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Introduction:

The patented plasma recipe called Bosch process (Laermert and Schilp 1994) is commonly used since the 90's to produce high-rate anisotropic trench etching mainly in microsystems applications: on a silicon wafer masked with photoresist, repeated exposure to an etchant plasma (SF 6 ) in alternation with a passivation plasma (C 4 F 8 ) produces deep structures with high aspect ratios. Two applications in power electronics are considered in this paper: high density integrated 3D capacitors [START_REF] Brunet | Development of fabrication techniques for high-density integrated MIM capacitors in power conversion equipment[END_REF][START_REF] Benazzi | Performance of 3D capacitors integrated on silicon for DC-DC converter applications[END_REF]) used as output filters in future DC-DC microconverters and DT-SJMOSFET [START_REF] Théolier | Deep Trench MOSFET structures study for 1200 Volts applications[END_REF]). For integrated 3D capacitors, the effective surface area of the electrodes is increased by etching deep cavities in silicon. The best aspect ratios for the smallest features are necessary to produce high capacitance density. For VDMOS, the design requires to produce trenches that are 100 µm deep with a perfect verticality to allow charge balance. The DRIE parameters should be tuned to reach respectively these two objectives. The Bosch process involves two major mechanisms: ion-assisted dry chemical etching and the deposition of a polymer inhibiting layer. During the etch cycle, the SF 6 gas dissociate into neutral fluorine radicals and ions responsible for the etching of the silicon. During the passivation cycle, the C 4 F 8 gas is ionised to produce a fluorocarbon polymer responsible for the inhibiting layer. The bias power, the pressure in the chamber, the cycle times, the gas fluxes can influences greatly the species concentration and energy and thus the silicon etch rate as well as the feature profiles. The approach consisting in understanding separately the influence of each process parameter based on the plasma physics has been broadly studied in the literature [START_REF] Blauw | Deep anisotropic dry etching of silicon microstructures by high-density plasmas[END_REF][START_REF] Ayón | Characterization of a time multiplexed inductively coupled plasma etcher[END_REF] and is essential to determine a process window giving high aspect ratio structures. With this prerequisite, a tool that would model the effect of each parameter on the structures profiles as well as the parameters interactions would be of great help to tune finely the process. This paper presents an accurate optimization of the DRIE process achieved through Design of Experiments (DoE) based on 2 k factorial experimental design by Montgomery 1995, also described in [START_REF] Box | Statistics for experimenters, Wileys series in probability and statistics[END_REF] and [START_REF] Goupy | Introduction aux plans d'expériences -Optimisation du choix des essais et de l'interprétation[END_REF]). This approach is not usual for plasma processes as many unknown reactions can happen in the plasma. However, the authors believe that it is the most efficient and precise way to investigate the influence of various parameters and their interactions inside a reasonable process window. It reduces development costs as several parameters are studied in parallel and several objectives for various applications can be reached as demonstrated in the paper. Chen and co-workers [START_REF] Chen | Parameter optimization for an ICP deep silicon etching system[END_REF]) have studied DRIE features with design of experiments based on Taguchi experimental method [START_REF] Taguchi | Introduction to quality engineering: designing quality into products and processes[END_REF]. However, the influence of the factors interaction can not be extracted with this method whereas it is possible with Montgomery approach employed here. Moreover, two other advantages of the factorial experimental designs method as opposed to any other experimental design (including Taguchi) are the low number of experiments required and its accuracy (Borror and Montgomery 1999). The variance of the effects (called b i ) for n experiments, is proportional to the experimental variance (s²) according to (1):

