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Introduction

III-V compound semiconductors are mandatory for the development of high performance electronic and optoelectronic devices. In particular, GaAs semiconductors are employed in a variety of applications such as light emitting diodes (LEDs) [1], laser diodes (LDs) [2], high speed communication [3], photodetectors [4], photovoltaics [5], gas sensors [6] and nanomechanical resonators [7]. Nevertheless, the GaAs surface has a low electronic and optical quality due to the presence of high densities of surface states induced by the native oxide formation at the surface. These states act as non-radiative recombination centers causing Fermi level pinning near GaAs surfaces which reduces the performance of GaAs-based devices. Therefore, surface passivation is one of the most important aspects when developing GaAs-based devices, especially since the dimensions of these currently decrease, making surface properties become increasingly important. With this in mind, different surface passivation techniques have been studied in recent years [8][9] [10] and the most used passivating process nowadays is the epitaxial growth of AlGaAs or InGaP layer [11] [12]. Nevertheless, the different techniques come up against many problems, such as progressive degradation from air and light exposure [13][14] [15]. In our view, particularly considering the case of nanostructures (nanowires, nanodots, etc…), the nitridation process seems to be very adaptable [16][17] [18]. In this way, plasma passivation using very low power N2 plasma sources may prove to be a suitable process, providing chemically and thermally stable ultra-thin passivating layer on GaAs(100) surface [19] [20]. Indeed, GaN layer is less susceptible to environmental oxidation and, as we will demonstrate, provides thermal stabilization of the GaAs surface, up to 670°C. Moreover, the GaN layer has a high band gap giving a barrier to confine electrons in GaAs substrate which can be useful in light-emitting and photo-voltaic applications. Thus, in this work, we focused our attention on elaboration of a well-controlled ultra-thin film of GaN on GaAs(100), showing well-ordered crystalline structures and thermal stability. Especially, we study the influence of the nature of nitrogen species produced during nitridation on the GaN structure. Indeed, GaAs(100) substrates are nitrided using two different N2 plasma sources running at very low power (<30 W), an electron cyclotron resonance source (ECR) and a glow discharge source (GDS), generating mostly radical N atoms and cationic nitrogen species respectively. Using low energy electron diffraction (LEED) and transmission electron 2 microscopy (TEM), we will show that the nitridation followed by annealing at 620°C, permits the crystallization of the GaN layer into the Wurtzite (w-GaN) or Zinc Blende (zb-GaN) structure depending on which plasma N2 source is used. This opens the possibility of selective phase formation. Optical properties of the elaborated GaN thin layer will be highlighted by photoluminescence measurements. Moreover, the band offset at the GaN/GaAs heterojunction will be determined by measuring the valence band discontinuity for the GaN/GaAs junctions using X-ray photoemission spectroscopy giving a vertical contact scheme primordial for GaAs based Schottky diodes [21].

Experimental

HCl-isopropanol chemical solution was used to clean the GaAs(100) substrates [22]. This reduces the damage of the surface compared to the classical ion bombardment. Then, the substrate is transferred rapidly under vacuum to reduce the surface re-oxidation. The GaAs samples were heated at 530°C to remove all re-adsorbed molecules and the Ga rich (4×1) reconstruction was observed on LEED patterns. Nitridation was performed at 25, 400 and 500°C using a N2 plasma produced by a homemade glow discharge source (GDS) described in detail in Ref. [23] and a commercial electron cyclotron resonance source (SPECS MPS-ECR) operating in atom mode at a pressure of 10 -2 Pa for different nitridation times as shown in Table 1. For the GDS source a high DC voltage of 2.5 kV is applied between an anode which is a stainless steel cylinder and cathode linked to the preparation chamber connected to earth providing a discharge. This discharge is responsible for cracking the N2 molecule generating a high flux of positive nitrogen ions only at a pressure below 4×10 -2 Pa. The density current on the sample is 1 µA/cm 2 and the source power is estimated at 5 W. For the ECR source, a microwave magnetron generates microwaves, with a frequency of 2.45 GHz and a power around 30 W, arriving in a discharge chamber where a sophisticated magnetic field is created by a magnetic quadrupole producing an electron cyclotron resonance mechanism. This mechanism with a high local N2 gas pressure excites a plasma with a high density due to the spiralling motion of the electrons. Low conductance boron nitride plates with several small holes are placed at the open end of the discharge chamber to prevent ions nitrogen from leaving the source. Using this source, a majority of radical N atoms arrive at the GaAs surface inducing a current density on the sample of 12 nA/cm 2 . After nitridation, all samples are annealed at 620°C for 1 h. X-ray photoelectron spectroscopy (XPS) measurements were carried out in a UHV chamber equipped with a dual anode Al-Mg X-ray source and hemispherical electron energy analyzer OMICRON EA 125 where are separated by an angle of 55° (almost the "magic angle": L=1). The Mg K (1253.6 eV) photons and a constant pass energy of the analyzer equal to 20 eV were used for analysis. The elaborated GaN thin layer thicknesses were determined using the XPS model reported in Ref. [20]. In this reference, the GaAs nitridation process is developed including the GaAs nitridation steps and a kinetic model giving the kinetic growth parmeters of the process.

