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Stable and high yield growth of GaP and GaAs nanowires arrays using In as a catalyst †

We report the first investigation of indium (In) as the vapor-liquid-solid catalyst of GaP and GaAs nanowires by molecular beam epitaxy. A strong asymmetry in the Ga distribution between the liquid and solid phases allows one to obtain pure GaP and In 0.2 Ga 0.8 As nanowires while the liquid catalyst remains nearly pure In. This uncommon In catalyst presents several advantages. First, the nanowire morphology can be tuned by changing the In flux alone, independently of the Ga and group V fluxes. Second, the nanowire crystal structure always remains cubic during steady state growth and catalyst crystallization, despite the low contact angle of the liquid droplet measured after growth (95 • ). Third, the vertical yield of In-catalyzed GaP and (InGa)As nanowires arrays on patterned silicon substrates increases dramatically. Combining straight sidewalls, controllable morphologies and a high vertical yield, In-catalysts provide an alternative to the standard Au or Ga alloys for the bottom-up growth of large scale homogeneous arrays of (InGa)As or GaP nanowires.

(InGa)As NWs 27,28 , for which no liquid droplet is present dur-47 ing growth 29 . As for GaP, the growth of [Au]-GaP 11 and 48 [Ga]-GaP 15,30 NWs is reported but the case of [In]-GaP NWs has 49 J o u r n a l N a me , [ y e a r ] , [ v o l . ] , 1-8 | 1 never been investigated. 50 2 Solid-liquid distribution 51 The chemical compositions of the liquid (catalyst) and solid (NW) 52 in the VLS growth of III-V NWs are often very different. The group 53 V is an obvious example: it constitutes 50% of the solid phase 54 but at most a few percent of the liquid 19,31-33 . Group III alloys 55 can also present a severe asymmetry between the solid and liq-56 uid phases. For example, the strong distribution asymmetry of 57 (Al,Ga) was used by Priante et al. to obtain sharp (AlGa)As het-58 erostructures 21 . 59 The detailed modeling of the VLS growth of NWs from liquid al-60 loy particles has recently been performed using nucleation theory 61 (NT) 25,32,34 . Alternatively, Standard equilibrium thermodynam-62 ics (SET) is a simpler method 30 . In Fig. 1, we compare these two 63 methods by plotting the pseudo-binary distribution coefficient of 64 a solid In 1-x Ga x P NW in contact with an [InGaP] liquid catalyst

Introduction

Regular arrays of III-V semiconducting nanowires (NWs) are of great interest for the future generation of opto-electronic devices [1][2][3] In the bottom-up approach, the fabrication always includes the use of patterned substrates, fabricated by lithography, to obtain regular arrays of holes in a dielectric mask [4][5][6] or to localize gold particles 3,7,8 . The type of catalyst, or the absence thereof, is a critical choice which impacts all subsequent steps. For GaAs and GaP NWs fabricated by molecular beam epitaxy (MBE), growth usually proceeds via the Vapor-Liquid-Solid (VLS) mechanism 9 . Regarding regular Ga(AsP) NW arrays, only two catalysts are reported to provide high yield, stable growth and smooth morphologies: gold (Au-catalyzed) 10,11 or gallium (selfcatalyzed) [12][13][14][15] .

The self-catalyzed variant 16 provides an elegant route to complex multi-shell structures in a single growth run 14 by consuming the Ga VLS catalyst in situ 17,18 . However this can lead to crystal phase heterostructures due to the changing contact angle of the Ga catalyst as its volume shrinks 19 . Moreover, as both Au-and Ga-catalysts contain significant amounts of Ga, there is a limit to the sharpness of axial group III heterostructures due to a resera Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies, 91120, Palaiseau, France. E-mail: fabrice.oehler@c2n.upsaclay.fr b Institut Photovoltaïque d'Ile-de-France, 91120, Palaiseau, France. † Electronic Supplementary Information (ESI) available: Equilibrium group V concentration in the droplet for [In]-(InGa)As and [In]-(InGa)P NWs; Thermodynamic reference data; Crystal structure of [Ga]-GaP NWs which catalyst has been crystallized using P. See DOI: 00.0000/00000000. voir effect 20,21 . There is thus an interest to identify new catalysts To compare quantitatively the NW morphologies, we use the demonstrates that the improved vertical yield is not due to the increased volume of the initial droplet 13 , but relates to the presence of In in the liquid catalyst.

