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Long catalyst-free InAs nanowires grown on silicon by HVPE
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We report for the first time on the hydride vapor phase epitaxy (HVPE) growth of long (26 µm)

InAs nanowires on Si(111) substrate grown at a standard rate of 50 µm/h. The nanowires grow vertically along the (111)B direction and exhibit a well faceted hexagonal shape with a constant diameter. The effect of the experimental parameters, growth temperature and III/V ratio, is investigated. The thermodynamic and kinetic mechanisms involved during the growth of such long nanowires are identified. It is demonstrated that growth occurs through direct condensation of InCl and As4/As2 gaseous species. Dechlorination of adsorbed InCl molecules is the limiting step at low temperature. Structural analysis through high resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field (HAADF) imaging was performed.

The high As4 partial pressure of the HVPE environment induces the presence of both wurtzite and zinc-blende phases. The results emphasize the potential of the low cost HVPE technique for the monolithic integration of arrays of long InAs nanowires on silicon.

Introduction

Growth of III-V semiconductors on silicon is still a topical subject due to the promise of inexpensive and highly efficient electronic and optoelectronic device integration. In particular, InAs has attracted special attention due to its direct and narrow band gap, high electron mobility and small electron effective mass. 1 Consequently, the integration of InAs with Si generates a great deal of interest for ultra-high speed and low-power components. 2,3 However, the planar hetero-epitaxy of high quality InAs materials on silicon remains a difficult task due to the large difference in the lattice constant between InAs and Si. 4 The large epitaxial strain leads to surface roughness and high dislocation densities, which inhibit any relevant electrical and optical properties expected from InAs material.

Unlike planar thin films, nanowires (NWs) address the issue of the large InAs/Si lattice mismatch (11.4 %). 5 The NW geometry allows an efficient elastic stress relaxation through the free lateral surfaces, enabling the growth of free-standing III-V materials even in high latticemismatched systems. 6 The performance of chemical or biological sensors, infrared photodetectors 7,8 and solar cells 9 are expected to be improved through the specific properties of NWs.

The growth of InAs NWs on silicon has been demonstrated by molecular beam epitaxy (MBE) and metal-organic vapor phase epitaxy (MOVPE), involving predominantly Au-catalysed, Agcatalysed and self-catalysed vapor-liquid-solid (VLS) growth. [10][11][12][13][14][15] The ultra-clean environment and the low growth rate of MBE enable the growth of very thin and pure defect-free InAs NWs using Ag or Au particles. 14,16 However, a foreign metallic catalyst particle is known to act as an impurity by introducing deep level recombination centers, which significantly degrade the electrical and optical properties of the system. 17 For self-catalysed InAs NWs, the indium catalyst is obtained either by in-situ deposition prior to growth 18 or by initiating growth under indium-rich conditions. 19 In either case, the NW morphology is very sensitive to the growth parameters such as the growth temperature and the vapor phase composition, 20 and structural defects in the InAs crystal such as twin planes and stacking faults are always reported. 19,21 Significant efforts aimed to develop catalyst-free InAs NWs have been made by MBE and MOVPE. NWs grown by MOVPE generally exhibit higher growth rate due to higher material input and growth temperature compared to MBE. 22,23 However, for both techniques the authors show that vapor-solid (VS) growth of InAs NWs is mainly limited by surface diffusion of adatoms [23][24][25] , also exhibiting a high density of twin planes and stacking faults. 11,22,26 Hydride vapor phase epitaxy (HVPE) has shown exceptional results for both Au-catalysed and self-catalysed ultra-long GaAs NWs in terms of growth rate and crystalline quality without any polytypism regardless of NW diameter. 27,28 This is due to the use of chloride (GaCl) precursor in the HVPE process, together with hydride V-H3, which induce specific growth mechanisms.

No studies have been conducted thus far to grow InAs NWs by this technique. We report here on the growth of catalyst-free vertically aligned InAs NWs on silicon (111) substrate by HVPE.

An experimental study as a function of growth parameters is carried out to reveal the steps and mechanisms involved in the growth of the NWs. The observed experimental trends are supported by kinetic and thermodynamic considerations developed for III-V semiconductors grown in the HVPE environment.

