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Strongly reduced V pit density on InGaNOS substrate by using InGaN/GaN superlattice
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The InGaN pseudo-substrate, namely InGaNOS (InGaN On Sapphire), is used to enhance the In incorporation rate in InyGa1-yN/InxGa1-xN multiple quantum wells (MQWs) to get red emission for micro-display applications. However, the starting material for the InGaNOS fabrication is a nonoptimized In0.08Ga0.92N layer grown on GaN on sapphire substrate which exhibits V shaped defects (V pits). Such V pits remain afterwards in the final InGaNOS substrate. We demonstrate here that InxGa1-xN/GaN superlattice has the potential to cover or fill the native V pits while maintaining a pseudomorphic growth. A combination of a thin GaN interlayer and an InGaN layer in a slight tensile strain state for each pair of the superlattice is necessary to achieve this goal. In addition, it is shown that the presence of GaN interlayers improves the material quality and the surface roughness. (002) X-ray diffraction rocking curve linewidth reduces to 780 arcsec compared to 3000 arcsec for the substrate. Finally, InyGa1-yN/InxGa1-xN multiple quantum wells grown on InxGa1-xN/GaN superlattice buffer layer on InGaNOS 3.205Ȧ substrate shows a central emission wavelength, measured by photoluminescence, of 624 nm at 290K with an optical internal quantum efficiency value of 6.5%.

Introduction

Micro-displays for virtual and augmented reality (AR/VR) is a new emerging application for inorganic light emitting diodes (LEDs) [1]. Their high brightness is a key point for such application compared to their organic counterpart [2]. While for large multi-color displays, the pick and place process can be used to merge different types of materials to get native red, green and blue (RGB) pixels on same wafer, such as III-nitride materials for blue and green pixels and phosphide material family for red pixels, it is no more possible to use this technique for AR/VR applications. Indeed, in this case, pixel 2 size has to be reduced below 10x10 µm². Color conversion is a possible approach to overcome this drawback by combining blue micro-LEDs and nanophosphors or quantum dots. However, their lifetime is limited and their deposition not easy for such a pixel size. The three primary colors should then be achieved with the same material family in a monolithic approach. InxGa1-xN alloy seems to be the best candidate as it can theoretically cover the whole visible range by tuning its InN mole fraction x. However, as it is well known, the so-called green gap prevents this goal at the moment [3]. While blue LEDs provide high quantum efficiency, the efficiency drops dramatically for emission wavelength beyond 500 nm. Indeed, strong material degradation is observed for high InN mole fraction InxGa1-xN based quantum wells (QWs). This is mainly due to the low miscibility of InN in GaN [4] and to the high lattice mismatch between GaN buffer layer and InGaN wells. Lymperakis et al. [5] have in addition demonstrated that the maximum InN mole fraction x of an InxGa1-xN layer coherently grown on GaN is 25% regardless of the growth conditions. Above this value, additional defects [6] and local alloy fluctuations [7] are usually observed, and even phase separation [8]. It has also recently been pointed out that alloy fluctuations have an important impact on the internal quantum efficiency [3,9]. Another important point is the presence of an internal electric field in the QWs which leads to the quantum confined Stark effect (QCSE). It permits to obtain redshifted emission but this is at the expense of the quantum efficiency [10]. One of the main solutions could be to reduce the strain in the overall structure to limit the compositional pulling effect [11,12,13] and thus increase the In incorporation rate without forming more defects. As the QCSE is mainly due to piezoelectric polarization in InGaN based QWs, reducing the strain will in the same time decrease the QCSE by comparison to fully strained QWs of same In content [14]. To obtain this strain release, one of the best ways is to use an InGaN pseudo-substrate [14,15]. Many attempts have already been done starting either from a GaN template or a sapphire substrate but no satisfactory results have been demonstrated yet [16][17][18][19][20][21][22][23]. Soitec has developed an InGaN pseudo-substrate, namely InGaNOS (InGaN On Sapphire), based on its Smart Cut™ technology, at first to reduce the droop in high brightness blue LEDs. This novel substrate offers a thin partly relaxed InGaN seed layer that is epiready for metal organic vapor phase epitaxy (MOVPE) of III-N heterostructures. Its a lattice parameter can vary from 3.190 to 3.205 Ȧ at the moment. It can be used to increase the InN mole fraction of InxGa1-xN based multiple QWs (MQWs) in order to get long emission wavelength. Indeed, by using a full InGaN structure grown on InGaNOS, it has been demonstrated that the In incorporation rate is enhanced with the a lattice parameter of the substrate [24]. The whole visible range can then be covered with only thin QW width (2.5 nm) by using the appropriate InGaNOS substrate (i.e. the appropriate a lattice parameter) and/or by adapting the QW growth conditions [24,[START_REF] Dussaigne | Bridging the green gap with a new foundation[END_REF][START_REF]Disruptive substrate technology for direct green and red micro LEDs[END_REF]. However, as the InGaNOS substrate is initially fabricated from a donor structure which is composed of an InxGa1-yN layer grown on a c-plane GaN layer on sapphire, it experiences the well-known V shaped defect (V pit) assisted relaxation process [27,28], especially in the case of a 200 nm thick InxGa1-yN layer with an InN mole fraction x = 8% which is needed for the fabrication of the InGaNOS substrate with a 3.205Ȧ a lattice parameter (InGaNOS-3.205). In the case of a pseudomorphic InxGa1-xN layer grown on a c-plane GaN layer, the main favourable energy relaxation process is the formation of V pits [27,28]. The presence of In atoms on the strained InxGa1-xN layer surface reduces the surface energy required to create planes compared to the (0001)

