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Twin-Free Uniform Epitaxial GaAs Nanowires Grown by a Two-Temperature Process
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ABSTRACT We demonstrate vertically aligned epitaxial GaAs nanowires of excellent crystallographic quality and optimal shape, grown by Au nanoparticlecatalyzed metalorganic chemical vapor deposition. This is achieved by a two-temperature growth procedure, consisting of a brief initial hightemperature growth step followed by prolonged growth at a lower temperature. The initial high-temperature step is essential for obtaining straight, vertically aligned epitaxial nanowires on the (111)B GaAs substrate. The lower temperature employed for subsequent growth imparts superior nanowire morphology and crystallographic quality by minimizing radial growth and eliminating twinning defects. Photoluminescence measurements confirm the excellent optical quality of these two-temperature grown nanowires. Two mechanisms are proposed to explain the success of this two-temperature growth process, one involving Au nanoparticle−GaAs interface conditions and the other involving melting− solidification temperature hysteresis of the Au−Ga nanoparticle alloy.



Semiconductor nanowires have attracted considerable research interest in recent years as potential nanobuilding blocks for future electronic and optoelectronic devices. Nanowire lasers,1,2 photodetectors,3 field-effect transistors,4 and single-electron memory devices5 have already been demonstrated. Free-standing III-V nanowires, including axial and radial heterostructure nanowires, hold great promise. Metalorganic chemical vapor deposition (MOCVD) is commonly used to grow epitaxial III-V nanowires on III-V substrates, according to a Au nanoparticle-catalyzed vaporliquid-solid or vapor-solid-solid process.6,7 The properties of these CVD-grown nanowires are highly sensitive to growth temperature. Higher temperatures induce significant radial overgrowth, manifested as nanowire tapering,6,8 undesirable shell structures in axial heterostructure nanowires,9 and compositional nonuniformity along the length of ternary nanowires.10 Furthermore, recent studies have shown that the density of crystallographic defects increases with growth * Corresponding Author. E-mail: [email protected]. † The Australian National University. ‡ Dong-A University. § School of Engineering, The University of Queensland. | Centre for Microscopy and Microanalysis, The University of Queensland. 10.1021/nl062755v CCC: $37.00 Published on Web 03/03/2007



© 2007 American Chemical Society



temperature.11 At lower temperatures, however, nanowire growth becomes unstable and prone to kinking and does not exhibit perfect epitaxy with the substrate.12,13 These growth issues must be controlled because device applications demand straight, well-oriented epitaxial nanowires with uniform diameters, controllable composition, and good crystallographic and optoelectronic properties. We have devised a two-temperature procedure for optimum GaAs nanowire growth. Such a procedure has previously been investigated for Ge nanowires.13,14 Growth begins with a brief high-temperature “nucleation” step, necessary for epitaxial nucleation and growth of straight, vertically aligned nanowires on the (111)B GaAs substrate. This is followed by a prolonged “growth” step at a lower temperature. Without the prior nucleation step, such a low growth temperature would produce nonvertical, kinked, and irregular nanowires. The low growth temperature minimizes radial growth and tapering. Significantly, transmission electron microscopy (TEM) studies reveal that the low growth temperature yields nanowires that are free of planar crystallographic defects, in marked contrast to the high density of twinning defects found in nanowires grown at higher temperatures. Photoluminescence (PL) measurements reveal



the excellent optical quality of nanowires obtained by this two-temperature procedure. Nanowires were grown on semi-insulating GaAs (111)B substrates. Substrates were functionalized by immersion in 0.1% poly-L-lysine (PLL) solution, rinsed in deionized water, and treated with Au colloid solution containing 50 nm diameter Au nanoparticles (4.5 × 1010 nanoparticles/mL). The nanoparticles are attracted to, and immobilized on, the PLL layer. Nanowires, catalyzed by these nanoparticles, were grown by horizontal flow MOCVD at a pressure of 100 mbar and a total gas flow rate of 15 slm. Prior to growth initiation, the substrate was annealed in situ at 600 °C under AsH3 ambient to desorb surface contaminants. After cooling to the desired temperature, trimethylgallium (TMG) was introduced to initiate nanowire growth by either a single-temperature or two-temperature procedure. The single-temperature procedure involved 30 min of growth at a constant temperature, Tg, between 350 and 450 °C. For the two-temperature procedure, growth initiated with a 1 min “nucleation” step at the nucleation temperature, Tn, of 450 °C. The temperature was then rapidly ramped down to the subsequent growth temperature, Tg, between 330 and 390 °C. Total growth time was 31 min, including the nucleation and cooling steps, and typical cooling time was between 2.5 and 6.5 min. Source flows of TMG and AsH3 were 1.2 × 10-5 and 5.4 × 10-4 mol/min, respectively. Nanowires were characterized by field emission scanning electron microscopy (FESEM), TEM, and PL measurements. FESEM images were obtained with an accelerating voltage of 3 kV. TEM investigations were carried out using a FEI Tecnai F30. TEM specimens were prepared by ultrasonicating nanowire samples in ethanol for 20 min and then dispersing the nanowires onto holey carbon grids. For PL measurements, GaAs nanowire cores were grown as described above, then clad in an AlGaAs shell to passivate the GaAs surface.15,16 AlGaAs shell growth was performed for 20 min at 650 °C, with a trimethylaluminium flow of 4.1 × 10-6 mol/min, and TMG and AsH3 flows, as described above. Nanowires were transferred from the as-grown substrate to Au-coated Si substrates by gently touching the two substrates together. PL spectra of nanowire ensembles were obtained at 10 K, using the 532 nm line of a frequencydoubled diode-pumped solid-state (DPSS) laser for excitation, with the resulting PL dispersed through a 0.5 m monochromator then detected by a Si photodetector. Microphotoluminescence (micro-PL) images were obtained at room temperature using an epifluorescence microscope (Nikon Eclipse L150). Individual nanowires were excited through a 100×/0.9 NA objective (Nikon CFI LU Plan Epi) using the DPSS laser and the resulting PL was collected through this objective and imaged onto a Peltier-cooled CCD camera (Nikon DS-5Mc). Nanowires grew within the entire temperature range tested, even at the lowest trialed Tg of 330 °C. Within this temperature range, however, nanowire morphology varied significantly. We focus on the temperature conditions, Tn and Tg, required for high-quality straight [111]B-oriented nanowires. 922



Figure 1. FESEM images of GaAs nanowires grown by singletemperature and two-temperature procedures at various Tg. (a) Single-temperature procedure with Tg of 450 °C. (b) Singletemperature procedure with Tg of 390 °C. (c) Two-temperature procedure with Tg of 390 °C (Tn of 450 °C). (d) Two-temperature procedure with Tg of 350 °C (Tn of 450 °C). Samples are tilted at 40°. Scale bar is 1 µm. Table 1. Summary of Nanowire Morphology for Single- and Two-Temperature Procedures with Various Growth Temperatures (Tg). Tapering Is Calculated for Straight Nanowires Only



procedure 1-temperature 1-temperature 1-temperature 2-temperature 2-temperature 2-temperature



Tn (°C)



Tg (°C)



straight [111]B nanowires (% of total)



450 450 450



450 390 350 390 350 330



98 1 0 99 88 0



tapering (nm/µm) 17
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