Photoluminescence (PL) measurements were performed at low temperature 5 K using a liquid helium circulation cryostat. The elaborated GaN thin layer was excited by the continuous 325 nm wave line of a He-Cd UV laser with a power density of 640 W/cm 2 . The emitted light is focused on the monochromator slit and detected by a CCD camera system having an energy resolution of 0.6 nm.

Results and discussion

A. Nitridation with GDS source: zb-GaN structure

Before annealing, the elaborated GaN samples do not show any crystalline structure (no LEED pattern). Thus, the GaN thin layers are amorphous, however previous work has shown that it is possible to crystallize the GaN layer after annealing at 620°C [19]. The LEED patterns taken with an incident electron energy of 57, 59, 63 and 65 eV for the G1 sample are shown in Figure . 1. In this figure, the variation of the incident electron energy even of just 1 eV induces substantial shifting of the diffraction points and not all with the same direction. Indeed, the lighted points surrounded by red and blue circles move along two lines x and y. The red circles diverge towards the outside of the LEED pattern while the blue ones converge to the LEED pattern center. This observation is not consistent with all diffraction patterns obtained on a flat surface. Several research groups have made similar observations and explain that this shift is caused by crystallite facet formation [24]. To determine the facet characteristics, we use the method described by Yang et al. [25] providing accurate results since several LEED patterns at different energies are used.

A illustration of a crystallite facet I on GaAs(100) surface is presented in Fig. 2 where and are respectively the incident and the diffracted electron wave vectors, is the diffraction angle, is the inclination angle between the facet I and the GaAs(100) surface. The Laue condition (diffraction condition) is given in Eq. 1.
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where and are the unit vectors of the incident and the diffracted electrons respectively, is the interreticular distance in the facet I, is the order number of the diffraction electrons and is the wavelength of the incident electrons. The momentum transfer vector is given by Δ = -. The parallel and perpendicular components of the momentum transfer Δ ∥ and Δ are expressed in Eq.( 2) and Eq.( 3) respectively.
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where and are the incident and diffracted electron wave vector magnitudes, here = since only elastic diffracted electrons are considered. Injecting the expression of ( ) and ( ) from Eq.( 2) and Eq.( 3) respectively in Eq (1), the relation between Δ ∥ and Δ is obtained in Eq.( 4) which allows the angle between the facet I and GaAs(100) surface to be determined.
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For each point lit surrounded by a circle in Fig. 1, the components of the momentum transfer using respectively Eq.( 2), Eq.( 3) once the diffraction angle are determined.

In Figs. 3a, 3b, 3c and 3d, we show respectively the variation of Δ ∥ as function of the Δ for each couple of points (" * ; ' * ), (" ( These results are consistent with the scanning electron microscopy (SEM) image of the G1 sample presented in Fig. 4a which shows a homogeneous distribution of the GaN nanostructures on the surface. When we increase the magnification to identify the shape of these nanostructures, we cannot obtain a clear image due to the insulating character of the GaN material. For the G3 sample, there are fewer GaN nanostructures formed on the surface as shown in Fig. 4b. This observation can be explained by the highest GaN thickness obtained for G3 sample for which the morphology of these nanostructures is not well defined.

