J Laifi 
  
N Chaaben 
  
H Bouazizi 
  
Najla Fourati 
  
C Zerrouki 
  
Y El Gmili 
  
A Bchetnia 
email: amor.bchetnia@fsm.rnu.tn
  
Jean-Paul P Salvestrini 
  
B El 
  
Y El 
  
Effect of GaAs substrate orientation on the growth kinetic of GaN layer grown by MOVPE

Keywords: High index GaAs, GaN, MOVPE, anisotropy, surface roughness

 

Introduction

GaN based optoelectronic devices have allowed high efficiency and high power light emitting diodes (LEDs) and lasers emitting in the UV to yellow spectrum [START_REF] Gill | III-Nitride Semiconductors and Their Modern Devices[END_REF][START_REF] Nakamura | The blue laser diode[END_REF]. GaN can be crystallized in either hexagonal (wurtzite) or cubic (zinc blende) structure depending on both the substrate type and growth conditions. The hexagonal phase is generally obtained grown on substrates, such as sapphire and 6H-SiC [START_REF] Bouazizi | [END_REF]4], while cubic GaN layers, which exibit higher carrier mobility and doping efficiencies [5][6][7] when compared to hexagonal GaN layers, can be grown on (001) GaAs [8], (001) Si [9] and 3C-SiC [10] substrates. In the case of the GaAs substrate, which is advantageous for device fabrication, both zinc blende and wurtzite phases may coexist in the GaN layer because of the small difference between formation of the different phases [11,12]. Nevertheless, cubic GaN layers with good crystalline and morphological qualities were obtained on GaAs (001) [13][14][15].

The possibility of changing and improving the fundamental material properties, growth mechanisms, surface kinetics and dopant incorporation by growing III-V semiconductors on substrates with crystallographic orientations other than (001) has motivated numerous studies [16][17][18][19][20][21]. In particular, semiconductor structures grown on high index substrates have fascinating properties, such as optical anisotropy [22], high hole mobility [23] and better optical efficiency [24], that cannot be found in similar structures grown on (001) oriented substrates. To our knowledge there are few investigations on the growth of GaN on high index GaAs substrates [25][26][27][28][29]. Makimoto et al [25] demonstrated that high-index surfaces are promising for the growth of GaN layers on GaAs substrate, and Sanorpim et al [27] found that GaAs (113) substrates help to grow better quality zinc blende GaN layers. Therefore, it is believed that (11n) surfaces would be promising for the growth of GaN layers on GaAs substrates.

The purpose of this work is thus to investigate the effects of GaAs substrate orientations on the nucleation of GaN at low growth temperature (500-600°C), and then on the GaN layers overgrowth at high temperature (800-900 °C). terrace and two (111) atomic step edge, while the (113) surface is composed of equal numbers of (001) terrace and (111) atomic step edge.

Experimental details

Surface structure of GaAs substrates

Growth conditions

A first series of LT-GaN layers was grown by atmospheric pressure MOVPE in the temperature range of 500-600 °C on (001), ( 111), ( 112) and (113) oriented semi-insulating GaAs substrates. At first, the GaAs substrates were exposed to a 2 slm (standard liter per minute) flow rate of ammonia (NH 3 ) for 10 minutes at a temperature of 550 °C for nitridation purpose. Then, Trimethylgallium (TMG) was introduced into the reactor to grow low temperature GaN layers. Hydrogen was used as a carrier gas with a flow rate of 2 slm. In order to avoid any difference in the growing procedure, the GaN layers were simultaneously grown on the four GaAs substrates. The growth was in-situ monitored by He-Ne laser reflectometry (λ = 632.8 nm) at normal incidence. Complementary ex-situ SR spectra were carried out for the measurements of thickness and growth rates. Surface morphologies of nitrided GaAs substrates and GaN nucleation layers were analyzed by AFM at a scale of (5 x 5 µm 2 ). A second series of samples were prepared to study the overgrowth of GaN layers at HT (800-900 °C) on top of the 130 nm thick LT-GaN nucleation layers. Room temperature CL investigations were performed in a digital scanning electron microscope to characterize the second series of samples. Emitted light is detected via a parabolic mirror collector and analyzed by a spectrometer with a focal length of 320 mm using a 1200 groove mm -1 grating and a spectral resolution of 0.06 mm. The signal is then recorded by a liquid N 2 -cooled Horiba Jobin Yvon Instruments Symphony 1024 x 256 CCD detector.

