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Introduction

The InGaN system covers a broad range of wavelengths from UV (3.4 eV for GaN) [1] to infrared (0.7 eV for InN) [2]. As a result, InGaN has been extensively studied and commercialized for solidstate light sources in the green/blue/violet spectral regions. InGaN will also extend the functionality of a wide range of optoelectronic devices for photovoltaics [3], medical diagnostics, and full color displays [START_REF] Kam Ur A | T heBlueLas erD io de,S pringe r[END_REF]. Many groups have studied InGaN structures including quantum wells and quantum dots to realize such devices. However, for high indium content, the lattice mismatch between the InGaN layer and the GaN template substrates causes high misfit dislocation densities, limiting the range of indium composition.

One solution to this problem is the addition of boron in order to decrease the lattice mismatch of InGaN with respect to a GaN substrate. For instance, an alloy containing 3% boron decreases the lattice mismatch of In 0.15 Ga 0.85 N/GaN by 0.6%. BInGaN quaternary alloys offer the possibility to optimize the bandgap energy and lattice parameter independently of each other without inducing strain into the layers. This is highly desirable for the bandgap engineering of advanced optoelectronic heterostructures [5]. In addition, the incorporation of boron into GaN-based devices will potentially allow the development of a new class of neutron detectors [6]. In this paper we report on the epitaxial growth and characterization of BInGaN materials for optoelectronic and neutron detection applications.

Experiment

Growth was performed in a low pressure MOVPE T-shape reactor using only nitrogen as a carrier gas [7]. Trimethylgallium (TMGa), trimethylindium (TMIn), triethylboron (TEB) III-group precursors were used as gallium, indium, and boron sources, respectively. For the MOVPE growth of InGaN-based materials, a relatively low growth temperature is essential to ensure In incorporation and due to the inefficient decomposition of NH 3 a n Corresponding author. Tel.: + 33 3 87 37 85 40, fax: +33 3 87 37 85 59.
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1 very large flow rate of NH 3 is required [8]. In this study, dimethylhydrazine (DMHy) precursor was added because of its low decomposition temperature which enhances the concentration of atomic nitrogen in the gas phase, allowing the growth at a relatively low flow rate of NH 3 at the growth temperature of 730 1C [9]. However, adding high flow rates of DMHy leads to undesirable carbon deposition in the growth chamber. In this study, the optimum value of the DMHy/V ratio was around 4%. As a result, no parasitic reaction in the vapour phase between DMHY and (TMIn, TMGa) was observed. The In incorporation in the solid phase was found to be proportional to the TMIn/III ratio in the vapour phase and the growth rate values were as expected.

A large number of BInGaN samples have been grown, however this work focuses on a systematic series of three samples in which the flow of TMGa and TMIn was constant to investigate boron incorporation in these samples. The TEB flow was varied between 0, 3.27, and 6.54 sccm leading to a TEB/III molar ratio in the vapour phase of 0%, 2%, and 4%, respectively.

Our growth chamber has been designed to provide good thickness uniformity over 2'' wafers. Strain uniformity across the wafers has been investigated for each boron concentration given above. So far, BInGaN alloys have been grown on multipieces of 2cm 2 template substrates in the same run and no significant shift of the HR-XRD peaks has been observed on samples from the same run.

A typical structure consists of a 40 nm GaN buffer layer grown on GaN template substrate, followed by a 140 nm BInGaN layer.

Results and discussion

Lattice parameters of BInGaN layers were measured by high resolution X-ray diffraction (HR-XRD) including symmetrical and asymmetrical 2y-o scans, and both symmetrical and asymmetrical reciprocal space mapping (RSM). Surface topography and RMS roughness were investigated by atomic force microscopy (AFM) in intermittent contact mode. Secondary ion mass spectroscopy (SIMS) was used to obtain the depth concentration profile for Ga, In, B, N, and impurities such as O, etc. The bandgap energy was obtained by optical absorption measurements. The composition measurement of quaternary BInGaN is not straightforward because of the relatively low boron content in these samples. Therefore a baseline was created using ternary alloys of InGaN and BGaN of various indium and boron contents, measured with a high accuracy by HR-XRD, and used as reference to calibrate SIMS for quantitative measurements of boron and indium in the BInGaN layers. The BInGaN composition results were later confirmed by X-ray photoelectron spectroscopy (XPS) measurements.

Fig. 1 shows (0 0 .2) 2y-o scans of BInGaN layers grown with various TEB flows. The peak at lower angle and of lower intensity corresponds to the BInGaN film whereas the other peak at higher angle corresponds to diffraction from the GaN template. The signal from the GaN template dominates the X-ray diffraction profile since the GaN layer is 3.5 mm thick compared to 140 nm for the BInGaN. At increased TEB flow, the peak corresponding to BInGaN shifts towards the GaN peak indicating a reduction of the misfit strain. The RSMs of the asymmetric (1 1 .4) plane show fully relaxed BInGaN layers, as presented in Fig. 2(a andb). At boron percentage of 0% and based on Vegard's law the average In content in the ternary InGaN reference layer was equal to 19.5%. Atomic force microscopy showed that the BInGaN surface exhibits morphology similar to that reported for InGaN [10] and RMS roughness was between 3 and 5 nm.

The SIMS profile exhibits a uniform boron distribution (Fig. 3) in the BInGaN layer, along the growth direction, while the Ga concentration varies anti-phase with the In and B. This is an indication that the mixing of In, Ga, and B atoms occurs on the sub-lattice of III sites to form an alloy. Depth concentration profile analysis of In, Ga, B and N concentrations were also performed by SIMS for all samples. As mentioned above, several BGaN and InGaN layers were used as reference in order to calibrate SIMS analysis for quantitative measurements of boron and indium content in the BInGaN layers. It was found that an increase of the TEB flow in the growth chamber from 0 to 6.54 sccm lead to a B and In content variation in the solid phase from 0% to 2% and from 19.5% to 14%, respectively.