Experimental

Prior to growth, Si(111) substrates were etched with hydrofluoric (HF) acid to remove the native oxide, then rinsed in deionised water and finally blow dried with N2. These substrates were then introduced in a custom HVPE reactor working at atmospheric pressure with H2 as carrier gas. The reactor is divided into three zones, heated by a six-zone furnace. In the source zone, indium chloride (InCl) gaseous species are produced by reacting HCl gas with liquid indium at 700 °C. HVPE is a hot wall reactor technique, needed for producing the InCl precursors and insuring their stability downstream to the substrate. Arsine gas (AsH3) is introduced in the downstream central zone of the reactor heated at higher temperature, to ensure a homogeneous mixing of the gas phase and reduce parasitic nucleation upstream of the substrate, since the reactions involving chloride molecules are exothermic. AsH3 is totally decomposed into As4/As2 species when introduced into the hot-wall reactor. One of the specific attributes of HVPE is that the substrate surface interacts with a complex vapor composed of InCl, HCl, H2 and As4/As2, with the last two species being considered at equilibrium. The substrate is placed in a downstream growth zone that is kept at lower temperature than the central zone. The partial pressures of InCl, HCl, As4 and As2 (H2 is 1 atm) above the substrate are calculated as a function of the input flows (in sccm) of AsH3, HCl (above the liquid In source) and H2, the kinetics of decomposition of gaseous AsH3 into As4 and As2, 29 and the thermodynamic equilibrium constants of intermediate chemical reactions, by taking into account the temperature gradient along the reactor. In the following, we will discuss results as a function of the III/V ratio, calculated as the ratio between the partial pressure of gaseous InCl over the partial pressure of gaseous As4 interacting with the substrate surface in the growth zone. Note that for the temperature range set for the growth of InAs NWs, the partial pressure of As4 is a hundred times greater than the As2 partial pressure. The growth time was fixed to 30 min.

The morphology of the as-grown InAs NWs was studied using a Carl Zeiss Supra scanning electron microscope (SEM) with an acceleration voltage of 3 kV. The crystalline quality of the InAs NWs was investigated by high resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field (HAADF) imaging using a FEI-Tecnai microscope operated at 200 kV and a Titan 80-300 HB scanning TEM (STEM) with double aberration correction.

The latter instrument achieves sub-Ångstrom resolution both for phase contrast imaging and STEM.

Results and discussion

The effect of the growth temperature on InAs NWs growth is presented first. The partial pressures of As4 and InCl were fixed at 3.6 x 10 -4 atm and 6.4 x 10 -3 atm above the substrate respectively, giving a III/V ratio of 18. Figures 1 (a)-(c) show tilted-view SEM images of the samples grown at different growth temperatures of 580 °C, 600 °C and 640 °C, respectively.

InAs NWs grow predominantly along the vertical [111] direction whatever the growth temperature. Some tilted NWs with respect to the substrate were observed as highlighted by the arrow in Figure 1 (c). Tomioka et al. 30 demonstrated the important role of the surface treatment prior to III-V NW growth on Si(111). They showed that III-V NWs grow along only one (111)B direction on As-terminated Si(111), whereas NWs can be grown along three equivalent (111)B directions for Ga-terminated Si(111). In this work, no surface treatment was done prior to the growth step. Thus, the presence of vertical and a few tilted InAs NWs may be due to the nonpolar nature of the Si(111) substrate. 31 Regardless of the growth temperature, the NWs clearly have a uniform diameter with a hexagonal shape delimited by six equivalent {11 " 0} side facets and (111)B facet at the top. The NWs did not exhibit any In metal droplet at the top, suggesting that the NWs grow by a catalystfree mechanism. Similar findings on InAs morphology were observed in ref 23, where NWs were grown by a vapor-solid (VS) mechanism. The formation of metal liquid In particles that would initiate a VLS growth mode is thermodynamically unfavorable in the HVPE environment because it is difficult to form droplets of In from InCl gaseous precursors on the substrate surface. This is further described in the Supporting Information. Owing to the large lattice mismatch between Si and InAs (11.4%), and therefore the large interfacial energy, InAs thin film growth is prevented. Thus, growth is likely initiated with the formation of self-assembled InAs islands by the Volmer-Weber mode on the oxide-free surface. The one-dimensional form of NWs at growth temperatures above 600 °C is ensured by the growth conditions, which promote anisotropic growth where the axial growth rate is maintained higher than the lateral one. HVPE was proven to be a very powerful growth technique for shaping 3D structures by taking advantage of the large intrinsic anisotropic growth of III-V material. 32,33 The nucleation stage determines the island size and NW diameter. Nucleation strongly depends on the silicon surface, with a random surface re-oxidation occurring after HF etching prior to the introduction of the substrate into the reactor for growth. This likely explains the large dispersion in the NW diameter on the same sample. No dependence has been observed between length and diameter.