Results and discussion

Growth of LT-GaN layers

Fig. 2 shows AFM images of GaAs substrate surfaces after their nitridation. The substrate surfaces are characterized by island structures which are associated with GaN nucleus formation. The GaN nucleus density varies greatly with GaAs substrate orientation. The (001) surface presents the highest density of nucleus when compared to the other orientations. The (11n) surfaces are not completely covered by GaN nuclei whose spacing becomes bigger on these surfaces compared to that between the nuclei formed on (001). In particular, among these surfaces, (111) is the least covered surface, and shows isolated islands. The root-meansquare (rms) surface roughness of (001), ( 113), ( 112) and (111) nitrided GaAs substrates is estimated to be 6, 14, 10 and 9 nm, respectively. This difference could be related to the atomic bonds between N species and their adsorption sites in (hkl) GaAs surfaces which depend on dangling bond densities, step number on (11n) surfaces and surface energies [30][31][32][33]. Fig. 3 shows the experimental and simulated LR of LT-GaN nucleation layers grown at 550 °C on different GaAs substrate orientations. Before analyzing the simulations results, we present a qualitative study based on the LR characteristics such as the period and amplitude.

When TMG is turned on (t i =0), the LR decreases and exhibits oscillations with constant amplitude versus time. These oscillations are the proof of the evolution of the GaN thickness resulting from growth and the fact that their amplitude are constant indicates that the surface roughness reaches a limit value, which does not depend on the layer thickness. The LR decrease can be associated with a weak surface roughness due to the nucleation. The largest LR oscillation amplitude is observed for the GaN/GaAs (001) growth indicating a weaker surface roughness in this case, likely due to the highest density of GaN nuclei formed on the nitrided GaAs (001) substrate. These nuclei act as nucleation sites in GaN layer, and thus enhance the coalescence of GaN islands and consequently improve the GaN surface quality.

For GaN layers grown on high index GaAs substrates the surfaces are less reflecting, indicating rougher GaN surfaces which are associated with the low densities of GaN nuclei formed on all nitrided high index GaAs substrates. The lowest oscillation amplitude is obtained for GaN on GaAs (113) for which the value does not exceed 10 % of the R s value.

To extract more information from the LR curves we used the following model. For rough surface film, the complex reflectance amplitude is expressed as follows [34,35]:

= (Eq.1)
where λ 0 is the wavelength used for monitoring at normal incidence, d(t) is the thickness of film which would increase linearly versus time (t) for a constant growth rate. N = n -ik is the complex refractive index of materials (N GaN for GaN film and N s for GaAs substrate). n and k are respectively the real part of the refractive index and the extinction coefficient of the different materials. Values for the refractive index and extinction coefficient of GaAs were taken as n s = 3.86 and k s = 0.20 [36]. The GaN optical constants (n and k) were parameters of the simulation. The refractive index of the gas-phase ambient is assumed to be equal to1.

and ! are Fresnel reflection coefficients at interfaces ij for a smooth surface film. In the virtual interface model developed by Breiland et al [37] for rough surfaces, we used the effective Fresnel coefficients, in which the modification factors " , β %&' γ are related to the surface roughness σ whatever the GaAs orientation.

The real time measurable reflectance (( ) is simply obtained from the complex reflectance amplitude as follows:

( = | | (Eq.2)
We adopted two profiles in the simulation model: the time-dependent surface roughness (σ ) and the time-dependent growth rate (* t ) as expressed by Eq.3 and Eq.4, respectively.

The time-dependent thickness profile is deduced from the expression of * t , as expressed by Eq.5.

, = , --/, --, 0 12 112) < (113). Thus, the decrease of maximum contrast as well as the absolute maximum of reflectance as shown in Fig. 3 is associated with light scattering effect due to surface roughness increase. From the simulations, we also found that the initial surface roughness is about 12, 10, 10 and 20 nm for growth on (001), ( 111), ( 112) and (113) substrate orientations, respectively. The origin of these values is assigned to the differences between surface states of nitrided substrates, as previously described by AFM images in Fig. 2. From these results, we conclude that the surface roughness profiles estimated from simulations and their dependence on GaAs substrate are in good agreement with the LR curves.