n s b i 2 var  (1) 
In this work, it is demonstrated that with carefully chosen limits, where factors vary linearly, it is possible to obtain predictive expressions containing the influence of parameters on the responses and their interaction. With this simple and precise approach, the two objectives could be reached, i.e. for the DT-SJMOSFET and the 3D capacitors applications. An aspect of this work was also to study the influence of oxygen in the passivation plasma. It has been indeed proven by other research teams [START_REF] Blauw | Deep anisotropic dry etching of silicon microstructures by high-density plasmas[END_REF][START_REF] Ohara | Improvement of Si/SiO 2 mask etching selectivity in the new D-RIE process[END_REF]) that a low-pressure, high density, oxygen-plasma pulse removes the polymer passivation layer efficiently. The so-called triple process could give aspect ratio as high as 60. For a gain in process time, we chose to introduce the oxygen during the passivation plasma (C 4 F 8 + O 2 ). The fractional factorial experiment design that was used is detailed in a first part. Five main factors (Bias power, pressure, etch cycle time, passivation cycle time, oxygen presence in passivation plasma) were chosen. The four responses measured were the silicon etch rate (ER Si ), the verticality of the profiles (difference between the width at the top W t and at the bottom W b of the structures), the critical dimension loss and the mask selectivity (photoresist etch rate ER R ). In a second part, the effects extracted from the factorial designs are validated by an explanation on the related physical phenomena occurring during the process. In particular, the effects of the presence of oxygen in the passivation cycles on the profiles are studied. Finally, the analytical expressions were used to reach the devices objectives (DT-SJMOSFET and high aspect ratio 3D capacitors).

Experimental.

Prior to silicon etching, the wafers were prepared with a double mask (photoresist and silicon oxide) as follows: the silicon wafers were first thermally oxidised. The SiO 2 was 330 nm thick. Then a photoresist layer (AZ1529) was spun on for photolithography. The structures on the mask were a series of trenches, 1 mm long and with their width equal their spacing. The width of the trench was 4.2 µm after photolithography. The SiO 2 layer was etched with a CF 4 plasma recipe in a ICP (Inductively Coupled Plasma) system. The etching experiments were carried out in a STS multiplex tool, that has a low pressure and high frequency ICP etch system. The STS system uses fluorine-based gases for anisotropic deep silicon trench etching. The 13.56 MHz RF system produces a high-density, low-pressure, low-energy inductively coupled plasma. Non-uniformity in etching rate usually occurs across the wafer and for different etch times: ARDE (Aspect Ratio Dependent Etching) [START_REF] Gottscho | Microscopic uniformity in plasma etching[END_REF][START_REF] Coburn | Conductance considerations in the reactive ion etching of high aspect ratio features[END_REF][START_REF] Blauw | Deep anisotropic dry etching of silicon microstructures by high-density plasmas[END_REF][START_REF] Yeom | Critical aspect ratio dependence in deep reactive ion etching of silicon[END_REF][START_REF] Kiihamäki | Pattern shape effects and artefacts in deep silicon etching[END_REF][START_REF] Chung | Geometrical pattern effect on silicon deep etching by an inductively coupled plasma system[END_REF]) and micro-loading effect [START_REF] Jensen | Characterization of the microloading effect in deep reactive ion etching of silicon[END_REF] have been broadly studied in the literature. Although it will be necessary in future development to take into account these effects, this is not the purpose of the presented work and the studies were thus carried out always with the same mask, and with the same etching time (77 min). This time was chosen long enough to produce trenches with depth close to the targeted 100 µm for the devices application.

The thickness of the photoresist was systematically measured before DRIE process and after DRIE process with a mechanical profilometer. From these measurements, the photoresist etch rate (ER R ) was calculated. After DRIE, the cross-section was observed with SEM. The depth (D), the width at the top of the structure (W t ), the width at the bottom of the structure (W b ) were measured on the SEM pictures. From these measurements, the silicon etch rate (ER Si ) could be calculated, as well as the verticality of the profile: V = W t -W b , and the critical dimension loss (Cd loss = W t -4.2 µm).