The fraction of vertical NWs is known to depend on the droplet contact angle 42,43 , hole diameter and mask thickness 44 , as well as droplet size 12,13 . In our case, the ratio of hole diameter over mask thickness is about 3.5, which is slightly below the reported optimum range 44 . This may explain the relatively poor vertical yield in our [Ga]-GaAs NW arrays (χ = 0.5). As seen previously, the transition from Ga-to In-catalyst is associated with a strong reduction of the contact angle (from β Ga = 130 • to β In = 95 • , measured after growth). An optimum value of 90 • is reported in the literature for Ga 42,43 . This could explain the vertical yield improvement with In-catalyst observed both in our GaP and GaAs NW arrays.

On the other hand, the vertical yield enhancement from GaAs to GaP NW arrays remains unexplained, as both start from the same droplets arrays and have the same contact angle.

Conclusion

We have proposed and demonstrated the VLS growth of GaAs and GaP NWs catalyzed by In droplets, exploiting the strong asymmetry in the distribution of Ga between the liquid and solid phases. 

Experimental

All samples were grown on 2" p-type (111) Si wafers with 0.01-0.02 Ω.cm resistivity, covered with 25±2 nm of SiO x using plasma-enhanced chemical vapor deposition. The thickness of the oxide layer was measured for every sample by ellipsometry and reflectometry. On each sample, a hexagonal array of disks with 20 nm nominal diameter and 300 nm pitch was written by electron-beam lithography (EBL, Raith EBPG 5000+) in a polymethylmethacrylate (PMMA) resist layer and developed with a solution of methyl-isobutyl-ketone and isopropyl-alcohol. The EBL pattern was transferred into the oxide layer by reactive ion etching, creating a pattern of holes. Organic residues on the samples were cleaned with solvents and an oxygen plasma. A final wet etch step in diluted hydrofluoric acid (HF) was performed immediately before loading the samples in the MBE system to obtain a fully deoxidized Si(111) surface inside the holes. After this, the thickness of the silicon oxide mask is reduced to 14 nm. Before loading into the growth chamber, the samples were outgassed at about 600 • C, then further outgassed in situ at 700 • C. Scanning electron microscopy (SEM) inspection prior to the growth but after the outgassing steps reveals an average hole diameter of 50 nm.