The inset (b) of Fig. 3 shows the time dependent thickness profiles derived from simulations. We note, for all orientations, a nonlinear increase of GaN thickness versus growth time in the regime I. This aspect can be associated to the wetting difference between GaN and the different GaAs substrate orientations. In the permanent growth regime (regime II), the GaN thickness linearly increases versus growth time. The difference in slopes in this regime is related to the dependence of the growth rate on the surface orientation. The lowest growth rate corresponds to (001) orientation, whereas the highest corresponds to (113) orientation. It is to be noticed that the growth rate on (111) and (112) substrate orientations are very close.

AFM images presented in Fig. 4 describe the surface morphologies of LT-GaN layers grown in the temperature range 500-600 °C on the four differently oriented GaAs substrates.

It is clear that both the growth temperature and substrate orientation influence the GaN layers surface morphology. For the growth on GaAs (001) substrate, the weakest roughness of the GaN layers is obtained for growth temperatures of 500 and 550 °C. A low surface roughness is also obtained for the growth of GaN layers on GaAs (111) at 550 °C. At this temperature, growth on GaAs (112) and GaAs (113) substrates leads to rougher surface of the GaN layers when compared to those obtained for (001) and (111) orientations. For all orientations, a growth with 3D-GaN islands is the dominant mechanism at 570 °C which causes the drastic surface roughness increase.

Fig. 5 presents the 3D plot of the rms-roughness as a function of the growth temperature and substrate orientation. In the growth temperature range of 500-570 °C a slight increase of the rms is observed whatever the substrate orientation. Indeed, at this range, the growth temperature is assumed to govern the size and density of GaN islands. At a growth temperature of 600°C, the roughness of GaN layers is increased drastically and single large islands appear, as illustrated by the AFM images of Fig. 4. This is presumably due to the fast surface migration and clustering of adatoms at higher temperatures. High growth temperature enhances the diffusion length of reactant species [38,39], and results in the increase of the islands size formed at the beginning of growth, leading to undesirable rough surface morphology. From the section that gives RMS (φ°) in Fig. 5, the surface roughness anisotropy can be clearly observed. This is highlighted by the change in the color as a function of offset angle at a fixed growth temperature. For example, at 550 °C, we can see that the relative surface roughness increases in the order of (001) < (111) < (112) < (113). The inadequate coverage of the GaAs substrates by GaN nuclei during the nitridation process can explain the difference between GaN surface morphologies obtained on the four surface orientations of the GaAs substrates. 113) plane (see Fig. 1). Compared to the atomically flatness of (001) surface, the (113) surface has corrugations due to the presence of edge steps. Since this surface has the highest step density among the (11n) surfaces [31], Ga adatoms can easily diffuse on the surface and be trapped at the closest step-edge because the mean surface diffusion lengths are usually much larger than the step spacing. Thus, surfaces with a high step density, as in the case of the (113) surface, could favor the incorporation of adatoms at the step-edges and therefore increase the reactions process at the surface leading to an increase of the activation energy.

Activation energies for the growth on ( 112) and ( 111) substrates are very close due to their comparable low nucleus density, thickness profiles, and surface morphologies of GaN layers.

This similarity can be associated with the large terraces in (112) exhibiting ( 111) facets (see Fig. 1) which partially favor in some zone the GaN growth as on GaAs (111) surface.

Overgrowth of HT-GaN layers on the GaN nucleation layers

It is well known that growing GaN at high temperature progresses its structural, electrical, optical and surface properties. However, under ammonia (NH 3 ) ambient and at temperature above 700°C, GaAs substrate decomposition increased. The pre-deposition of a thin (130 nm) buffer layer at 550°C can improve the thermal stability of the GaAs substrates. GaN epitaxial sub-layers were then grown at high temperature (800-900 °C) on the (001) and (11n) oriented GaAs substrates. Typical growth rates were on the order of 2.55 µm/h and thicknesses of HT-GaN grown layers were about 0.6 µm.