surface [27]. When enough compressive strain has been stored by the system, six sidewall facets are created to release strain [START_REF]Disruptive substrate technology for direct green and red micro LEDs[END_REF]. It happens usually at a dislocation core where tensile strain is present so that In atoms accumulate in this area and form In-N-In chains [29], which, in addition, act as localization centres to prevent carriers from being wasted in non radiative recombination processes [29]. Furthermore, V pit density and V pit diameter increase with the InxGa1-xN layer thickness [28]. A V pit density as high as 2 x 10 8 cm -2 is usually observed on an In0.08Ga0.92N donor structure surface, which is unfortunately preserved on the InGaNOS-3.205 surface after the InGaNOS fabrication. For efficient red LEDs grown on this substrate [START_REF]Soitec's Relaxed InGaN Substrates Enable Pure Red Emission for Full-Color Micro LED Displays[END_REF], it is important to prevent the propagation of these extended defects through the whole structure. There are two possibilities to reduce the V pit density: improve the material quality of the In0.08Ga0.92N based donor structure or adapt the overgrown buffer layer to fill the V pits.

In this paper, we will show that it is possible to recover a smooth surface with strongly reduced V pit density and better material quality by using a InxGa1-xN/GaN superlattice as a buffer layer grown on InGaNOS-3.205. The improved material quality will, in addition, be confirmed by the internal quantum efficiency value of red emitting InyGa1-yN/InxGa1-xN multiple quantum wells (MQWs).

Experiment

The InGaNOS-3.205 is composed of a 120 nm thick In0.08Ga0.92N seed layer bonded on a buried oxide on a sapphire substrate. This seed layer comes from a donor structure which is composed of an In0.08Ga0.92N layer grown on a GaN layer on a c-plane sapphire substrate. The seed layer is then bonded on a buried oxide on sapphire through the Smart Cut TM process. During the relaxation process, the seed layer is patterned with 490x490 µm² mesas separated by a 10 µm wide trench.