The variation of the axial growth rate of InAs NWs as a function of the growth temperature is presented in Figure 1(e). The growth rate was determined from statistical analysis as shown in Figure 1(d) and calculated by dividing the average length of the NWs by the growth time. It can be observed that the axial growth rate increased from 0.8 µm/h to 51.8 µm/h with increasing growth temperature from 580 °C to 680 °C. The axial growth rate decreased to 42 µm/h at a higher temperature of 715 °C. Similar dependence of the axial growth rate of InAs NWs with the growth temperature was observed by MBE and MOVPE 24,34 where growth was governed by the thermally-activated adatom diffusion on the surface of the substrate and NW sidewalls. 20,34 HVPE growth is mainly driven by the balance between adsorption and desorption of precursor materials, and the kinetics of the dechlorination step. Surface diffusion of ad-species is not limiting in the HVPE process. [START_REF] Gil | Handbook of Crystal Growth[END_REF][START_REF] Pimpinelli | [END_REF][37] A first simple analysis indicates that at low temperature, growth is limited by decomposition of adsorbed precursors, e.g., dechlorination. As the temperature increases, the growth rate increases due to thermal activation of the dechlorination step until desorption prevails for the highest temperature, resulting in a maximum growth rate with temperature (Figure 1(e)). 37 Structural characterization by HR-(S)TEM was carried out to examine the crystalline quality of the NWs. Figure 2 segments. These observations have been confirmed on dozens of wires grown at different growth conditions of temperature and III/V ratio. Z. Liu et al. 38 have reported that the crystal phase of InAs was determined by the growth temperature and the As4 composition in the vapor phase. The authors assumed that the appearance of structural defects during InAs growth was linked to the 2×2 surface reconstruction of the (111)B top facet of the NW. This was supported by a theoretical model based on the nucleation probability of both wurtzite and cubic phases.

Based on that model, the presence of both phases in HVPE-grown InAs NWs over the broad range of growth conditions used in our work can be related to the high partial pressure of As4 used in the HVPE process (some 10 -4 -10 -3 atm) compared to other growth techniques. Obtaining single phase InAs HVPE NWs with an improved crystalline quality, by adjusting the growth temperature and vapor composition, is a topic of future study.

To model the axial growth rate of the NWs, we consider that there is a direct condensation from the vapor phase onto the (111)B top surface of the InAs NWs.The growth of InAs NWs proceeds through the following reactions, depicted in Figure 3, for axial growth perpendicular to the (111)B face:

2As 2(g) ⇄ As 4(g) (1)
4V+As 4(g) ⇄ 4 As ( 2)

As+InCl (g) ⇄ AsInCl (3) AsInCl+ & ' H 2(g) ⇄ InAs (c) +HCl (g) ( 4 
)
where V is an In vacant site on the substrate surface; index g is assigned to gaseous molecules; index-free species are adsorbed molecules or atoms; and index c is for crystalline species. InAs deposition can be summarized by the global reaction: ⇄ InAs (c) +HCl (g) ( 5) Step III -Axial growth rate prevails. There is no diffusion of the precursors on the substrate surface, growth precursors do not incorporate on the NW sidewalls.

HVPE is described as a near-equilibrium process. One can understand it as reacting almost immediately upon an increase of the supersaturation of the vapor phase toward return to equilibrium, which produces the solid. On decreasing the supersaturation, for instance by the use of additional HCl in the vapor phase, reversible processes occur at the vapor-solid interface due to the volatility of the chlorides. It is therefore important to introduce a supersaturation of the vapor phase, γInAs, which represents the state of advancement of the growth reaction ( 5) with respect to the equilibrium:

γ InAs = [As 4 ] 1/4 [H 2 ] 1/2 [InCl]
[HCl]×K InAs eq -1 (6) where [i] is the partial pressure of gaseous species i above the substrate and K InAs eq is the equilibrium constant determined by calculating the Gibbs free energy difference between solid InAs and vapor composed of As4, InCl, HCl and H2. γInAs is plotted as a function of the growth temperature in Figure 4 (a) (blue curve). It remains positive over the temperature range examined: the vapor is supersaturated with respect to the equilibrium vapor, and growth occurs.

The supersaturation parameter decreases with increasing temperature, meaning the growth rate would continuously decrease, which is not observed. A complete model should also consider the kinetics of dechlorination, which is thermally activated. Thus, it is important to determine the dechlorination frequency (kinetics of reaction (4)), which is responsible for the low growth rate that is observed at low temperature, despite favorable thermodynamic conditions.

According to Eq. ( 4), AsInCl is the source for the InAs crystal units; the latter reacts reversibly with AsInCl. A complete general model describing growth of crystal units (here InAs) from source units (here AsInCl) has been reported for reversible and irreversible vapor phase epitaxy systems. [START_REF] Pimpinelli | [END_REF] The model takes into account adsorption and desorption of precursor materials (reactions (2) and ( 3)), dechlorination frequency (reaction (4)) and diffusion of ad-species on the surface before being incorporated into the crystal. We suppose that the desorption frequency of InCl according to reaction (3) is much higher than the dechlorination frequency (see Supporting Information). In such a case, the growth rate of InAs can be reduced to the simple growth rate expression for direct condensation in a one-particle system, which can be expressed as a function of the surface coverage of vacant sites on the top facet θ V : R DC = κ × γ InAs × θ V (7) where θ V (the fraction of vacant surface sites) and k are detailed in the Supporting Information. The effect of the III/V ratio on the axial growth rate has also been studied. SEM images of InAs NWs grown at different III/V ratios are shown in the Supporting Information. The growth temperature was fixed at 680 °C where the growth rate was greatest. The evolution of the average axial growth rate of NWs as a function of the partial pressures of both III and V elements is reported in Figure 5 (a). In Figure 5, either the InCl partial pressure was fixed at 6.4 x10 -3 atm and As4 partial pressure was varied from 3.6 x 10 -4 to 1.0 x 10 -3 atm (blue curve), or

