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Continuous supercritical route for quantum-confined GaN nanoparticles

GaN quantum dots (QDs) are prepared in a one-step continuous process using anhydrous solvents at supercritical conditions (and temperatures below 450 °C) in short residence times, typically less than 25 s. The as-prepared QDs exhibit a strong luminescence in the ultraviolet (λmax ~ 350 nm) in agreement with the synthesis of quantum-confined GaN nanoparticles.

 However, these applications require enhanced control over the synthesis processes and the development of powerful and efficient synthetic techniques. Indeed, it was underlined in a recent review paper of Fan et al. that the quality of GaN nanomaterials prepared via solution routes is still too low for the aforementioned applications. 10 Thus, the chemical synthesis of colloidal GaN nanoparticles remains challenging.

A wide range of synthesis reactions have been reported. The involved precursors include gallium halides, 11 azides, 12,[START_REF] Manz | Solution Synthesis of Colloidal Gallium Nitride at Unprecedented Low Temperatures[END_REF] and nitrogen-rich molecular precursors such as cyclotrigallazane, 14 polymeric gallium imide, 15 as well as tris(dimethylamido)gallium(III) ([Ga(NMe2)3]2). 16 These methods require temperatures above 250 °C, long reaction times (>24 h) and control of the reaction atmosphere to yield crystalline and oxygen-carbon-free gallium nitride. 17 More recently, a promising ammonia-in-oil micro-emulsion synthetic pathway at low temperature (T = -40 °C) was developed leading to UV-emitting GaN QDs. 18 However, all these synthesis approaches were performed in batch mode, which can suffer from lack in reproducibility and limited control of the operating conditions.

Continuous microfluidics 19,20 and supercritical fluids routes have been demonstrated to be efficient approaches, for the synthesis of mainly oxides, 21,22 semiconductors, 23,24 and metals nanoparticles, 25 with control over size, morphology, crystallinity and composition. Only one study reported the synthesis of copper, nickel and cobalt nitrides in supercritical ammonia from acetylacetonate precursors. 26 Nevertheless, this method applied to gallium exhibiting a higher affinity with oxygenonly yielded pure gallium oxide.

In this study, we report the first fast and continuous synthesis of GaN QDs in a tubular microreactor at supercritical conditions. Our approach combines both the advantages of supercritical fluids and microscale reactors, 27 leading to a precise control of the reaction environment and the experimental conditions. This synthesis involves the decomposition of the tris(dimethylamido)gallium(III) dimer in supercritical cyclohexane or hexaneammonia mixture.

