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-Introduction

Materials such as SiGe, Ge and III-V have become mandatory for the continuous improvement of semiconductor-based devices [START_REF] Hartmann | Mushroom-free selective epitaxial growth of Si, SiGe and SiGe:B raised sources and drains[END_REF][2] [START_REF] Borg | High-Mobility GaSb Nanostructures Cointegrated with InAs on Si[END_REF]. SiGe was identified early on as a good candidate thanks to its compatibility with Si Complementary Metal Oxide Semiconductor technology and growth tunability [START_REF] Suh | Ge composition in Si1-xGex films grown from SiH2Cl2/GeH4 precursors[END_REF]. Its presence nowadays in worldwide commercial manufacturing of a great number of optoelectronics and nanoelectronics devices is the best example of a successful alternative material integration [START_REF]SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices[END_REF]. SiGe heteroepitaxial growth on Si is lattice mismatched, however. Mastering strain relaxation is therefore very important in thick layers.

Several schemes were explored to obtain fully strain relaxed SiGe layers. For instance, linearly graded buffer layers [START_REF] Hartmann | Reduced pressure chemical vapour deposition of SiGe virtual substrates for high mobility devices[END_REF] yield high quality fully relaxed SiGe layers. However, this technique results in SiGe layers several microns thick which can be detrimental in terms of cost (growth time, gas consumption, etc.) and wafer bowing issues (especially on 300mm wafers).

When grown on blanket Si, a ~ 200 nm thick Si0.76Ge0.24 layer is expected to be fully compressively strained provided that the growth temperature is low enough [START_REF] Hartmann | Critical thickness for plastic relaxation of SiGe on Si(001) revisited[END_REF]. In previous work [START_REF] Mastari | SiGe nano-heteroepitaxy on Si and SiGe nano-pillars[END_REF] we were able to obtain smooth and fully strain relaxed Si0.76Ge0.24 layers with a thickness of only 200 nm using heteroepitaxial growth on nano-patterned SiO2 templates. SiGe epitaxial growth was carried out on a patterned substrate with nanometer-scale seed pillars.

Growth fronts from individual nano-pillars coalesced to form a complete 2D layer. The major advantage of this approach is the introduction of an additional freedom for strain relaxation thanks to nano-pillars. However, the resulting SiGe layers presented planar defects such as stacking faults and twins which could be linked to the nano-patterned oxide mask. In this work, we wanted to measure the impact of the nano-template on the SiGe layer quality by exploring three strategies:

• Use of a different pitch size mask • Oxide mask removal after SiGe nano-pillars growth • Use of strain free SiN as masking material instead of SiO2 An original process flow has thus been used to fabricate SiO2 and SiN based nanotemplates, and the nano-heteroepitaxy of 2D SiGe layers on these templates has then been investigated.

-Experimental details

As described in Figure 1, the substrate patterning process flow starts from slightly ptype doped nominally on-axis 300 mm bulk Si(001) wafers. A 20 nm thick thermal SiO2 or SiN layer is then deposited to serve as a template for lithography. Next, a diblock copolymer patterning is performed followed by an etching step giving cylindrical cavities with a 20 nm mean diameter and 23 nm spacing in a closely packed hexagonal configuration, giving a pitch of 43 nm, as shown in Figure 2. Surface preparation before nano-pillars growth was critical as a straightforward "HF-last" wet cleaning did not produce selectively grown SiGe nano-pillars.

Instead, the following wet cleaning sequence was used: a dip in Ozonized water followed by a dip in diluted HF and finally a wafer drying. Such a solution was more flexible than Siconi NH3/NF3-based remote plasma, which was mandatory for 35 nm pitch size masks [START_REF] Mastari | SiGe nano-heteroepitaxy on Si and SiGe nano-pillars[END_REF].