A photoluminescence (PL) investigation of G1, G2 and G3 samples is performed. The PL spectrum related to G2 shown in Fig. 5 is dominated by a neutral donor-band transition D 0 h at 3.22 eV. The donor-acceptor pair DAP transition is observed at 3.15 eV. These two values are consistent with the transition energies observed in a totally relaxed Zinc Blende GaN [27][28]. Such relaxation explains that pyramid-nanostructures are observed after annealing at 620°C. The required crystallite formation energy is reduced by relaxation to compensate the large lattice mismatch between zb-GaN and GaAs(100) of 20%. The emission located at low energy cannot be ascribed to the DAP phonon replica since its intensity is higher than that of the DAP transition. To explain this transition, Wu et al. [29] have suggested an emission at 3.056 eV related to the recombination between an electron and an additional neutral acceptor. Another work by Xu et al. [28] confirms that the emission at 3.081 eV is due to the recombination between an electron and a neutral acceptor eA 0 by studying the energy transition dependence as function of the temperature. Therefore, the emission at 3.06 eV corresponds probably to an electron-neutral acceptor recombination. Moreover, no PL spectrum was observed for G1 and G3 samples. The low GaN crystallite size in the sample G1 characterized by a high surface/volume ratio induces many nonradiative centers which reduce the possibility of obtaining a PL signal. The low GaN crystalline quality for the G3 sample as seen in Fig. 4b explains the absence of PL spectrum. Therefore, the GaN thickness and its crystalline quality are two essential parameters to obtain a PL spectrum.

B. Nitridation with ECR source: w-GaN structure

In this section, we identify the structure of the GaN elaborated by the MPS-ECR source for the E2 and E3 samples. As for the samples nitridated with a GDS source, the LEED measurements were made on the samples E1, E2 and E3 nitrided with the ECR source as detailed in Table 1. The LEED patterns corresponding to E2 and E3 samples presented in Figs. 6a, 6b respectively show that the GaN thin layer has a hexagonal structure (w-GaN). These LEED patterns are centro-symmetric by changing the electron energy and remain the same by shifting the analyzed surface which shows a flat GaN structure on all the sample surface. The background noise in the LEED pattern for E2 (Fig. 6a) is greater than for E3 which can be related to the w-GaN low crystalline quality. Note that the GaN thin layer elaborated at 25°C (E1) is not crystallized since no LEED pattern was observed. Then, the nitridation temperature plays a crucial role to obtain a high quality of w-GaN. Indeed, previous work [20] shows that, at low nitridation temperature (T<500°C), the inter-diffusion of nitrogen and arsenic atoms induces a small quantity of free arsenic remaining in the GaN thin layer. This quantity of free arsenic could prevent the w-GaN structuration. Further analyses of the w-GaN/GaAs(100) interface roughness were performed by high-resolution transmission electron microscopy (HR-TEM) on the E3 sample. A cross sectional HR-TEM image of the sample oriented along the [01-1] GaAs zone axis (confirmed by the FFT of the image in inset) is given in Fig. 7a. A zoom of the image presented in Fig. 7b shows the presence of a thin GaN layer in the orientation, as evidenced by the FFT in the inset, with an abrupt interface with the GaAs(100) substrate. In this image, there is no evidence of GaAs(111) facet formation at the interface which promotes the nucleation of hexagonal GaN structure as reported in Refs. [30][31]. To our knowledge, it is the first time that a hexagonal GaN structure is obtained directly on GaAs(100). Tsuchiya et al. [32] show that the hexagonal phase of GaN is dominant during GaN growth on GaAs(100) by HVPE using a high V/III ratio. Therefore, the w-GaN structure obtained in our work can be explained by nitrogen excess in the GaN layer caused by the low radical nitrogen diffusion as it was shown previously in Ref. [20]. Another benefit of the GaAs(100) nitridation using ECR plasma source is getting an abrupt interface between w-GaN and GaAs substrate whereas Tsuchiya et al. [32] obtain GaAs(111) facet formation showing a high interface roughness. Note also that the interface of the zb-GaN/GaAs(100) heterojunction obtained using GDS source and reported in a previous work [19], is rougher than the w-GaN/GaAs(100) interface. The determined in-plane lattice constant " of w-GaN for E2 and E3 samples is respectively 3.26 and 3.28 Å with an accuracy of 0.06 Å. These values are higher than that reported in the literature for a relaxed w-GaN of 3.19Å [33]. It indicates that there is a tensile strain in the w-GaN thin layer induced by the GaAs(100) substrate.

