviations: they are scattered away from their path to the substrate. Moreover, they lose a significant part of their kinetic energy [START_REF] Ekpe | Reactive Sputter Deposition[END_REF]9,24,27].

Consequently the energy contribution of the condensed atoms (or land reflected neutrals) ∆ϕ sput drops down (see Fig. 9b).

One can notice on Fig. 9a that the lower the pressure, the better resolved the sputtering slots. Zooms of two sputtering steps for -200 V, 0.5 Pa and 3 Pa respectively are presented in Fig. 10. It is clearly seen that the deposition signal shape changes with the pressure. Therefore, mechanisms involved in the energy transfer are varying with pressure. It has been reported in literature that the gas temperature increases with the pressure [28]. This is evidenced on Fig. 10b where the gas thermal contribution dominates the signal.

In Fig. 11, the energy flux density evolution is plotted versus the plasma power. The plasma is switched 'on' and 'off' before and after each power value. As expected, the evolution of the plasma energy contribution is proportional to the RF power. Since the electron density linearly evolves with power in an ICP plasma, the energy transferred to the surface increases. A good agreement has been found between ionic current measured with Langmuir probe (not given here) and plasma contribution to the global heat flux transfer. This suggests that the energy transferred by the plasma as a function of the power mainly depends on the ions flux evolution. This is confirmed by estimations performed in a previous work [18] in similar experimental conditions (ICP argon plasma, 0.5 Pa, substrate at floating potential). The ion energetic contribution was estimated to about 80% of the total.

As RF power increases, the energy transfer due to the SDP rises (Fig. 11b). This is due to a higher ion density in the plasma leading to an enhanced sputtering process. The number of adsorbed atoms onto the substrate becomes more significant, increasing the global energy flux transferred to the substrate.

Conclusion

This work highlights application of a sensitive energy flux sensor to a semiquantitative investigation of the energy transfers occurring during SDP. Direct energy flux measurements are performed with an original diagnostic developed at the laboratory. Results

show that such a system allows to follow the real time evolution of the energy flux transferred to the substrate. From experiments presented here, the ability of the diagnostic to monitor a deposition process is clearly established. According to the chosen experimental conditions and to the sensor sensitivity, the contribution of the SDP was successfully isolated from the Ar plasma one. Moreover, the short response time allows to get rid of the slow contributions due to IR radiations emitted from the heated parts of the chamber.

The influence of several experimental parameters (Ar pressure, target voltage and RF power) on the energy transferred to the substrate was studied. It is shown that plasma contribution increases with respect to both pressure and RF power. These general trends, already reported in the literature, were expected. For the SDP contribution, a linear rise with bias voltage and plasma power, and a decrease as a function of the pressure was qualitatively evidenced. This was explained in terms of sputtered atom and reflected neutral kinetic energy and flux variations. Another paper is in progress where measured energy transfers from the SDP will be compared to estimations from energy balances. 
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 1 Figure 1: a) Photos showing the heat flux micro-sensor (inch scale) and its integration in the water-cooled substrate holder, b) schematic of the ICP plasma reactor in sputter-deposition configuration.
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 23 Figure 2: a) Energy flux measurement during a sequence of seven sputter-deposition steps of Pt, in 0.5 Pa pressure and 400 W argon plasma. b) Zoom of Fig. 2a showing the 1 min sputterdeposition steps performed with target voltages ranging from -50 to -350V Figure 3: Energy flux measurement during sputter-deposition step performed with a Si shield located in front of the substrate. In this configuration no particles coming from the SDP are able to reach the surface. The recorded signal is thus only due to the contribution from heated devices (metal target and Si shield).
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 4 Figure 4: Test of reproducibility for Pt deposition at -200V bias target, in 0.5 Pa and 400 W argon plasma. a) Energy flux measurements, b) zoom of Fig. 4a showing the 1 min sputterdeposition steps performed with a target voltages of -200 V. The SDP contribution is the same for each sputter-deposition step.
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 5 Figure 5: Energy transferred during a continuous 6 min sputter-deposition of Pt at 0.5 Pa, 400W and -200 V. The sharp rise is due to transfer from sputtered metal atoms and reflected neutrals. The following slow evolution (in the circle) is characteristic of radiative transfer from the heated target. The slow global decrease is attributed to the progressive coating of the upper window by Pt atoms, which influences the RF power/plasma coupling.
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 6 Figure 6: Comparison of the energy transfer during SDP of Pt when the plasma is turned off between each sputtering step or not, (0.5 Pa and 400W). The good agreement between both sets of values shows that the growing regime of the Pt layer on the substrate does not influence the measurements.
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 7 Figure 7: Test of reproducibility for Fe sputter-deposition at -200 V bias target, in 0.5 Pa and 400 W argon plasma. a) Energy flux measurements, b) zoom of Fig.7ashowing the 1 min sputter-deposition steps performed with a target voltages of -200 V. As in the case of Pt deposition, the SDP contribution is the same for each sputter-deposition step. However, the shape of the sputter-deposition signals indicates that there is no modification of the RF power/plasma coupling (no decrease after several sputter-deposition steps).
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 8 Figure 8: Energy flux density due to the SDP of Pt versus the target bias voltage in a 0.5 Pa and 400 W argon plasma. The increase of the SDP contribution when the target bias voltage becomes more negative was expected, and is explained by a rise the flux and energy of the Ar
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 9 Figure 9: a) Energy flux measurements performed at four argon pressures, for 400 W RF power and -100 V, -200 V, -350 V target bias voltages. b) Evolution of the SDP contributions versus pressure for -200 and -350 V target bias voltages. The observed decrease is explained by the increase of the collision number between particles (sputtering ions, sputtered metal atoms, reflected neutrals) and argon atoms, which leads to scattering phenomena and reduction of the mean kinetic energy.

Figure 10 :

 10 Figure 10: Shape of the sputter-deposition signals for two argon pressures at 400W RF power: a) 0.5 Pa and b) 3 Pa. It is clearly seen that the argon pressure influences the SDP signal, and consequently the mechanisms of energy transfer. At 3 Pa a thermal contribution is visible together with the fast transfer from SDP particles.

Figure 11 :

 11 Figure 11: Energy transfer as a function of the RF plasma power (1Pa argon pressure): a) heat flux measurements, b) SDP contribution. The energy transferred during the SDP increases with the RF power because of the global rise of the ionisation degree in the plasma. The number of sputtering ions at the target becoming higher, the sputtering process is enhanced.
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