All these measurements were necessary to reach the objectives. High aspect ratios (D/W t ) are indeed required for capacitors application. The CD loss should also be minimal as the final devices contain very dense structures. For DT-SJMOSFET applications, a depth (D) of 100 µm and perfect verticality (V = 0) were aimed at.

As mentioned before, five factors were considered in the factorial design. They are detailed in table 1 with their value range. Other parameters which are part of the Bosch process were kept constant. The RF coil power was 1000 W and the electrode RF power was 300 W. The C 4 F 8 flux was kept to 85 sccm and the SF 6 flux was kept to 130 sccm. The parameters ranges were carefully chosen so as to produce always deep high aspect ratio structures as well as observable response variation. In particular, in most Bosch processes [START_REF] Blauw | Deep anisotropic dry etching of silicon microstructures by high-density plasmas[END_REF][START_REF] Ayón | Characterization of a time multiplexed inductively coupled plasma etcher[END_REF], the etch cycle time is set longer than the passivation time. Here, the etch cycle (SF 6 ) time was chosen to be minimum 1 second longer than the passivation time (C 4 F 8 ). The valve position that controls the pressure in the chamber was chosen as a parameter. The corresponding pressures of SF 6 gas and C 4 F 8 gas versus the valve position are reported in figure 1. The minimum for the valve position was chosen to be 40%, when the pressure is low and the evacuation of reactive species produced by the plasma is high. For valve position lower than 40%, it was observed that the etching selectivity between the mask (photoresist) and the silicon was not assured anymore: the photoresist etch rate was too high due to physical etching with high energy ions. At a position of 70%, high pressure is present in the chamber favouring chemical etching. Central conditions were repeated several times during the study to establish an estimation of the experimental variance (s²). This variance is necessary to evaluate the influence of each factor, as explained later on.

The purpose of the work was to express the measured responses (Y) or ER Si , V, ER R and CD loss as a function of these five factors (X i ). A high and a low limit of variation are assigned for each factor. The final analytical expressions hold within the range defined by these limits. With five factors, a full study would need 32 (2 5 ) experiments to extract the influence of each factor and the interactions on the measured response.

The measured responses are expressed in polynomial form as follows (for example ER Si ):

Y = ER Si = b 0 + b 1 X 1 + b 2 X 2 + b 3 X 3 + b 4 X 4 + b 5 X 5 + b 12 X 1 X 2 + b 13 X 1 X 3 + b 14 X 1 X 4 + b 15 X 1 X 5 + b 23 X 2 X 3 + b 24 X 2 X 4 + b 25 X 2 X 5 + b 34 X 3 X 4 + b 35 X 3 X 5 + b 45 X 4 X 5 + . (1) 
with X i the factor level and b i linear coefficients (hereafter will be termed as effects) reflecting the influence of each factor on the responses. As usual for factorial designs, X i are expressed in a reduced centered units form (high level = +1, low level = -1). b ij are representative of the interactions between 2 factors. The influences of the interactions for more than 2 factors are considered as negligible. The experimental error is represented by .

Since five factors were explored, a fractional factorial design (2 k-2 ) with 8 experiments was built [START_REF] Goupy | Introduction aux plans d'expériences -Optimisation du choix des essais et de l'interprétation[END_REF]. A simple procedure involving the alias generators and contrasts was used which will reveal the effect of each factor and its interactions. The matrix of experiments with the factors levels is detailed in table 2. The factors 4 and 5 were implemented on the calculation columns 12 and 13 respectively.

The new mathematical expression is now:

Y = l 0 + ł 1 X 1 + ł 2 X 2 + ł 3 X 3 + ł 12 X 1 X 2 + ł 13 X 1 X 3 + ł 23 X 2 X 3 + ł 123 X 1 X 2 X 3 +  (2)
where ł i are called the contrasts. The generators of this design are thus 124 ≡ 135 ≡ 2345. For each experiment, the responses were measured and reported in the last four columns of table 2. As the matrix is orthogonal, the contrasts were simply calculated by a multilinear regression (algebric sum of the responses with the sign of the corresponding effect). In parallel, the experiments with central conditions were conducted (noted a to d in table 2).