We used three integration schemes illustrated in Figure 3. The first consisted in selectively growing SiGe nano-pillars in the Si windows of an oxide mask followed by a thick SiGe layer with the same Ge content. The second consisted in removing the oxide mask after the growth of SiGe nano-pillars, followed by the growth of a thick SiGe layer with the same Ge content. The third growth scheme was the same as the first one except replacing the SiO2 mask with a strain free SiN mask. Growth occurred at 20 Torr in a 300 mm Epsilon 3200 Reduced Pressure -Chemical Vapour Deposition tool from ASM America, with SiH2Cl2 and GeH4 as Si and Ge gaseous precursors, respectively. The purified H2 carrier gas flow, several tens of litres per minute, was not altered throughout the experiments. The process used for SiGe growth was performed at 700°C with [SiH2Cl2]/[H2]=0.003 and [GeH4]/[H2]=0.00023. The obtained growth rate was 20 nm/min. The thick SiGe layers were characterised by X-Ray Diffraction (XRD), with Ge concentrations and macroscopic degrees of strain relaxation extracted from conventional Omega-2Theta scans around the (004) and (224) orders. A Panalytical X'Pert tool with a copper anticathode as the X-Ray source, a 4 bounce symmetric Ge(220) Bartels monochromator and wide slits in front of the detector was used for these XRD experiments. Tapping mode Atomic Force Microscopy (AFM) measurements were carried out on a Bruker Dimension FastScan platform. Finally, Scanning Electron Microscopy (SEM) was performed in a Merlin ZEISS microscope and cross-sectional Transmission Electron Microscopy (TEM) carried out in a JEOL 3010 microscope operating at 300 keV. Nearly parallel sidewall TEM lamella were prepared in one of the <110> directions using a Strata Focus Ion beam microscope from FEI.

-Experimental results

3-1 -Pitch size effect

In order to validate the 43nm pitch mask, SiGe nano-pillars 20 nm high with a targeted Ge content of 24% were first grown at 700°C using a selective epitaxial process based on GeH4, SiH2Cl2 and H2 [START_REF] Bodnar | Selective Si and SiGe epitaxial heterostructures grown using an industrial low-pressure chemical vapor deposition module[END_REF][10] [START_REF] Hartmann | A benchmarking of silane, disilane and dichlorosilane for the low temperature growth of group IV layers[END_REF]. Figure 4 shows 1x1 µm 2 AFM scans of nano-pillars grown on the process. In both cases, growth is selective and nano-pillars are clearly defined. The growth performed on the higher pitch size mask has a more uniform nano-pillars height distribution, likely due to the less extreme mask dimensions.

After checking the validity of our SEG process on the 43 nm pitch mask, we performed the growth of our reference 200 nm thick SiGe 24% layer at 700°C on top of 20 nm SiGe nanopillars selectively grown at the same temperature. Figure 5 shows 1x1 μm 2 AFM scans of the layers grown on different pitch size masks and the corresponding surface Root Mean Square (RMS) roughness. The layers have a similar roughness, with the 43 nm pitch yielding a slightly improved morphology. To further characterize these layers, we performed Omega-2Theta scans around the (004) and ( 224) orders of the samples grown on different pitch size masks. The position of the SiGe peak in those scans enabled us to extract the Ge concentration and the macroscopic degree of strain relaxation R of the SiGe layer given by:
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where a // SiGe, a bulk SiGe and aSi were the in-plane lattice parameter of SiGe, the bulk unstrained parameter of SiGe and the Si lattice parameter, respectively. We also measured the broadening of the SiGe peak around the (004) diffraction order thanks to Omega scans. The width of the SiGe layer peak around the (004) diffraction order can be related to a density of defects. Assuming that the defects in the layer are only threading dislocations, we can use the Ayers formula [START_REF] Ayers | The measurement of threading dislocation densities in semiconductor crystals by X-ray diffraction[END_REF], i.e. D = β However, the angular broadening could be induced by the bending of atomic planes due to strain in the nano-pillars, therefore it was decided not to calculate defect density but to consider the FWHM as a qualitative measure of the layer quality (the lower the FWHM, the higher the quality). The Ge content, relaxation degree and peak width for the studied layers are shown data in Table 1. The Ge content, close to 26%, is slightly higher than the targeted 24% for both layers (from blanket growth kinetics data), which is likely due to loading effects [START_REF] Ito | Pattern dependence in selective epitaxial Si 1x Ge x growth using reduced-pressure chemical vapor deposition[END_REF].