In a typical experiment, the precursor solution is injected via the inner flow as shown in Fig. 1. Pure solvent is injected through the outer flow (with possible addition of surfactant). The co-flow geometry confines nucleation at the center of the tubing, i.e. far from the reactor walls, thus preventing deposition and clogging of the setup. The two solutions are injected using two high pressure pumps operating at 150 bar. The nanoparticles were first prepared in anhydrous cyclohexane (Tc = 281 °C, pc = 40.7 bar) at 400 °C (process 1, Fig. 1). In such conditions, the residence time is determined to be 22 seconds (calculation available in ESI †). Different experiments were also performed using ammonia (Tc = 132.3 °C, pc = 113.3 bar) as the co-solvent. In these experiments, [Ga(NMe2)3]2 is injected in the reactor in a hexane solution. The ammonia-hexane mixture was brought to the system at 350 °C and 160 bar (process 2, Fig. 1). Additional details for sample preparation and characterization are available in the footnotes. ‡ § The size and morphology of the particles obtained were investigated by Transmission Electron Microscopy (TEM). Representative pictures are shown in Fig. 2a andb. Nanoparticles of 3.1 nm in diameter were measured. Lattice fringes can be identified in high resolution pictures, available in Fig. S1 (see ESI †). A d-spacing of 0.26 nm was measured corresponding to the <111> plane of cubic GaN. Partial aggregation was observed due to high particle surface energy and lack of surface stabilizer in the reaction media. Structure of the as-prepared material in supercritical fluids was determined by powder X-ray diffraction. GaN can exhibit different crystalline phases: cubic (zinc blende) and hexagonal (würtzite) at ambient conditions, displaying bandgaps of 3.3 eV and 3.5 eV, respectively. 28 An additional metastable cubic phase (rock-salt) can also be detected at high pressure. 29,30 The XRD diagram obtained is shown in Fig. 2c. Synthesis from the single source precursor in supercritical cyclohexane yields material exhibiting two broad diffraction bands, in agreement with nanosized GaN presenting a cubic phase described elsewhere (inset Fig. 2c). 16,18 Nanoparticles of such sizes are expected to display quantum confinement effect. Note that it is possible to obtain stable solutions by post-synthesis treatments such as high power sonication (probe 400 W), as well as ex situ or in situ surface modification. The quality of the as-prepared materials was checked by X-ray photoelectron spectroscopy (XPS). Signals corresponding to Ga, N, C and O were detected. The complete survey as well as C-1s and O-1s signals are available in the ESI. † The carbon and oxygen signatures could partially be attributed to surface contamination, inherent to our sample preparation for this characterization technique (air contact) and/or to the carbon tape holder. XPS spectra of Ga-2p3/2 and N-1s are displayed in Fig. 2e and f, respectively. The presence of the Ga-2p3/2 signal at 1117.7 eV confirmed that gallium nitride was formed. 31 Gallium oxide would be expected to exhibit higher binding energies (see onset of Fig. 2e, Ga-2p3/2: 1119.5 eV). 31,32 Moreover, two contributions could be fitted to the N-1s spectra: one centered at 397.0 eV, in agreement with the formation of nitride bonding, 31 the other, at 399.4 eV corresponds to the binding of nitrogen to a sp 3 carbon. 33 The same contribution was observed in the C-1s signal at 286.1 eV (see ESI †). This signal could be arising from the presence of -N(CH3)2 groups. This assumption could be clarified by surface investigation. Indeed, the ATR-FTIR analysis, seen in Fig. 2d, showed bands confirming the presence of N-H but also -N(CH3)2 groups that should be present at the particle surface. The presence of this specific surface species is attributed to in situ functionalization of the nanoparticles by trimethylamine or dimethylamine by-products formed during the decomposition of the precursor. The XPS analysis clearly demonstrates the successful synthesis of GaN nanostructures. Furthermore, the lack of contribution at lower binding energies, below 1116 eV in the Ga-2p as well as below 18 eV in the Ga-3d spectra (available in ESI †), proves the synthesis of metallic gallium-free material. Note that it was also possible to identify cubic GaN in syntheses from [Ga(NMe2)3]2 prepared at temperature as low as 300 °C and pressure as low as 69 bar (see ESI †).

In similar experiments, ammonia could be added in the system via the outer flow (process 2, Fig. 1). The single source precursor was injected via the inner flow in a hexane solution (using the same concentration). Hexane (Tm = -95 °C) was used instead of cyclohexane (Tm = 6.5 °C) to avoid freezing of the solution at the system outlet.

The mixture was brought to 350 °C and 160 bar and the total flowrate was fixed at 1 mL min -1 , resulting in a residence time of approximately 14 seconds (calculation available in ESI †). Materials prepared by this route also exhibit a cubic phase. A particle size of approximately 2.8 nm could be measured for this sample, as shown in the TEM picture displayed in Fig. 3a. Generally, the particles prepared with and without ammonia presented similar characteristics. However, different surface functionalities could be identified, as shown in Fig. 3b. Indeed, the surface of the GaN nanoparticles prepared in ammonia only displayed surface N-H bonds. This different behaviour can be explained by a difference in the reaction mechanism. Janik et al. demonstrated that [Ga(NMe2)3]2 readily form polymeric gallium imide {Ga(NH)3/2}n in the presence of liquid or gaseous ammonia at room temperature. 34 In our experiment, liquid ammonia and [Ga(NMe2)3]2 encountered at the mixing point at RT, forming the polymeric gallium imide that condenses and nucleates to GaN at elevated temperature. When ammonia was not present in the reaction medium, only thermal decomposition/condensation (possibly through a radical mechanism) of [Ga(NMe2)3]2 could occur, 35 leaving unreacted dimethylamine groups at the nanoparticles surface. Also, the presence of these groups could arise from the dimethylamine/trymethylamine by-products present in solution near the nuclei. Optical characterizations were performed on the GaN QDs in solutions. High intensity room temperature photoluminescence (PL) of the nanoparticles in solution was recorded in the UV region, as seen in Fig. 4. The dotted lines correspond to the excitation spectra and the plain lines represent the emission spectra of the asprepared GaN nanoparticles. The blue and red curves correspond to the reaction performed in cyclohexane only and in the presence of ammonia, respectively. UV, near band-edge emissions were measured at room temperature on the as-prepared samples with λmax = 343 nm and λmax = 335 nm. The recorded emission peak displayed a FWHM of 0.5 eV, narrower than what is observed in the literature (usually >0.65 eV) implying a narrow size distribution of the emitting centers. Typically, microscale hexagonal and cubic GaN exhibits an emission closer to the 370-400 nm range. [36][37][38] The blue-shift of both near-bandgap emissions displays evidence of quantum-confinement.