The growth was performed in a Riber 32 solid-source MBE reactor. Ga-catalyzed NWs were grown at a substrate temperature 
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 221 Fig. 1 Distribution coefficient of [InGaP] (black) and [InGaAs] (blue) liquids respectively in contact with pseudo-binary In 1-x Ga x P and In 1-x Ga x As solids at three different temperatures. Nucleation theory (NT) is compared with standard equilibrium (SET) and experimental data (Exp) at 520 • C from this work.
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 2 Figures 2.a and 2.b present overviews of [In]-(InGa)P and
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 28 Figures 2.c and 2.d present chemical maps and High Angle An-119
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 2 Fig. 2 (a-b) SEM overviews of the [In]-(InGa)P and [In]-(InGa)As NW arrays grown using a Ga:In flux ratio of 1:1. (c-d) STEM-HAADF images and EDS maps of the above NWs dispersed on TEM grids. (e) Gallium composition profiles along the growth axis extracted from the EDS maps. Dotted lines are guides to the eye. Absolute errors are ± 0.01 in the Ga composition and a few nm in length, respectively.
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 4 Aspect ratio and morphology 158 Although there is no significant change of the solid composition 159 when supplying In in our experiments, we observe an obvious 160 evolution of NW morphology. [In]-GaP NWs (Fig. 3.b-c) are wider 161 and shorter than [Ga]-GaP NWs (Fig. 3.a).
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 3 Fig. 3 SEM bird eye view of the NW array (300 nm pitch) after 20 min growth. (a) [Ga]-GaP NWs. (b) [In]-GaP NWs grown using 1:1 (Ga:In) flux ratio. (c) [In]-GaP NWs, 1:4 flux ratio.
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 14 Fig. 4 (a) Bright field TEM image of the catalyst of a [Ga]-GaP NW showing the contact angle β Ga , measured after growth. (b) HR-STEM bright field image showing the crystal structure of the same [Ga]-GaP NW. (c-d) Similar images for the contact angle β In and crystal structure of a [In]-GaP NW grown using 1:4 flux ratio. Cubic phase segments (ZB, yellow color), alternate with twinned cubic segments (ZB twin, purple).
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 552435 Figure 5 presents an [In]-GaP NW, which catalyst has been
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 7 Vertical yield improvement 275 Besides the overall stabilization of the ZB phase, the addition of 276 In also induces a substantial increase of the vertical yield of NWs 277 grown on patterned SiO 2 /Si(111) substrates. Figure 6 presents 278 representative SEM overviews of the NW arrays after growth. No 279 empty holes are found, which indicates that the Si(111) surface 280 is exposed fully in each hole. However, some wires grow in titled 281 directions (i.e. not vertical) or as a irregular crystals extending 282 over the mask. The average fraction of vertical NWs, i.e. the ver-283 tical yield (χ), is summarized in Table 2. We find that [Ga]-GaAs 284 NWs have the lowest yield, which substantially improves as In is 285 provided ([In]-(InGa)As). Arrays of [Ga]-GaP NWs start with a 286 higher vertical yield but also improve slightly when In is supplied 287 ([In]-GaP).
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 62 Fig. 6 SEM overviews of NWs arrays on patterned Si(111). (a,b) [Ga]-GaAs and [Ga]-GaP NWs. (c,d) [In]-(InGa)As and [In]-GaP, grown using 1:1 ratio of Ga:In fluxes.
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 7 Figure 7 presents the SEM images after the droplet deposition step and after 150 s of subsequent NW growth. A single droplet is present in each hole, for all samples and group III fluxes. The droplets grown using the largest group III fluxes (2:0 Fig. 7.b and 1:1 Fig. 7.c) are bigger than those from the (1:0) experiment (Fig. 7.a). After 150 s of growth, the vertical yield difference is already visible. Fig 7.c confirms the yield improvement in the presence of In, as previously observed during the longer growth experiments (Fig. 6). Since the (2:0) flux with large pure Ga droplets also results in a poor vertical yield (Fig. 7.b), this
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 7 Fig. 7 SEM observations of Ga-and In-catalyzed GaAs NW arrays grown using different Ga:In flux ratio, after the droplet deposition (left) and 150 s of subsequent growth (right). (a) Reference Ga-catalyzed sample, ratio 1:0. (b) Ga-catalyzed sample grown using twice the Ga flux, ratio 2:0. (c) Sample growth using simultaneous In and Ga fluxes, ratio 1:1. Scalebar is 200 nm for all images.

  of 600 • C and In-catalyzed NWs at 520 • C. The Ga flux (from a standard effusion cell) corresponds to a growth rate of 1.5 Å.s -1 for planar (001) GaAs, as determined using Reflection High Energy Electron Diffraction (RHEED). The In flux (standard effusion cell) was calibrated from (001) InAs RHEED measurements. The As 4 flux (Riber VAC500, cracker temperature 600 • C) is set to 1.4 As/Ga effective atomic flux ratio from (001) GaAs RHEED. The P 2 flux (Riber KPC, cracker temperature 900 • C) is fixed to a 1.2 P:Ga effective atomic flux using growth rate measurements on a (001) GaP surface. Prior to the exposure to group V, Ga or InGa droplets are deposited for 2 min, which completely fills each hole of our silica mask. The subsequent NW growth duration is 20 min. The morphological characterizations were performed by SEM (FEI Magellan 400L), while structural analyses were performed by TEM and STEM/HAADF (FEI Titan Themis operated at 200 kV). The NW chemical composition was measured by EDS (Brucker super X) during the STEM observations.
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reports aver-162 age measurements over 10 wires for each sample.
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