The RT-CL spectra of GaN layers grown on (001), ( 113) and (112) oriented GaAs substrates are shown in fig. 7 (a)-(c). The CL of the samples grown at 800 and 850 °C exhibited a broad signal in the range of 3.20-3.23 eV whatever the substrate orientation as expected for the excitonic recombinations in cubic GaN [41]. The CL intensity of cubic GaN layers grown at 850°C is about two orders of magnitude higher than those elaborated at 800°C. This is certainly attributed to the crystallization of GaN on the surface. We clearly noted from figures 7 (a) and 7 (b) the absence of the CL emission of h-GaN peaks at around 3.4 eV. As the growth temperature rises to 900 °C (fig. 7 (c)), the CL-peaks are shifted towards high energy: 3.29, 3.33, 3.39 and 3.38 eV for (001), ( 113), ( 112) and (111) GaAs substrate orientations, respectively. This behavior is in connection with the increase of the amount of hexagonal phase inclusions in the c-GaN films. In fact, the increase of growth temperature leads to the incorporation of hexagonal GaN domains due to the generation of planar defects (stacking faults) at the GaN/GaAs interface [42]. The CL peak of each orientation obtained at 900 °C are an overlap of broad peaks of the transitions in h-GaN and some excitonic recombinations in c-GaN. By dividing the corresponding integrated CL intensities, as seen in fig. 7 (c), the emission from cubic CL is still observable for all used GaAs substrates orientations.

In fig. 7 (d), we present the variation of the ratio of h-GaN to the c-GaN intensity as a function substrate orientation. This ratio can reflect the fraction of the h-GaN inclusions in c-GaN. It can be seen that the hexagonal inclusions are just a few percent for the growth on (001) and (113) GaAs substrates orientations while in the case of growth on (112) and (111) orientations, the hexagonal phase is still dominant. These results indicate that we have hexagonal GaN structure on (112) and ( 111) orientations and a mixture (cubic and hexagonal)

GaN structure on (001) and ( 113) orientations. The high fraction of h-GaN inclusions can be associated with the surface structure of ( 112) and (111) GaAs substrates exhibiting a large (111) facets which favor the presence of the stacking faults (SFs). When the SFs have been generated at high density in some localized areas, a cubic-to-hexagonal phase transformation domains in GaN layers was observed [43].

As we conclude, both (111) facets in the GaAs surface and a high growth temperature favor the GaN growth with hexagonal structure, whereas the GaN cubic structure is favored at a low growth temperature on (001) and (113) GaAs substrates orientations. Theses surfaces would appear to be the best surfaces for the subsequent c-GaN epitaxy and device structure.

Conclusion

We investigated the LT-GaN growth on (001) and high index GaAs substrates. 

Figures captions

Fig. 1

 1 Fig.1 shows a schematic diagram of high-index (113), (112) and (111) planes of GaAs The corresponding tilt angles with respect to the (001) direction are 25.23°, 35.26° and 54.73°, respectively. The solid lines represent the (hkl) surfaces. The surface structure of the (112) and (113) planes are very similar, with components of both (001) and (111) bonding geometries. The surface structure of (112) is composed of periodic steps with one (001)

  6 * ' (Eq.5) where σ i and v i and d i are respectively the initial surface roughness, growth rate and thickness at the simulation start time (t i ) and σ f and v f are their final limit values. The common coefficient in both profile parameters is the constant time (τ) which characterizes the transient regime.Using this model, close fits of experimental data for the full set of GaN nucleation layers grown on different GaAs surface orientations were obtained. All simulations provide a standard deviation around 10 -3 . Simulated LR curves are shown in Fig.3as continuous red lines. The surface roughness σ(t) and thickness d(t) profiles deduced from simulations are presented in the insets (a) and (b) of Fig.3, respectively. As we can see in the inset (a), whatever the substrate orientation, the surface roughness increases (regime I -nucleation) with time and then start to saturate (regime II -permanent growth) once the layer thicknesses reached values in the range of 100-200 nm depending on the substrate orientation. There is a little difference between the values of time constant (τ), which characterized this regime, that varies in the range of 290-310 s for the four simulated reflectance traces. The second regime is marked by limited constant values that were reached by surface roughness (σ f ), which does not depend on the layer thickness but on substrate orientation. The relative surface roughness increases in the order (001) < (111) < (