Looking at the excitation curve, second features are observed at 255 nm (NPs prepared in cyclohexane) and 228 nm (NPs prepared with ammonia). Upon excitation at these wavelengths, emissions centered at the same maximum wavelengths were measured. It was concluded that this second feature corresponds to the second energy levels of quantum confined GaN, due to discretization of the energy levels in the band structure of the material. 39 Furthermore, no emission signals in the visible were recorded in our samples, implying the formation of defect-free GaN. The slight increase of the FWHM of approximately 0.1 eV of the emission band for the sample prepared with ammonia is in agreement with a broader nanoparticle size distribution, as shown in Fig. 2 and3. A concurrent shift of both emission (from λmax = 345 nm to λmax = 335 nm; ΔE = 0.14 eV) and excitation (from λmax = 303 nm to λmax = 291 nm; ΔE = 0.19 eV) maximum wavelengths towards the UV are observed for the PL spectra when ammonia was added to the reaction media. This change can be explained by a difference in particle size. Indeed, a diminution of the average size of the particles from 3.1 to 2.8 nm is measured for the particles prepared with ammonia. The PL maxima shifts with particle size are therefore an evidence of size-related properties. The energy difference between the two main excitation features increases from 0.78 eV to 1.23 eV, when the particles size decreases from 3.1 to 2.8 nm and could be due to different band structure induced by the difference in particle size. Further discretization of the energy levels is expected when decreasing particle size for GaN QDs, similarly to previous studies concerning II-VI QDs (observable in absorption spectra of the following references). [39][40][41] UV-visible absorption spectrum presents blue-shifted onsets of absorption at 3.95 eV (process 1) and 4.08 eV (process 2) (see ESI, † Fig. S5a). Optical bandgaps of 4.21 and 4.52 eV for GaN NPs prepared in processes 1 and 2, respectively, were determined with a Tauc plot (see ESI, † Fig. S5b). The important increase of the bandgap (>0.9 eV) compared to bulk cubic-GaN (3.3 eV) correlated with the small size of the nanoparticles measured by TEM and the blue shifted photoluminescence emissions confirms the formation of quantum-confined GaN.

In summary, we have demonstrated the first one-step, fast and continuous synthesis of gallium nitride QDs at supercritical conditions. The presented setup allows a fine control of the experimental conditions resulting in high homogeneity of the reaction medium. Cubic gallium nitride nanoparticles of 3.1 nm diameter were identified. Optical characterization of the as-prepared materials shows evidences of quantum confinement. A blue shift of the bandgap of more than 0.9 eV could be determined from UV spectroscopy. A high intensity, UV, near bandedge emission was detected (λmax = 343 nm) as well as a second excitation level emission confirming the formation of quantum-confined GaN. The narrow PL FWHM as well as the XPS spectra confirm the synthesis of high quality material. The addition of ammonia yielded cubic material with different surface functionalities, which was attributed to a change in the reaction mechanism. Additionally, the reproducible continuous synthesis approach could be scaled up, allowing realizing the promise of GaN QDs in applications such as LEDs devices, gas sensing and photocatalysis.