XPS analysis was performed for all samples to further understand these results. Broad range and elemental XPS spectra were measured using Al Ka X-ray and Mg Ka X-ray sources to avoid the overlaps with Auger lines. The binding energies were chargecorrected by referencing the C 1s to 285.00 eV. The composition, both boron and indium, obtained by XPS and SIMS are in good agreement.

Optical spectroscopy was utilized to investigate the bandgap variation in the BInGaN layers. Transmission T(l) and reflection R(l) spectra versus the wavelength were measured at room temperature with a Perkin Elmer LAMBDA 950 spectrophotometer. Absorbance spectra a 2 (l) are shown in Fig. 4 Fig. 6 shows calculated bandgap values for quaternary B x In y Ga 1 À x À y N compound, which have been obtained using equations and the bandgap values of the endpoint binaries (GaN, InN, BN) from Refs. [START_REF] Rumyantsev | Properties of Advanced Semiconductor Materials GaN, AlN, InN, BN, SiC, SiGe[END_REF][START_REF] Bougrov | Properties of Advanced Semiconductor Materials GaN, AlN, InN, BN, SiC, SiGe[END_REF][START_REF] Vurgaftman | [END_REF][14][15]: E g (GaN) =3.39 eV, E g (BN) = 5.5 eV, and E g (InN)= 0.7 eV. The bowing parameter C BGaN = 9.2 eV of the BGaN ternary compound is from Ref. [16]. To accommodate our experimental value of 2.53 eV for the bandgap of In 0.195 Ga 0.805 N sample, the bowing parameter of InGaN was chosen to be C InGaN =2.1 eV, which is 10% less than the recommended value of 2.3 eV from Ref. [14]. Since our experimental data and the {x,y} range for the calculated bandgap values are close to the GaN binary endpoint, the bowing parameter of BInN has practically no influence on the calculated values shown in Fig. 6.W ew e r eu s i n g C BInN = 14 eV, which was obtained by extrapolating the dependence of the bowing parameters in ternary nitride compounds as a function of the lattice mismatch between the binary endpoints. Note that BInN should have the highest value of the bowing parameters among all known ternary nitrides since boron and indium have the highest contrast the III-nitrogen bonding length [16].
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Two experimental values for B 0.01 In 0.16 Ga 0.83 N and B 0.02 In 0.14 Ga 0.84 N samples are shown in Fig. 6. Within the error bars of the boron composition, the measured bandgaps of B x In y Ga 1 À x À y N compounds are in a perfect agreement with the calculated values, thus confirming the strong effect of the bandgap bowing in this quaternary system. It is notable that a combination of the two bowing parameters for ternary compounds of InGaN and BGaN results in a decrease of the bandgap for BInGaN quaternary compound, which is lattice matched to GaN for a broad range of the x and y compositions (see straight line in Fig. 6). In other words, the addition of boron to InGaN has an effect similar to that of increased indium for the bandgap decrease. At the same time, in terms of the lattice parameter this quaternary compound demonstrates a decrease of the lattice mismatch with respect to GaN. It opens a possibility to design, for example, light emitters for the green and yellow parts of the visible spectrum with the B x In y Ga 1 À x À y N active region that is lattice matched to conventional GaN substrates.

Conclusion

We demonstrate the growth of a new quaternary alloys BInGaN, with boron content up to 2% at indium content of 14%. These materials have the potential to allow independent choice of bandgap and lattice parameter for bandgaps between 0.7 and 3.4 eV, enabling advanced III-N heterostructure designs. Our experimental results confirm a strong bowing for the bandgap of the quaternary system of BInGaN with C InGaN = 2.1 eV and C BGaN = 9.2 eV.
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 1 Fig. 1. 2y-o symmetric HRXRD scans showing the GaN, InGaN and BInGaN (0 0 .2) diffraction peaks for various TEB flows.

Fig. 2 .

 2 Fig. 2. Reciprocal space maps of the (1 1 .4) diffraction of the InGaN and BInGaN samples grown on GaN template for (a) TEB= 0 sccm and (b) TEB =3.27 sccm. Both samples demonstrate the complete relaxation of strain between the grown layer and the GaN substrate.

  . They have been obtained from transmission and reflection data as a(l)=(1/d) Â ln{[1 ÀR(l)]/T(l)}, d being the thickness of the BInGaN layers. The extrapolation of the linear section of a 2 to zero absorption corresponds to the optical bandgap, which is illustrated in the same figure for these three samples. These bandgap values are shown as data points (a), (b), and (c) in Fig. 5, which plots bandgap versus the out-of-plane lattice parameter.
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 34 Fig. 3. SIMS elemental concentration depth profiles for the B, In, Ga and N signals for the BInGaN on GaN template.
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 5 Fig. 5. Bandgap energy versus out-of-plane lattice parameter c for nitride compounds. Experimental data are shown with squares.

Fig. 6 .

 6 Fig. 6. Calculated bandgap values for quaternary B x In y Ga 1 À x À y N compound. The low-left corner corresponds to the binary endpoint of GaN. The straight line that originates from the GaN corner corresponds to the {x,y} compositions that are lattice matched to the in-plane lattice parameter of GaN. The white curve corresponds to the B x In y Ga 1 À x À y N bandgap of 3 eV and divides the UV and visible parts of the corresponding optical spectrum. Experimental points for three B x In y Ga 1 À x À y N samples are shown with squares. The size of the squares in vertical direction corresponds to the uncertainty of the indium composition. The horizontal error bars indicate the uncertainty in the measured boron composition.