Then, successive thermal treatments allow the relaxation of the mesas. A tradeoff has to be found between the percentage of relaxation of the mesas and the preservation of a flat surface, so that the mesas are usually partly relaxed (70%). A second transfer layer is necessary to get the metal polarity on top of the surface of interest. In the case of InGaNOS-3.205, the final mesas have an a lattice parameter of 3.205Ȧ which is measured by X-ray diffraction (XRD) at grazing incidence. The surface characteristics of the donor structure are preserved on the final mesas which provide a suitable surface for the MOVPE growth of III-N heterostructures. More details of the fabrication process can be found elsewhere [24,[START_REF] Dussaigne | Bridging the green gap with a new foundation[END_REF]. The impact of the growth temperature was tested on the first set of samples. Samples C, D and E were grown at 820°C (Tg -20°C), 840°C (Tg), and 860°C (Tg + 20°C), respectively. Then, for Tg + 20°C, the effect of the reduction of the InN mole fraction x down to 3% (samples B and F) was evaluated. In this case, the In flux was divided by 2. Sample F (with GaN interlayers) can directly be compared to sample B (without GaN interlayers). Next, the impact of the GaN/InGaN thickness ratio of the superlattice (samples F, G and H) was tested in a third series of samples. The InGaN thickness was increased at the same time as the GaN interlayers' in order to keep a pseudomorphic buffer layer.

Sample G (resp. H) has In0.03Ga0.97N and GaN layer thicknesses of 50 nm (resp. 66 nm) and 5.5 nm (resp. 11 nm), which corresponds to a GaN/InGaN thickness ratio of 1/9 (resp. 1/6). Sample F is considered as the reference sample and has a GaN/InGaN thickness ratio of 1/12. The nominal total thickness of the different superlattices was kept constant for comparison, so that the number of pairs was reduced to 7 and 5 pairs for samples G and H, respectively. Finally, to confirm the material quality improvement of the overgrown InxGa1-xN/GaN superlattice as a buffer layer, 5x InyGa1-yN/InxGa1-xN multiple QWs (MQWs) emitting in the red range (sample I) were grown on the same buffer as sample F. In the case of MQWs, the growth temperature of the InyGa1-yN quantum wells was reduced down to 700°C. The quantum barriers were grown at the same temperature as the buffer layer. The samples are summarized in Table 1. The surface morphology of the different samples was measured by atomic force microscopy (AFM). The root mean square (rms) roughness R and the peak to valley (PV) are given as an indication on the different AFM images but note that for AFM images on which V pits appear the rms roughness doesn't represent a real value as the treatment takes also into account the V pits. The material quality was assessed by XRD ω scan on the A photoluminescence (PL) set-up using a 405 nm laser diode was used to measure internal quantum efficiency (IQE) of red emitting MQWs. surface with a value of 3.10 8 cm -2 . It corresponds to the threading dislocation density of the donor GaN template. In addition, it seems that pinhole like defects are also present with a density higher than that of the V pits. After the growth of the simple In0.045Ga0.955N buffer layer (sample A)(Fig. 1(c)), the V pit density increases to 2 x 10 9 cm -2 . In this case, the V pits, native from the substrate, propagate through this layer with broadening of their diameter, and possibly, the formation of new V 6 pits occurs due to the increased thickness [28]. The pinhole like defects have disappeared, probably thanks to a coalescence process during the simple InGaN buffer layer growth. However, a deeper study has to be done to understand the origin of the supplementary V pits, and especially if they are initiated from some of these pinhole like defects. The surface morphology is changed from hillocks (spiral growth) on InGaNOS substrate to step meandering growth mode after overgrowth of the simple InxGa1-xN buffer layer [29]. Compared to the InGaNOS-3.205 surface to that of the buffer layer, the averaged V pit diameter increases from 80 nm to 160 nm, respectively. On the contrary, the (002)