was performed using a Jeol 2200FS, working at 200 kV. Samples were prepared by deposition of diluted nanoparticles dispersion solutions onto carbon-copper grids. Optical characterizations were carried out in liquid suspension. Luminescence spectra were recorded on a Fluorolog FL3 22 iHR320 spectrofluorimeter (Horiba Jobin Yvon) with two double grating monochromators (excitation and emission for the UV-vis studies). The excitation source is a 450 Watt xenon lamp, excitation spectra were corrected for the variation of the incident lamp flux, as well as emission spectra for the transmission of the monochromator and the response of the photomultiplier (R928P photomultiplier). UV-vis absorption spectra were acquired using a Carry 5000 (Agilent Technologies) in the 200-800 nm range. ATR-FTIR was carried out on solid samples using a MIRacle 10 from Shimadzu. XPS spectra were recorded on a Thermo Scientific K-Alpha spectrometer; a spot size of 250 μm was employed.

Fig. 1

 1 Fig. 1 Schematic representation of the mixing zone of the coflow setup.

Fig. 2

 2 Fig. 2 a), b) TEM images, c) XRD pattern (with inset from ref. 16), d) ATR-FTIR, e) and f) Ga-2p3/2 (with inset from ref. 31) and N-1s XPS signals of the GaN quantum dots prepared in supercritical cyclohexane at 400 °C and 150 bar.

Fig. 3 a

 3 Fig. 3 a) TEM image and b) ATR-FTIR spectra of GaN QDs synthesized with and without ammonia, schemes of particles with surface functionalities are available in inset.

P a g e | 6 Fig. 4 a

 64 Fig. 4 a) b) Photoluminescence spectra of the sample prepared: in cyclohexane are represented in blue, in the ammonia-hexane mixture are represented in red ; with excitation spectra in dotted line and emission spectra in plain line.
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Notes and references

Footnotes † Electronic supplementary information (ESI) available. See DOI: 10.1039/c5re00039d ‡ Experimental setup and material synthesis: tris(dimethylamido)gallium(III) ([Ga(NMe2)3]2, Sigma-Aldrich, 98%) was dissolved in high purity, anhydrous alkane solutions: cyclohexane (99.5%, Sigma-Aldrich) or hexane (≥99%, Sigma-Aldrich). Concentration of the precursor in the reactor was fixed at 5 × 10 -3 mol L -1 . The solution preparation was performed under controlled atmosphere to prevent water contamination. All chemicals were handled without further purification. Solutions were injected into the reactor using Jasco PU 2080 plus high pressure pumps. The reactor consists of a two-meter long 1/16′′ 316 L stainless steel tubing coiled around a heating cartridge (Acim Jouanin, 800 W, 230 V) controlling the temperature up to 450 °C. The internal diameter of the tubing was 1 mm, corresponding to a volume of 1.60 mL. An adjustable back pressure regulator (Idex-hs, P-880) allowed a control of the pressure up to 345 bar. A concurrent flow regime was established inserting an inner 316 L stainless steel tubing (OD: 1/32′′, ID: 400 μm) inside the main tubing at the entrance of the reactor. The gallium precursor was pumped through the inner tubing. The total flow rate was fixed at 2 mL min -1 . Ammonia (NH3 100%, Air Liquide, Tc = 132.3 °C, pc = 113.3 bar) was liquefied in an ISCO 100DM syringe pump and pressurized before being injected in the system via the outer flow. [Ga(NMe2)3]2 was injected in hexane (Tc = 234.7 °C, pc = 30.3 bar) via the inner flow. The ammonia to hexane ratio was fixed at 1 to 1 vol (corresponding to a hexane : ammonia molar ratio of 0.17 : 0.83). The critical coordinates of this mixture could be determined from Refprop®: Tc = 138,6 °C, pc = 92.5 bar. Reactions with ammonia and hexane were carried out at 350 °C and 150 bar. The total flow rate was fixed at 1 mL min -1 . Powder sample could be collected after centrifugation and washing of the solution. § Characterization techniques: X-ray diffraction (XRD) patterns were collected on a PANalitycal X'pert MPD-PRO Bragg-Brentano θ-θ geometry diffractometer equipped with a secondary monochromator over an angular range of 2θ = 8-80°. The Cu-Kα (λ = 0.15418 nm) radiation was generated at 45 kV and 40 mA. High resolution electron microscopy (HRTEM)