Due to the fact that a fractional design was operated, the contrasts ł i that were extracted are a function of several effects. With the chosen levels, the contrasts were then: The complementary design (8 new experiments) was done with opposite generators (-124 ≡ -135 ≡ -2345) in order to extract the pure effects b i of each factor and the corresponding interactions. This second matrix, which particularity is to have the column 4 and the column 5 with inverted signs, is detailed in table 3. Similarly, the experiments with central conditions (a to d) were done.

As a result, the contrasts ł' i for this new matrix were then: 

i = (ł i + ł' i )/2 b ij = (ł i -ł' i )/2
In order to complete this simple approach, the multilinear regression was also operated via MODDE software. Table 4 reports the calculated b i and b ij values with MODDE that takes into account the experiments with central conditions for a more accurate calculation of the effects. R² represents the regression factor : the closer it is to one, the better the model. The confidence intervals for the effects were calculated based on a Student law and they are also reported in table 4:

n s t b ij 975 . 0



with n, the number of experiments.

The effects extracted from the calculations were compared to these confidence intervals and ignored if well outside the confidence intervals. The effects that were considered to influence the results are highlighted in bold in table 4 and can be reported in the analytical expressions (1).

For the verticality (V), although factorial designs are not the optimal designs for second order modelling, a square term (b 33 ) was introduced that improves significantly the quality of the model: the R² factor increases from 0.798 to 0.928. It is thus proposed to consider as significant this second order influence of the valve position (and thus the pressure). The physical meaning of this term will be discussed in the following paragraph.

Discussion and validation of the factorial experimental designs.

The parameters effects extracted from the factorial experimental designs are discussed in the following. For the four responses studied (ER Si , V, ER R , CD loss), the most influent parameters extracted by the factorial experimental designs are the bias power and the valve position. In DRIE processes, the bias power and the pressure in the chamber (controlled here by the valve position) are the main parameters controlling the species produced in the plasma (neutrals and ions). And the etching characteristics and the resulting profiles are closely related to the nature of the species produced in the plasma and their energy. The pressure influences greatly the species generation in the plasma: neutral fluorine radicals versus ions. It is known that, at high source power levels (1000 W), the fluorine radical density is proportional with the pressure. At the same time, the ion density in a continuous SF 6 plasma varies roughly inversely proportional with the square root of the pressure [START_REF] Blauw | Deep anisotropic dry etching of silicon microstructures by high-density plasmas[END_REF]). In other words, when the valve is closed to an extent of 70%, the pressure in the chamber is high: a lot of radicals are present (produced by the high collision rate of neutrals) and reacts with the silicon atoms. The etching process is mainly chemical. Consequently, the process selectivity is increased: the silicon etch rate is increased (b 3 for ER Si is positive) while the photoresist etch rate is reduced (b 3 for ER R is negative). The downside of a high pressure is a more isotropic etching process which can produce a bigger CD loss (b 3 for CD loss positive). When the bias power is high (X 1 = +1), ions produced in the plasma are accelerated towards the bottom of the trenches. As a result, the etching is more physical: the silicon etch rate, as well as the photoresist etch rate are increased. This is translated by b 1 for ER Si and ER R being positive. The efficiency of physical etching is mainly due to the energy (or mean length path) acquired by the ions and their presence in the plasma. Although the bias power is necessary for accelerating the ions towards the substrate, it is known that the number of ions and their mean length path depends on the pressure. At high pressure, the ions have a smaller mean length path and will recombine quickly inducing then a lower efficiency on the physical etching. This double influence of the bias power and the pressure is translated by an interaction effect (effects b 13 ) on the silicon etch rate. To obtain perfect verticality, V should be equal to zero. It requires thus an optimisation of the parameters rather than a maximisation or minimisation. The verticality is influenced by the impact of the ion angular distribution, which depends on the pressure and the bias. At high pressure (X 3 = + 1 with b 3 positive), the angle is wide and leads to isotropic etching because of the divergence of the ions collisions with the sidewalls. Sidewalls collisions cause erosion of the sidewall passivation layer and reduce the ion flux to the bottom of the trench and leads to a stronger lateral etch (loss of verticality) and the critical dimension increases (b 3 for CD loss positive). If the bias power is high, the verticality is enhanced (X 1 = +1 with b 1 negative). Again, the interaction between bias power and pressure is present in the verticality equation and can be explained as follows: at high pressure and high power, although the ions are accelerated, it is not enough for compensating the chemical etching (isotropic) induced by radicals which are the more numerous. The best option for verticality is to work at low pressure, when the angular distribution is small and the ions/radicals ratio is small. It was observed during the experiments that at high pressure, there was a strong accumulation of passivants (CF 2 ) at the bottom of the trenches that induced a very bad verticality. The square term (b 33 ) that was introduced in the model takes then into account this acceleration of trench closing at high pressure. The influence of the cycle time (b 2 ) and the additional time for SF 6 plasma (b 4 ) is less pronounced in the responses measured. The former one is influent in the CD loss. It is explained by the fact that when cycle time is at the high level, the SF 6 etching process doesn't compensate anymore the passivation on the sidewalls. As a result, due to an accumulation of passivant CF 2 , the CD loss is reduced (effect b 2 negative). For the additional time of SF 6 , it is understood that when it is at the high level (+2 sec), the etching process at the bottom of the trenches is more effective: the resulting silicon etch rate is increased (effect b 4 positive).