The SiGe layers are also highly relaxed, which is due to nano-heteroepitaxy [START_REF] Mastari | SiGe nano-heteroepitaxy on Si and SiGe nano-pillars[END_REF], with a degree of relaxation greater than 100% due to the difference in coefficient of thermal expansion between SiGe and silicon. If we calculate the degree of relaxation at growth temperature, we find a value very close to 100% for both sizes of mask pitch. The SiGe layers grown on both the 43 nm pitch and the 35 nm pitch also have similar peak widths, and so the layer quality can be considered equivalent. Thus the increased mask pitch has little effect on the layers grown, but moving to a higher pitch size offers more flexibility in terms of surface preparation (wet surface treatment instead of NH3/NF3 remote plasma Siconi).

3-2 -Mask removal impact

One hypothesis for the generation of defects in nano-heteroepitaxy was that this is caused by the thermal stress generated by the oxide mask during growth. This was explored with a mask free growth scheme, and later with a stress free SiN mask. For the mask free growth, the oxide mask was removed with an HF 2% based wet etching after completing the selective growth of 20 nm high SiGe nano-pillars with a targeted Ge content of 24% at 700°C. Next, our reference 200 nm thick SiGe 24% layer was grown at 700°C preceded by an in-situ H2 bake at 850°C to remove any surface contamination [14][15]. Figure 6 shows different size AFM images of layers grown without an oxide mask, where we see that the surface is rough, with a z-range of 40 nm. This may be because growth is not originating solely from the SiGe nanopillars but also from the Si substrate, or because the 850°C H2 bake used prior to the growth of the thick SiGe layer might have roughened the starting surface (elastic strain relaxation and possibly dewetting).

In order to verify these hypotheses, we examined two growth schemes:

1. Growth without mask on bulk silicon wafers in two separate steps (i.e. the wafer was taken out of the epitaxy chamber between the 20 nm and the 200 nm SiGe layer growths);

2. Growth on oxide nano-patterned mask in two steps as described just above (i.e.

nano-pillar SEG, oxide removal, coalesced SiGe layer growth).

In addition, the 120s H2 bake at 20 Torr performed before the second part of the growth was performed at either 700°C or 850°C. for the various growth schemes and different bake temperatures. Z-range and RMS values extracted from the AFM scans of full SiGe layers are displayed in Figure 10. We see that samples with a 700°C bake have very similar roughness, although growth on bulk silicon starts to show some 3D structuring on the full SiGe layers. This is logical, as we are approaching the critical thickness for elastic relaxation at that temperature [START_REF] Hartmann | Critical thickness for plastic relaxation of SiGe on Si(001) revisited[END_REF]. With bakes at 850°C, SiGe films grown in two steps on a blanket Si substrate or on nano-pillars with the oxide mask removed are very rough. The z-scale for these AFM images has been increased by a factor of 10 to 40-60 nm compared to the layers with a 700°C bake. This roughening is due to the coalescence of grains or an elastic relaxation of the 2D film into large <110> cubic islands prior to the resumption of growth. By contrast, growth on nano-pillars with an oxide mask results in very similar morphologies after 700°C or 850°C H2 bakes and close to that of a same thickness layer grown in one run only ("Ref." in Fig. 10). The SiO2 mask stops nano-pillars from merging into larger objects during high temperature bakes and therefore epitaxial re-growth is unaffected.

X-ray diffraction was performed on the 200 nm thick SiGe layers using triple axis Omega-2Theta scans around the (004) and (224) diffraction orders, and omega-scans around the (004)

to examine the composition, strain and quality of the films, with a summary of the analyses shown in Table 2. We see that there is little change in the germanium content across the samples, but there are significant changes in the peak width and the relaxation of the layers.

The layers grown on nano-pillars with a SiO2 mask have the highest levels of strain relaxation and the narrowest peak widths. With other geometries, growth is either totally or partly occurring on the bulk silicon substrate and the thick films are less relaxed. The removal of the mask therefore neither improves the quality of the layers, nor increases the relaxation and so there is no benefit to this strategy.