Results

InGaNOS substrate and single InGaN buffer layer

XRD rocking curve linewidth decreases from 3000 arcsec down to 1700 arcsec from substrate to buffer layer, respectively. Note that the broad linewidth of the InGaNOS substrate could be due to small diameter V pits are presents [33]. For the first set of samples (C, D, and E), the growth temperature was changed. Sample C was grown at a temperature 20°C lower (Tg -20°C) than that of the sample A in order to get x = 8%, to match with the InN mole fraction of the InGaNOS-3.205 seed layer. Sample D was grown at the same growth temperature (Tg) as sample A. Then, the growth temperature was increased by 20°C (Tg + 20°C )(sample E). Fig. 2 exhibits the AFM images of the three samples. The surface morphology stays in a step meandering regime for this temperature range. In the case of the sample C, the V pit density is the same as sample A even if the InN mole fraction is higher. Simply adding the GaN interlayers by comparison to the simple InGaN buffer layer (sample D vs sample A) does not reduce significantly the V pit density (Fig. 2(a)) but by increasing the growth temperature, and thus by reducing also the In content, the V pit density is reduced by one order of magnitude (Fig. 2(c)), from 1.4 x 10 9 cm -2 to 1.5 x 10 8 cm -2 (from sample C to sample E). For Tg, the InN mole fraction x was 5.5% (sample D), thus slightly above the InN mole fraction corresponding to the 3.205Ȧ a lattice parameter (4.5%). And for Tg + 20°C, the InN mole fraction was 4% (sample E), slightly below this particular value of 4.5%. In both cases, the superlattice based buffer layer should be close to a lattice matched layer on InGaNOS-3.205. As presented by Fig. 3(a), the (002) XRD rocking curve linewidth is reduced by increasing the growth temperature, from 1580 arcsec to 960 arcsec (from sample C to sample E), demonstrating a better material quality for sample E. The surface roughness (rms) of sample E is 1.7 nm. At this stage, it is difficult to discriminate the impact between the growth temperature and the In content as these two parameters are linked together.

In the second set of samples (samples B and F), the growth temperature has been kept at Tg + 20°C but the In flux has been reduced by a factor 2 to decrease the InN mole fraction down to 3%, in order to put the InxGa1-xN layers of the superlattice slightly in tensile strain. Fig. 4(a) exhibits the case without GaN interlayers (sample B). The V pit density stays at 3x10 8 /cm². Note that the total thickness of sample B is 350 nm (i.e. same thickness as sample F without GaN interlayers). In the case with GaN interlayers (sample F), as shown by Fig. 4(b), the V pit density can be reduced again by almost one order of magnitude: 3 x 10 7 cm -2 . It seems thus that using an InxGa1-xN/GaN superlattice with InxGa1-xN layers slightly in tensile strain, in addition to the tensile strain provided by the thin GaN interlayers, allow to fill the V pits after a particular total thickness value, here approximately 370 nm, which probably depends on the V pit diameter on the starting surface (i.e. the defect depth). To be sure that the combination of the low In content InxGa1-xN layers and the GaN interlayers does not introduce a too high tensile strain, and thus that the a lattice parameter of the InGaNOS-3.205 has been preserved, RSM was conducted to deduce the a lattice parameters of samples C, D, and E.

Values of 3.206 and 3.207Ȧ were found for sample C and, D and E, respectively. Due to the broad peak centroid of the RSM, it is not possible to give better accuracy on the a lattice parameter values.

The a lattice parameters are thus increased by comparison to the substrate's, which could be explained by a relaxation of the layer and is in accordance with the high V pit density in the case of an InN mole fraction x higher than 4.5% (InN mole fraction corresponding to the substrate's a lattice parameter for a lattice matched layer as previously explained). However, it is not clear why the a lattice parameter is also higher than that of the substrate for an In content of 4% and a V pit density comparable to the substrate's. For an InN mole fraction of 3%, the a lattice parameter has been measured by XRD at grazing incidence for a better accuracy: 3.2057Ȧ for sample B (without GaN interlayers) and 3.2054Ȧ for sample F (with GaN interlayers). For comparison, the substrate's value measured with same technique is 3.2057Ȧ. It matches thus well with the a lattice parameter of the substrate for both samples (samples B and F). These two InGaN based buffer layers can be considered as pseudomorphic structures.

The figure 5 shows HRSTEM images of the buffer layer of sample F. The lamella was observed along the [101 0] zone axis with the diffraction vectors g1 = 0001 along the growth axis and g2 = 112 0 parallel to the surface. The 15 pairs of the superlattice are well defined with abrupt InxGa1-xN/GaN interfaces (see inset of Fig. 5). The measured thicknesses are 22 nm and 1.8 nm, for InxGa1-xN and GaN layers, respectively. Two dislocations are visible which come from the substrate. The black area beneath the superlattice is related to the InGaNOS-3.205 seed layer. The abrupt InxGa1-xN/GaN interfaces demonstrate that In surface segregation does not occur or is strongly limited in the GaN interlayers, so that GaN interlayers can well play their role as explained below.