To get more information about the w-GaN layer strain, the PL spectrum for the E3 sample is displayed in Fig. 8 and reveals two emissions at 3.42 and 3.20 eV. As a comparison, for a totally relaxed w-GaN, the neutral donorexciton D 0 X transition is localized in a region between 3.466 and 3.476 eV [34][35] which is far from the measured value of 3.42 eV. Thillosen et al. [36] explain that the D 0 X energy shifts towards the low energy side are characteristic of the w-GaN under tensile strain; this result is consistent with the LEED results. The emission at 3.42 eV can be ascribed to the D 0 XB transition since the transition related to exciton A or C is above this energy for the tensile strain case as shown in Ref. [37]. The second emission at 3.20 eV is related to the donor-acceptor pair DAP transition. It is also shifted towards lower energy compared to the value obtained of 3.25 eV for the fully relaxed w-GaN [34]. This result is also consistent with the LEED measurement where the determined in-plane w-GaN lattice constant " is dilated compared to the value reported in the literature for a totally relaxed w-GaN layer.

To estimate the importance of this tensile strain in the w-GaN ultra-thin layer, the tensor component , .. was determined using Eq.( 11) presented in Ref. [38] where the biaxial strain dependence of exciton energies is studied. The energy expression of the valence band state of Γ 01 symmetry for a strained wurtzite structure given in Ref. [39] which corresponds to exciton B was injected into this equation. The energy of exciton B was expected 6 meV above the D 0 XB transition at a value of 3.426 eV. This value and all constants reported in Refs. [38][40] used for calculation of , .. yield -2.5×10 -3 for , .. . As we have considered that the valence band energy nearΓ 01 is under biaxial strain, the relation , 22 = , 33 = (-4 )) 2. 4 ) ⁄ ), .. where 4 +6 are elastic stiffness constants, i.e components of the related tensor calculated for w-GaN in Ref. [40] can be used and a value of 4.2×10 -3 , for the two tensor components , 22 and , 33 is found. These tensor component values confirm that the elaborated w-GaN exhibits an in-plane biaxial tensile strain. Considering these results, regardless of the use of the GDS or ECR source, one can note the thermal stabilization of GaAs surface by a thin film of GaN. Indeed, the GaAs can be heated up to 620°C without the need of an As flux stabilization. This observation was corroborated by thermostated Car-Parrinello dynamics. A slab periodic structure, as previously used exposes the (100) face of GaAs in the zinc-blende structure [41]. This undergoes a temperature ramp and the onset of movement compatible with melting occurs at 530°C which is consistent with Ref. [42]. Two mesh of GaN are then added and the onset of melting occurs at 670°C (experimentally, the decomposition of the surface was observed at 650°C (not shown here)).

C. Band offset of GaN/GaAs

The valence band discontinuity at the GaN/GaAs(100) heterojunction interface was measured using the method described in Ref. [43] based on XPS measurements. It can be calculated by Eq.( 5) ∆ = ( 189 -:;)< ) =>:; -( 189 -=>)< ) =>? -∆ =>)<@:;)< =>?/=>:; (5) where ( 189 -:;)< ) =>:; and( 189 -=>)< ) =>? are the core-level energy of As3d5/2 and Ga3d5/2 determined with respect to the valence band maximum for pure GaAs and GaN, respectively and ∆ =>)<@:;)< =>?/=>:; is the corelevel separation between Ga3d5/2 and As3d5/2 for the GaN/GaAs heterojunction sample. For a cleaned GaAs substrate, the separation between the core-level energy of As3d5/2 and VBM is measured to be 40.67 ± 0.1 eV. Note that, due to the very low GaN thickness elaborated using GDS or ECR sources [20], the GaN layer cannot be considered as bulk. Therefore, the reference ( 189 -=>)< ) =>? was measured for a commercial w-GaN(0001) substrate at 17.70 eV. This value is used only for E2 and E3 where the w-GaN structure is observed. While for G1, G2 and G3 samples having a zb-GaN structure, the value of 17.66 eV reported in Ref. [44] for cubic GaN grown by MBE (Molecular beam epitaxy) was used. In addition, the corelevel separation between Ga3d5/2 and As3d5/2 across the GaN/GaAs interface was determined by XPS at 21.23 eV for E2 and E3 and at 21.27 eV for G1, G2 and G3 samples. The latter value is very close to the one determined in Ref. [44] at 21.30 eV. Taking into account the uncertainty of our XPS measurement of 0.1 eV, the difference between these two values is not significant. Therefore, the measured valence band discontinuity ∆ for the w-GaN/GaAs(100) and zb-GaN/GaAs(100) heterojunctions is 1.74 ± 0.1 eV. This value indicates that the holes are localized in the GaAs substrate for these two heterojunctions and must exceed a potential barrier of 1.74 eV to cross the GaN/GaAs interfaces.