Fig. 6

 6 Fig.6shows the Arrhenius plots of the GaN nucleation layers growth rate versus the growth temperature, for each substrate orientation. The values of growth rate were extracted from SR measurements (not shown here). All Arrhenius plots show a slight slope, indicating a weak activation energy which corresponds to reaction rate limited regime. The dependence of growth rate on temperature could be associated with the morphological changes including the evolution versus growth temperature of the density and size of islands which also depend on the substrate surface orientation. The inset of Fig.6gives the plot of the extracted activation energies versus the offset angle (φ). The results show an activation energy for the GaN nucleation layers grown on (113) GaAs substrate (0.35 eV) slightly higher than that of the layers grown on (112) and (111) (0.31-0.32 eV) orientations. The lowest activation energy (0.20 eV) is found for the layers grown on GaAs (001). This difference indicates that the GaN growth is kinetically influenced by the different surface reaction processes (adsorption, surface diffusion and desorption) associated with the substrate orientation. The relative

Figure 1 :

 1 Figure 1: Representation of (001) plane and high index planes of GaAs surface. The open and solid circles represent Ga and As atoms, respectively.

Figure 2 :

 2 Figure 2: AFM images at a scale of (5 x 5 µm 2 ) of nitrided GaAs substrates for 10 min at 550°C: (a) (001), (b) (113), (c) (112) and (d) (111).

Figure 3 :

 3 Figure 3: Plots of experimental reflectance data (Scatters) and simulations (solid lines) data corresponding to samples grown on (001), (111), (112) and (113) GaAs substrates. All experimental reflectances are horizontally translated to have the same start time (t i ) when TMG is run and normalized to the substrate one (Rs). The inset (a) and (b) show the plots of surface roughness and thickness profiles, respectively, giving the best fit of experimental reflectance data.

Figure 4 :

 4 Figure 4: AFM images of GaN layers grown on different substrate orientations at growth temperature of 500°C, 550°C, 570°C and 600°C. Horizontally: evolution of the surface morphology as a function of growth temperature for each crystalline orientation. Vertically: differences in morphology according to the crystallographic orientation of substrate for each temperature.

Figure 5 :

 5 Figure 5: 3D-Plot of surface roughness as a function of the offset angle (φ) and growth temperature.

Figure 6 :

 6 Figure 6: Growth rate evolution of GaN layers grown on different GaAs substrate orientations versus reverse of temperature. The solid line indicates the linear fit. The inset shows the activation energy evolutions versus the offset angle (φ).

Figure 7 :

 7 Figure 7: (a)-(c) RT-CL spectra of GaN layers grown at high growth temperatures in the range of 800-900 °C on GaN buffer layers grown at 550°C on (001) and (11n) oriented GaAs substrates. The dashed line in fig.7 (c) shows the Gaussian fitting to the measured data. Fig.7 (d) shows the variation of the ratio of h-GaN to the c-GaN intensity as a function of substrate orientation.
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  The effects of these orientations on growth kinetics were discussed. At 550 ° C, the time-reflectance of GaN varied greatly with crystallographic orientation of GaAs substrate. The simulations of time-reflectance showed the dependence of GaN surface morphology and growth rate on substrate orientation. These results were supported by ex situ AFM and SR analyses. The growth on the (113) oriented GaAs substrate was characterized by the high activation energy.The dependence of growth rate activation energy on crystallographic orientation indicates the dependence of the GaN growth on substrate orientation. The similarity in terms of growth kinetics and crystalline structure between results obtained on (112) and (111) orientations could be associated with the large (111) terraces in (112) surface. CL studies show that both (111) surface GaAs substrate and a high growth temperature (>850°C) favor the GaN hexagonal structure, whereas the GaN cubic is favored at a low growth temperature on (001) surface GaAs substrate.
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Highlights

• The epitaxial growth of GaN films on (001) and high index GaAs substrates have been investigated. • The simulations of the time-reflectance have showed the dependence of GaN surface morphology and growth rate on substrate orientation and growth temperature.

• The growth rate activation energy dependence on crystallographic orientation indicates anisotropy of GaN growth.

• Cathodoluminescence (CL) studies show that the transition from cubic to hexagonal structures is dependent on the growth temperature and substrate orientation.