A combination of an appropriate InN mole fraction x and an InxGa1-xN/GaN superlattice as a buffer layer on InGaNOS-3.205 permits to strongly reduce the V pit density compared to the initial V pit density from the InGaNOS substrate. The V pits should be covered by a process involving the thickness of the GaN interlayers and the tensile strain state, induced by both the lower In content InxGa1-xN layer and the GaN interlayers. However, the exact mechanism is still unknown. This V pit filling has not been studied by TEM yet. The material quality is also strongly improved by comparison to the substrate. The use of GaN interlayers is then crucial for several points. First, for each GaN interlayer, the InxGa1-xN layer top surface is reseted from the In atom accumulation due to the In surface segregation effect [22,34]. Thus, the formation of In fluctuations with increasing thickness should be prevented. It also smoothens the InxGa1-xN surface and brings ordered material after each 20 nm InxGa1-xN layer, so that the surface roughness and the material quality can be maintained or even improved. In addition, as the V pits are probably formed by an accumulation of In atoms at a dislocation core, the GaN interlayer increases the surface energy of this relaxation process in its area and therefore prevents, or at least limits, the formation of additional V pits. In addition, the presence of several interfaces together with layers in tensile strain probably provides a covering process of the native V pits of the substrate. Finally, the structure of sample F demonstrates the ability to cover the native V pits of the substrate and to improve the material quality while maintaining a pseudomorphic growth.

Impact of the GaN/InGaN thickness ratio on the superlattice's properties A third study on the effect of the GaN/InxGa1-xN thickness ratio of the superlattice was as well conducted in order to determine the optimal GaN interlayer thickness without causing relaxation of the superlattice structure. Fig. 6 presents the 5x5 µm² AFM images of the three samples with GaN/InxGa1-xN thickness ratio 1/12, 1/9 and 1/6 (samples F, G and H). For the three samples, the V pit density is low and almost the same (< 6 x 10 7 cm -2 ). The rms roughness and the PV are 2 nm and 58 nm, respectively, for samples F and G. They are reduced to 1 nm and 7 nm, respectively, for sample H (thickness ratio of 1/6), as expected. Indeed, as the GaN thickness is 6 times higher than that of the 1/12 ratio sample, the surface should be even more smoothened after each GaN layer. However, the a lattice parameter decreases with the increase of the thickness ratio as presented by Fig. 7. A strain relaxation process probably occurs due to the increased GaN thickness. Note that, in the case of Fig. 7, the a lattice parameters was measured by XRD at grazing incidence, for which its accuracy justifies the use of the forth decimal places. The a lattice parameter of the buffer layer switches from 3.2057 Ȧ for 1.8 nm thick GaN interlayers (i.e. pseudomorphic layer) to 3.2041 Ȧ for 11 nm thick GaN interlayers. While small, this variation is enough to have an impact on the In incorporation in InxGa1-xN layers [24]. This shorter a lattice parameter will probably be reduced again with an increase of the buffer total thickness (i.e. an increase of the number of pairs), and the tensile strain of the structure thereby accumulated could eventually cause some crack formations. A tradeoff between material quality and pseudomorphic growth is thus needed. The superlattice structure (sample F) including respectively. The well and barrier width are 2.3 nm and 7 nm, respectively, according to HRSTEM measurements. Fig. 8 presents the PL spectra as a function of the temperature. The central emission wavelength shifts from 615 nm to 624 nm from 20K to 290K. At 290K, the full width at half maximum is 58 nm (inset of Fig. 8). IQE measurements were conducted by assuming that no non radiative recombinations are present at low temperature. It was confirmed by the plateaus observed at low temperature in the cases of the integrated PL intensity as a function of the temperature and of the PL efficiency as a function of the exciton power [35]. By plotting the normalized PL efficiency as a function of the optical power density at 20K and 290K (not shown), the deduced IQE value at 290K is 6.5%, which is, to our knowledge, a very good result for an emission at 624 nm using planar InxGa1-xN material [36]. Our previous IQE value using a simple InxGa1-xN buffer layer was 2.7% at 617 nm. 
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  buffer layers were grown by metal organic vapor phase epitaxy (MOVPE) on InGaNOS-3.205. All the structures were grown under N2 ambient. Triethylgallium (TEGa), trimethylindium (TMIn), and NH3 were used as group III and V precursors, respectively. The InN mole fraction x is tuned by changing either the growth temperature or the In flux starting from InGaN growth conditions used for blue QWs grown on GaN on sapphire substrate (i.e. the growth temperature, the growth rate and the In flux are 750 °C, 0.1 µm/h and 22 µmol/min, respectively). Two kinds of structures were realized on InGaNOS-3.205: a simple InGaN buffer layer or a InGaN/GaN superlattice. In the case of the superlattice based buffer layer, thin GaN interlayers were introduced periodically in the InGaN buffer layer. The two InGaN and GaN layers were grown at the same temperature. In a first set of experiments, two samples were grown with a simple InxGa1-xN buffer layer: a 200 nm thick In0.045Ga0.955N layer (sample A) and a 350 nm thick In0.03Ga0.97N layer (sample B). The growth temperature and the In flux of sample A were 840°C (Tg) and 22 µmol/min, respectively. The growth temperature and In flux of sample B were 860°C (Tg + 20°C) and 11 µmol/min, respectively. In the second set of experiments, superlattices consisting of 15 InxGa1-xN/GaN pairs were used in order to reduce the V pit density observed on sample A. In this case, the InxGa1-xN and GaN layer thicknesses of the superlattice are 22 nm and 1.8 nm, respectively. It was implemented on two series of samples.