The effect of parameter 5 (presence of oxygen in passivation plasma) is discussed in the next section.

Oxygen in passivation cycle.

It is interesting to note that parameter 5 (presence of O 2 ) influences the following results: verticality, photoresist etch rate and CD loss. Additional experiments were conducted from the central conditions (see table 1) and by varying the oxygen flux in the passivation plasma: 0 sccm, 3.5 sccm and 7 sccm of O 2 . Figure 2 reports the experimental and predicted results for this varying oxygen flux.

As expected from the factorial design results, the presence of oxygen in the passivation plasma has no influence on the silicon etch rate (figure 1a). However, there is an influence of oxygen on the verticality (figure 1b). It is believed that the oxygen increases the etch rate of CF 2 during the passivation cycle. When no oxygen is present, the profiles are positive, i.e. the bottom width is smaller than the top width. If oxygen is introduced in the process, the CF 2 layer becomes thinner. As a result, the width at the bottom of the trenches increases and the verticality is improved. As expected, the more oxygen present in the passivation plasma, the more the photoresist mask is etched (figure 1c). This problem of loss in selectivity could be overcome by using another type of mask: SiO 2 for instance. On this graph, although the trend is similar between the calculation and the experiments, the calculations underestimate the photoresist etch rate. This difference comes from the difficulty to detect the photoresist/SiO 2 interface. In some experiments, the photoresist could have been completely etched before the end of the 77 min and not detected. This problem will be resolved in the future by installing on the STS equipment an end-point detection system such as an Optical Emission Spectrometer. The same observation is done on figure 1.d): the CD loss is overestimated. The difference between the calculations and the experiments comes from the difficulty to control perfectly the photolithography step: the initial width after photolithography depends greatly on temperature, hygrometry, photoresist age. Clearly, the more oxygen is present in the chamber, the thinner the passivation layer on the walls: the lateral etch rate is thus more important.

As a result, oxygen in passivation plasma can be an interesting parameter for adjusting the profiles verticality.