3-3 -Masking material effect

As described above, we have also tested a strain free SiN mask as SiN has a similar thermal expansion coefficient than silicon and is therefore less likely to generate defects due to thermal strain during the cooling-down of the wafer after growth [START_REF] Maeda | Stress evaluation of radio-frequency-biased plasma-enhanced chemical vapor deposited silicon nitride films[END_REF][17] [START_REF] Burkhardt | Thermal Expansion of Sputtered Silicon Nitride Films[END_REF]. SiGe nanopillars 20 nm high with a targeted Ge content of 24% were grown at 700°C with the selective epitaxial process based on GeH4, SiH2Cl2 and H2 [START_REF] Bodnar | Selective Si and SiGe epitaxial heterostructures grown using an industrial low-pressure chemical vapor deposition module[END_REF][10] [START_REF] Hartmann | A benchmarking of silane, disilane and dichlorosilane for the low temperature growth of group IV layers[END_REF] using an SiN mask with 43 nm pitch. A stronger wet surface treatment based on 2% HF diluted solution was necessary to ensure high quality growth, perhaps due to residual SiN at the bottom of the cavities. Figure 11 shows a 2x2 µm 2 AFM scan of the nano-pillars grown on this SiN mask, showing a regular uniform array of SiGe nano-pillars very similar to that found with a SiO2 mask (Figures 4, 8 and9). The reference 220 nm thick SiGe 24% layer was then grown at 700°C on the SiN mask, with AFM scans shown in Figure 12 and XRD analysis in Table 3. The AFM scans show that the layer grown on the nitride mask is slightly rougher than that grown on the oxide mask, but is otherwise very similar. XRD data on both samples are equivalent in terms of composition, strain and FWHM. The layers are neither improved nor degraded by switching to a SiN mask, and so according the integration, either could be used. These results imply that the thermal stress from cooling to room temperature using an oxide mask is not the principal effect driving the generation of defects in the nano-heteroepitaxy of SiGe layers.

To better understand this defect generation, cross-sectional TEM observations were performed on samples with SiN and SiO2 masks. Analysis of the TEM images in Figure 13 suggests that nitride walls separating nano-pillars have a shape closer to the desired integration scheme compared to the triangular shape obtained with oxide walls. The latter was due to the isotropic oxide etching during the Siconi surface preparation prior to epitaxy [START_REF] Mastari | SiGe nano-heteroepitaxy on Si and SiGe nano-pillars[END_REF]. Defects such as stacking faults or twins nucleating at the top of the SiN walls are comparable to defects seen with SiO2 walls, meaning that the nature of the mask has no major impact on defects type. It also reinforces the XRD data showing that thermal stress generated by the mask during growth is not a source of defects. The TEM pictures also show that the silicon was over etched during the SiN etching step. However, this does not affect the initial growth since no defects are visible at the interface between the Si substrate and the SiGe nano-pillars.

Very similar defect generation mechanisms are at play with oxide and nitride masks (from a one-to-one comparison of TEM images) which could be due to one of the following factors:

-The growth of SiGe on the {111} facets of pillars [START_REF] Mastari | SiGe nano-heteroepitaxy on Si and SiGe nano-pillars[END_REF] may be favorable to the formation of defects, as discussed in Ref. [START_REF] Kuan | Strain relaxation and ordering in SiGe layers grown on (100), (111), and (110) Si surfaces by molecular-beam epitaxy[END_REF].

-Defects may be created during growth front coalescence above the mask [START_REF] Mastari | Nano-Heteroepitaxy: An Investigation of SiGe Nano-Pillars Coalescence[END_REF].

Further work will be required to improve growth of SiGe on nano-pillars and eliminate such defects in layers.

-Conclusions

We have studied the impact of the mask on the nano-heteroepitaxy of SiGe layers on SiGe nano-pillars. A process flow based on diblock copolymer patterning was used in order to have a regular nanometer-size template for growth. The impact of mask pitch size on growth was first of all investigated. A fully selective process was obtained at 700°C on the 43 nm pitch size mask with the use beforehand of a surface preparation based on a mainstream Ozone/HF wet treatment (instead of a more exotic Siconi NH3/NF3-based remote plasma which was mandatory for the 35 nm pitch size mask). SiGe layers on both pitch sizes were equivalent in terms of compositional and structural features. The higher pitch size mask is thus providing more flexibility in terms of surface preparation, without impacting the growth quality.