As4 was fixed at 3.6 x 10 -4 atm and InCl partial pressure was varied from 1.0 x 10 -3 to 6.4 x 10 - rate saturated at higher III/V (as seen from the red curve in Figure 5 (a)). To explain this observation, we introduce thermodynamic and kinetic considerations as described earlier. At the growth temperature of 680 °C, the growth rate is assumed to be mainly dependent on the supersaturation since the growth temperature is high enough to ensure a fast dechlorination of InCl ad-species with respect to the incoming flux of material on the surface. As shown in Figure an As rich environment, which is obviously the case with the high material input of HVPE. As a result, free dangling bonds for the incorporation of the III-element are missing and therefore the growth rate is reduced. 40 On this basis, we assume that such a decrease in the growth rate with As4 is related to the 2×2 surface reconstruction which corresponds to surface saturation with the As-trimer bonds.

Conclusion

In Because growth is not limited by diffusion of adsorbed species from the substrate surface, HVPE is able to produce long NWs. As a matter of fact, our results highlight the potential of the HVPE process to grow well-aligned InAs NWs with a controlled growth rate on silicon substrate.

Figure 1 :

 1 Figure 1: Tilted-view SEM images of InAs NWs grown on Si(111) substrate at different growth temperatures: (a) 580 °C, (b) 600 °C and (c) 640 °C. Insets show a magnified view of a single NW. (d) Length distributions of InAs NWs for different growth temperatures. (e) Average NW growth rate as a function of the growth temperature.

  (a), (b) and (c) show HAADF-STEM images of an InAs NW grown at 680 °C with a III/V ratio of 3. Energy dispersive x-ray spectroscopy, shown in the Supporting Information, confirmed that the NWs are InAs.

Figure 2 :

 2 Figure 2: (a) HAADF of InAs NW, (b) NW top and (c) NW base. (d) and (e) Corresponding HRTEM images of (b) and (c), respectively.
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Figure 3 :

 3 Figure 3: Schematic of InAs nanowire growth. Step I -Volmer-Weber nucleation of a 3D island. Step II -As adsorption on vacant In (reaction (2)), on which InCl molecules adsorb (reaction (3)), and chlorine desorption into HCl by H2 (reaction (4)). Step III -Axial growth

Figure 4 :

 4 Figure 4: (a) Variations of the coverage of vacant surface sites and of the supersaturation as a function of the growth temperature. (b) Variation of the axial growth rate as a function of the growth temperature at a III/V ratio of 18.
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  (b), the supersaturation in the vapor phase, which promotes InAs deposition, increases with the input partial pressure of InCl. Consequently, the growth rate increases. When the III/V ratio is greater than 12, one observes a slight decrease of the growth rate, as the surface becomes blocked with a large amount of adsorbed InCl ad-species. The growth rate is then limited by the kinetics of dechlorination and remains nearly constant. This trend has already been studied theoretically and experimentally for the growth of GaAs by HVPE where the authors illustrated the surface blocking with the III-element as a function of the growth temperature and the partial pressure of GaCl precursor.39 

Figure 5 :

 5 Figure 5: (a) Variation of the growth rate as a function of the III/V ratio in the vapor phase. (b) Variation of the supersaturation as a function of the III/V ratio.

  this work, we demonstrate the direct growth of vertically aligned InAs NWs on silicon substrate by HVPE. The NWs grow along the (111)B direction with a constant diameter. The axial growth rate can be controlled with the growth temperature and the III/V ratio. The experimental results are supported by a simple theoretical model based on thermodynamics and surface kinetics. It is shown that the growth occurs through condensation and is mainly limited by the kinetics of decomposition of adsorbed species at low temperature and the thermodynamics of adsorption at high temperature. HRTEM characterization revealed the presence of both wurtzite and zinc-blende crystal structures in the NWs. This was attributed to the surface reconstruction of the (111)B surface at high As4 partial pressure in the HVPE environment, which is responsible for the formation of such stacking faults and polytypism.

atm (red curve). This resulted in a III/V variation from 3 to 18. An increase of the InCl partial pressure caused an increase of the axial growth rate from 36.8 µm/h to 52 µm/h. The growth
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