Application to devices objectives:

For DT-SJMOSFET, as mentioned before, it is necessary to produce 100 µm deep structures with perfect verticality. The parameters were thus chosen thanks to the analytical expressions. In order to reach 100 µm, the power was set to 11.5 W. To adjust the verticality, it was then necessary to set the valve position at 53% and the cycles at long times. Figure 3 shows the resulting profiles. The depth was 101 µm. The width was 5 µm at the top and also at the bottom of the trench, giving thus a perfectly vertical profile.

For 3D capacitors, the objectives are to reach the best aspect ratios: this means that for the mask studied, the trench should be as deep as possible with the smallest CD loss. The analytical expressions were used in order to set the following conditions: a high bias power (12 W), long cycle times, high pressure (65%). On figure 4, the obtained structures were 111 µm deep, for 4.7 µm large, leading to an aspect ratio of 23.6. It has to be noted that for these conditions, the photoresist etch rate was 12.6 nm/min. Such a low etch rate will allow to reach deeper structures by extending the etching time and thus high aspect ratios.

Conclusions.

In this work, factorial experimental designs were conducted with five DRIE parameters: bias power, pressure, passivation cycle time, etching cycle time and presence of oxygen in passivation plasma. The objective was to produce a controlled and optimized Bosch process: analytical expressions were obtained that gave the silicon etch rate, the verticality, the mask etch rate, the CD loss, as a function of the above mentioned parameters in a reasonable process window. Through these experiments, the effect of introducing oxygen in the passivation plasma was studied: it appears as an additional parameter to adjust verticality, useful if the mask is not made out of photoresist. Finally, thanks to the analytical expressions, the objective of 100 µm deep structures with perfect verticality for DT-SJMOSFET applications was reached. In parallel, a process that could lead to high aspect ratio for high density 3D capacitors was defined. To conclude, fractional factorial design is an approach adapted to DRIE processes and helpful for the realization of optimized structures in power electronics applications. A reliable factorial experimental design was applied to DRIE for specifically producing high aspect ratio trenches. These trenches are to be used in power electronics applications such as active devices: Deep Trench Superjunction MOSFET (DT-SJMOSFET) and passive devices: 3D integrated capacitors. Analytical expressions of the silicon etch rate, the verticality of the profiles, the selectivity of the mask and the critical loss dimension were extracted versus the process parameters. The influence of oxygen in the passivation plasma step was observed and explained. Finally, the analytical expressions were applied to the devices objectives. A perfectly vertical trench 100 µm deep was obtained for DT-SJMOSFET. Optimum conditions for reaching high aspect ratio structures were determined in the case of high density 3D capacitors.
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Figure 1 .

 1 Figure 1. Pressure of SF 6 and C 4 F 8 gas in the chamber versus the valve position.

Figure 2 .

 2 Figure 2. Calculated and experimental results for a) silicon etch rate (ER Si ), b) verticality (V), c) photoresist etch rate (ER R ), d) CD loss versus the oxygen flux.

Figure 3 .

 3 Figure 3. SEM pictures of a) cross-section; close-up views on b) the top and c)the bottom of the trenches for the following conditions: 11.5 W, C4F8: 10.5 sec; SF6: 12.5 sec, 53% no O 2 .

Figure 4 .

 4 Figure 4. SEM pictures of a) cross-section; close-up views on b) the top and c)the bottom of the trenches for the following conditions: 12 W; C 4 F 8 : 12s; SF 6 : 14 s; 65%; 0 sccm 0 2

Table 1 .

 1 Studied factors with variation ranges.

Table 2 .

 2 Matrix 1 with factors levels, measured results ER Si , V, ER R , CD loss and contrasts calculations. Experiments with central conditions (a to d) are also reported.

Table 3 .

 3 Matrix 2 with factors levels, measured results ER Si , V, ER R , CD loss and contrasts calculations. Experiments with central conditions (a to d) are also reported.

Table 4 .

 4 MODDE calculated effects b i and b ij from matrix 1 and matrix 2 with corresponding confidence intervals and regression factor.
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