Suspecting that defect nucleation may be caused by the thermal stress generated by the presence of the oxide mask, a mask-free growth approach was also explored, along with a stress free SiN mask. First, the oxide mask was removed after the selective growth of SiGe nanopillars, followed by the growth of a thick SiGe blanket layer with the same Ge content. Results

showed a degraded surface morphology due to the 850°C bake preceding the 200 nm thick SiGe layer growth, while even with a bake at only 700°C, the layer quality was degraded, and the layers less relaxed. The removal of the mask therefore showed no benefit for our layers.

The use of a SiN mask instead of a SiO2 one is less likely to generate defects due to strain during the cooling down of the wafer after growth due to the good matching of coefficient of thermal expansion between SiN and silicon. Selective and uniform SiGe nano-pillars were obtained on this new mask, and AFM and XRD results indicated that SiGe layer growth on this new mask was similar to the one on the oxide mask. In terms of defectivity, TEM imaging showed that the nature of the mask had no impact on defects type, proving that thermal stress generated by the mask during growth is not a source of defects. As the SiN has no effect on the growth, this could be used as an alternative integration scheme.

These results leave us with two possible mechanisms for defect generation: nm selective growth then a H2 bake and (ii) after 20 nm selective growth, a H2 bake then another growth of 200nm of SiGe. Two intermediary H2 bake temperatures were probed: 700°C and 850°C. AFM mage sides are along the <100> directions.

Figure 9: AFM scans of Si0.76Ge0.24 layers grown on an oxide mask which was removed after the first epitaxy at two stages: (i) after 20 nm selective growth, the removal of the oxide mask then a H2 bake and (ii) after 20 nm selective growth, the removal of the oxide mask, a H2 bake then another growth of 200nm of SiGe. Two intermediary H2 bake temperatures were probed:

700°C and 850°C.AFM mage sides are along the <100> directions. 

Table captions:

Table 1: Ge concentration, macroscopic degree of strain relaxation and FWHM of 220nm thick Si0.76Ge0.24 layers grown on 43 and 35 nm pitch size masks.

Table 2: Ge concentration, macroscopic degree of strain relaxation and FWHM of 220nm thick Si0.76Ge0.24 layers grown according to the various schemes explored.

Table 3: Ge concentration, macroscopic degree of strain relaxation and FWHM of 220 nm thick Si0.76Ge0.24 layers grown with the SiN and SiO2 masks. 
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 5 Figure 5: 1x1 μm 2 AFM scans of 220 nm thick Si0.76Ge0.24 layers grown on different pitch size
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 6 Figure 6: 2x2 and 5x5 μm 2 AFM scans of a 220 nm thick Si0.76Ge0.24 layer grown without mask.
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 11 Figure 11: 2x2 μm AFM scan of SiGe nano-pillars grown on the SiN mask. AFM mage sides
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 12 Figure 12: 1x1 μm AFM scans of 220 nm thick Si0.76Ge0.24 layers grown on nitride and oxide
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Table 1

 1 Mastari et al. 

	Growth Scheme Bake Temperature	Ge concentration	Degree of	FWHM (arcsec)
		(°C)	(%)	relaxation (%)	
		700	25	74	972
	On bulk				
		850	23.5	72	932
		700	25.4	109	720
	On oxide mask				
		850	25.8	108	633
	Without oxide	700	25.6	78	936
	mask	850	23.2	61	1022

Table 2

 2 Mastari et al. 

	Mask nature	Ge concentration	Degree of	FWHM (arcsec)
		(%)	relaxation (%)	
	SiN	25.4	109	662
	SiO2	25.9	110	619

Table 3

 3 Mastari et al. 

-Growth on {111} facets resulting in twin formation [7] [19] -The coalescence process itself [20] The work was performed within the framework of the SOITEC-CEA/LETI-MINATEC Development Alliance. L Saidi, V Benevent, C Chaffard, F Gonzatti, S Rousseau, P Roche, B Assie and are gratefully acknowledged for their help in operating and maintaining the ASM Epsilon 3200 tool.