(

  002) reflection. a and c lattice parameters were measured by XRD reciprocal space mapping (RSM) on the (105) reflection. The average InN mole fraction was deduced from these lattice parameter values. For better accuracy on the a lattice parameter value, XRD measurements at grazing incidence (2θχ -φ scan on the (300) reflection) were also conducted. High resolution Scanning Transmission electron Microscopy (STEM) was performed on probe-corrected FEI Themis operated at 200 kV. Bright field (BF) images were acquired for structural investigations of the InxGa1-xN/GaN superlattice.

First, the surface

  morphology of InGaNOS-3.205 and In0.045Ga0.965N buffer layer of sample A are compared. The structure of the sample A is depicted in Fig.1(a). The InN mole fraction of sampleA is 4.5% as, according to Vegard's law, the 3.205Ȧ a lattice parameter corresponds to an InN mole fraction of 4.5%. The 200 nm thick In0.045Ga0.955N buffer layer should be thus lattice matched on the InGaNOS-3.205. Note that the InN mole fraction of the initial donor structure was 8% which implies that the InGaNOS-3.205 is partly relaxed and that thus a residual compressive strain should be still present. Furthermore, the InN mole fraction of 4.5% of the InxGa1-xN buffer layer has to be compared to the InN mole fraction of 8% of the InGaNOS seed layer. No lattice deformation has been observed at the In0.045Ga0.955N/In0.08Ga0.92N interface on images recorded by HRSTEM (along an interface length of 300 nm) but more investigations of this particular point are ongoing. Figure1presents AFM images of the surface of an InGaNOS-3.205 before growth, and after the growth of the In0.045Ga0.955N buffer layer (sample A). Before growth (Fig.1(b)), the V pit density is already high on the substrate

  the implantation process needed for Smart Cut TM technology. The InN mole fraction x of the overgrown InxGa1-xN layer was confirmed by XRD reciprocal space mapping on the (105) reflection (x = 4.5%). Replacing the simple InGaN buffer layer by an InGaN/GaN superlattice To overcome the formation and enlargement of V pits during the overgrowth of the InxGa1-xN buffer layer, InxGa1-xN/GaN superlattices were tested [22,32]. Indeed, Liu et al. have already demonstrated that the use of a Mg doped InxGa1-xN/GaN short period superlattice suppresses the nucleation of V defects by limiting strain energy and possibly planarizes the starting surface if enough