In order to determine the conduction band discontinuity ∆ for these two heterojunctions, the values of the band gap energy of the elaborated zb-GaN and w-GaN thin layers and of the GaAs substrate at 300 K must be obtained. Based on PL spectrum presented in Figs. 5 and8, value of 3.45 eV (3.30 eV) for w-GaN (zb-GaN) thin layers were calculated by adding 25 meV (52 meV) above the D 0 XB (D 0 h) to determine the free exciton transition energy, and 6 meV (28 meV) to obtain the band gap energy at 5 K. A value of 1.51 eV was considered for the band gap energy at 5 K of the GaAs substrate [45]. Using the empirical equation of Varshni [46] and the constants obtained from Refs. [47][48][49], a band gap energy at 300 K of 3.23, 3.38 and 1.41 eV for zb-GaN and w-GaN thin layers and GaAs substrate can be calculated respectively. These values for GaAs substrate and zb-GaN are in good agreement with those reported in the literature [50][51] while the value of the band gap energy for w-GaN is lower than that given by Ref. [52] for bulk w-GaN due to the tensile strain effect in the w-GaN thin layer. Hence, the value of ∆ is equal to 0.08 and 0.23 eV for zb-GaN/GaAs (G2) and w-GaN/GaAs (E3) heterojunctions respectively. The schematic representations of band alignment are presented in Fig. 9. For zb-GaN/GaAs heterojunction, the maxima of the conduction band for GaAs and thin zb-GaN layer can be considered aligned since the ∆ is lower than the uncertainty of the XPS measurement (0.1 eV). This therefore provides a good electron transport across the zb-GaN/GaAs interface. For w-GaN/GaAs junction, the electrons need to reach a barrier height of 0.23eV to pass across the interface. In this case, the electrons are confined in the GaAs substrate which can increase its photoluminescence efficiency.

Conclusion

Using cationic nitrogen species (GDS source) during GaAs(100) nitridation has shown the formation of a relaxed pyramidal GaN nanostructure (with square base) where its four facets have a cubic structure oriented (110), (1-10), (-110) and (-1-10) for GaAs(100). While a planar hexagonal GaN structure substrate has been obtained when mostly radical nitrogen atoms (ECR source) were used showing an abrupt interface between the w-GaN thin layer and GaAs(100). Consequently, the nature of the nitrogen species used during nitridation has a direct impact on the GaN structuration after a crystallization at 620°C. Accordingly, the operator can select which phase is formed, simply by switching plasma source. To our knowledge, this is the first time that a hexagonal GaN structure was obtained on GaAs(100) without using a gallium precursor or a nucleation layer. This hexagonal GaN thin layer can passivate the GaAs surface and also act as a buffer layer to grow hexagonal structure layers by epitaxy such as AlN for microelectronics applications. w-GaN/GaAs and zb-GaN/GaAs heterojunctions have the same valence band discontinuity having a value of 1.74 eV. Conversely, the conduction band discontinuity for w-GaN/GaAs is larger than that for zb-GaN/GaAs inducing the confinement of electrons in the GaAs substrate which can improve its electrical and optical properties raising the performance of GaAsbased devices. 
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 1 Figure 1 LEED patterns for G1 sample taken at different incident electron energy of 57, 59, 63 and 65 eV.
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 2 Figure 2 Schematization of a crystallite facet I on GaAs (100) surface. OB is the normal to the facet I surface.
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 3 Figure 3 Parallel momentum transfer versus perpendicular momentum transfer for each lighted point present in Fig. 1. Lines are the best fits using Eq.(4).
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 4 Figure 4 SEM image of the GaN surface for (a) G1 and (b) G3.
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 5 Figure 5 Photoluminescence spectrum for G2 sample recorded at T=5K with a power density of 640 W/cm 2 .
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 6 Figure 6 LEED pattern for (a) E2 and (b) E3 sample taken at incident electron energy of 60 eV.
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 7 Figure 7 Cross-sectional TEM (a) image of w-GaN on GaAs(100) substrate (E3 sample) (b) higher magnification image showing the w-GaN/GaAs(100) interface.
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 8139 Figure 8 Photoluminescence spectrum for E3 sample recorded at T=5K with a power density of 640 W/cm 2 .