Fig. 3 (

 3 Fig. 3(b) displays the (002) XRD rocking curve of sample B and F. In the case of sample F, an improved material quality is demonstrated by the strong reduction of the (002) XRD rocking curve linewidth with a value of 780 arcsec. It has to be compared to 1700 arcsec obtained with sample B (i.e. without GaN interlayers). It has also to be compared to the value of 3000 arcsec obtained on the initial InGaNOS-3.205. The rms roughness is close to that of sample E, 1.8 nm.

the 1 .

 1 8 nm thick GaN interlayers fulfills this condition. Red emitting InyGa1-yN/ InxGa1-xN multiple quantum wells Finally, to validate the use of the InxGa1-xN/GaN superlattice as a buffer layer, red emitting InyGa1-yN/ InxGa1-xN MQWs were grown on the same buffer layer as sample F on InGaNOS-3.205. The expected averaged InN mole fractions y and x in the QW and in the quantum barrier are 40% and 3%,

1 :

 1 Description of the different samples (A to I) with the growth temperature, the In flux, the average xIn in the InxGa1-xN layer, the GaN interlayer thickness, the GaN/InxGa1-xN thickness ratio in the InxGa1-xN/GaN superlattice, and the total thickness of the buffer layer.

Fig. 1 :

 1 Fig. 1: (a) Scheme of the structure of sample A. BOX stands for buried oxide. AFM images (5x5 µm² scan area) of (b) the InGaNOS-3.205 and (c) the simple In0.045Ga0.955N buffer on InGaNOS-3.205 (sample A).

Fig. 2 :

 2 Fig. 2: AFM images (5x5 µm² scan area) of the InxGa1-xN /GaN superlattices grown at different temperature for (a) sample C, (b) sample D, and (c) sample E.
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 3456 Fig. 3: (a) XRD ω scan linewidth (red squares, triangle and circle; red curve is guide to the eyes) and rms roughness (blue squares; blue curve is guide to the eyes) for samples B to F as a function of the growth temperature variation, (d) a lattice parameter (red squares, triangle and circle; red curve is guide to the eyes) and In molar fraction x (blue squares; blue curve is guide to the eyes) for samples B to F as a function of the growth temperature variation. The orange dashed line points out the a lattice parameter of the InGaNOS-3.205, (c) XRD ω scan of samples F and B (with or without GaN interlayers (ILs)), and (d) XRD reciprocal space mapping of sample F.
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 7811 Fig. 7: a lattice parameter of samples F, G and H as function of GaN/ In0.03Ga0.97N thickness ratio. The orange dashed line points out the a lattice parameter of the InGaNOS-3.205.
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  InGaNOS-3.205 permits to cover the native V pit of the substrate if the InxGa1-xN layers are slightly in tensile strain. In addition, it strongly reduces the (002) XRD rocking curve linewidth, from 3000 arcsec for the substrate to 780 arcsec. Substrate's a lattice parameter is preserved for InxGa1-xN and GaN layer thicknesses of 22 nm and 1.8 nm, respectively. Thanks to abrupt InxGa1-xN/GaN interfaces, the growth of GaN interlayers allow to reset the In atom accumulation on the top of each InxGa1-xN layer, thus preventing the formation of additional V pits with increasing thickness. The GaN binary compound also helps to improve the material quality of the whole superlattice and its surface roughness. The exact mechanism of the native V pit covering is still not clear but it should in addition involve the several interfaces provided by the superlattice and the tensile strain state of each InxGa1-xN/GaN pair. Such a structure can also be efficient on any InGaN pseudo-substrate or in the case of an InGaN buffer layer grown on GaN on sapphire. Finally, InyGa1-yN/InxGa1-xN MQWs grown on an InxGa1-xN/GaN superlattice buffer layer on InGaNOS-3.205 shows a PL central emission wavelength of 624 nm at 290K with an optical IQE value of 6.5%.
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