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Introduction:

Ultra-long semiconducting nanowires (NWs) can be of interest for applications which require large length or large active areas, such as sensors [Cui 2001, Thelander 2006] or water splitting [Kamimura 2017]. Various methods have been used to fabricate ultra-longs NWs, as for example electrospinning for ZnO [Wu 2006], CVD for ZnO [Li 2008], Si [Kayes 2007] or III-V [Kim 2008], HVPE for GaAs [Ramdani 2010] or GaN [Avit 2014]. Due to its low growth rate, Molecular Beam Epitaxy (MBE), is rarely used to grow ultra-long NWs, whereas it allows integration on Si substrates of various semiconductors with high purity and a good verticality.

GaAs, due to its direct bandgap and its high carrier mobility, is a promising material for solar energy harvesting with photovoltaics [Vettori 2019] or photoelectrodes [Hu 2013, Cui 2021],

the NW geometry leading to an efficient light trapping. More recently it was demonstrated GaAs NWs can be used as templates for the growth of hexagonal Germanium [Fadaly 2020, Dudko 2021]. However, the maximal reported length of GaAs NWs grown by MBE, at the best of our knowledge, is about 25 µm [Braakman 2014] and typical growth time rarely exceeds 2 hours [Zhou 2017]. Achieving ultra-long NWs only requires to maintain the Vapor-Liquid-Solid (VLS) mechanism during the growth, which means to prevent the crystallization of the catalyst droplets. However, this can be challenging in the case of the self-assisted NWs since when reaching the ultra-long regime, the growth mechanism becomes more complex due to phenomena, such as molecular flux shadowing, becoming predominant and/or due to significant variations of the temperature appearing at the NW tip.

The aim of this work is to study the properties of ultra-long nanowires grown by MBE. In particular, we focus on the NW growth kinetic and their structural and optical properties. By prolonging the MBE growth time we achieve a maximum length of 80 µm for self-assisted GaAs NWs grown on Si.

Nanowire growth

Self-assisted GaAs NWs have been grown on substrates by solid source MBE.

Before being introduced in ultrahigh vacuum, the epi-ready Si substrates were cleaned for 5 min with ultrasonic waves in acetone then in ethanol in order to remove surface contaminations. Si substrate temperature was increased to 500°C and 1 monolayer of Ga was deposited at a deposition rate of 1.4 Å/s on the substrate which was still covered by its 2 nm-thick native oxide layer. Then, the substrate temperature was increased up to the growth temperature at 610°C. During this step, Ga droplets react with the oxide layer to form volatile oxides with the formation of holes [Matteini 2015, Fouquat 2019]. It allows the epitaxial growth of the GaAs NWs on the Si substrate [Bailly 2022]. The Ga flux used for the NW growth was 2.1 Å/s in unit of equivalent 2D GaAs growth rate [Rudolph 2011] and the As4 beam equivalent pressure was set at 7.6x10 -6 mbar which corresponds to a As/Ga flux ratio of 4.8. Ga shutter and As valve were opened at the same time to initiate the NW growth and closed simultaneously in order to avoid the crystallization of the droplet and to confirm the VLS process.

Growths were carried out for various durations, from 5 min to 12 hours. A representative SEM image of the NWs grown for 12 hours is shown in figure 1(a). The GaAs NWs are almost all vertical (see the SEM images of the Supporting Information section). We can also notice in figure 1(a) that two groups of NWs are present. NWs from the first group still have a Ga droplet on the top, as illustrated on figure 1(b). The diameter of the Ga droplet is around 1 µm and the length of the NWs is about 80 µm. These NWs present a strong inverted tapering with a diameter increasing from 80 nm at the base to 700 nm just underneath the droplet. NWs from the second group, observable on figure 1(c), exhibit a facetted crystal on the top. For these NWs, the VLS process has not been kept during the whole growth. The droplet has crystallized during the process, stopping the axial growth. The origin of this crystallization phenomena could be the consequence of a strong V/III ratio supply in the droplet. The origin of the droplet crystallization is not clear and is not studied in this study. In the rest of this article, we are only interested by the first group of NWs which are representative of the VLS process.

Growth kinetic of ultralong NWs

The evolutions of the NW length and diameter as a function of the growth time can be seen on the figure 2(a). For growth times shorter than 2 hours, the relation between the NW length and the growth time is linear, as expected for the VLS process [Colombo 2008]. However, the slope of the curve changes at 2 hours. The decrease of the growth rate of long NWs is not expected by the Glas et al. model [Glas 2013]. To examine furthermore this phenomenon, we plot the axial growth rate as a function of the radius of the NWs beneath the droplet. Glas' model predicts an almost stationary axial growth rate for radii between 50 and 100 nm and even if larger radii haven't been studied, a similar behavior is expected. As we can see on figure 2(b), we have a different result. For radii larger than 100 nm, the axial growth rate drops. The classical scenario of a self-regulated evolution of the NW growth is based on the following arguments: in the Ga-rich regime, since the droplet radius increases and the V/III ratio is always larger than 1, the amount of As entering the droplet by direct impingement will stabilize the droplet size so as to obtain a stationary growth regime (here by stationary growth regime we understand constant axial growth rate at a fixed NW diameter). At the opposite, in a Ga-poor regime, the droplet radius decreases so that both Ga and As quantities entering the droplet by direct impingement decrease. But the droplet radius variation does not affect the amount of Ga feeding the droplet via the diffusion along the NW facets so that this contribution will also stabilize the droplet radius. However, small deviations from the stationary growth regime cannot be observed at short growth times. Experimental data in figure 2 However, the remaining experimental data do not fit this short-time behavior and the deviation needs an interpretation. Several explanations can be put forward: the temperature at the top of the NW (i), the droplet morphology (ii) and the incorporation of arsenic in the droplet (iii).

(i) For ultra-longs NWs the temperature isn't homogenous along the NW and a temperature drop of about 50 K can be expected (see details in Supporting 3). Consequently, in the following of this article we will consider that elementary As is desorbed from the GaAs surface during the VLS growth.

(ii)

The ultra-longs nanowires presented here have a very large droplet, with a diameter larger than 1 µm. A calculation has been carried out to check if arsenic diffusion length is sufficient to reach the liquid-solid interface where the growth occurs. To do this, we have calculated the length L=√𝐷𝜏 𝑐 covered by an arsenic atom in the droplet during τc = 0.1 s, the time needed to create one monolayer of GaAs. We have used the Stokes-Einstein equation to determine an approximated value of the diffusion coefficient D of arsenic in liquid gallium:

𝐷 = 𝑘 𝐵 𝑇 6𝜋 𝑟 𝐴𝑠 𝜇 𝐺𝑎 ~ 6.0 × 10 -5 𝑐𝑚² 𝑠 -1 (eq1)
The computed value is coherent with already obtained results in [Gorokhov 1984]. In this equation, kB is the Boltzmann coefficient, T the temperature, rAs the radius of the arsenic atom and µGa the gallium viscosity [Spells 1936]. At last, we found a length L ~ 25 µ𝑚 considerably larger than the droplet diameter. This result is in good agreement with previous results on gold-assisted growth of silicon NWs where it has been shown that whatever the diameter of the droplet, the growth rate is stationary [Kodambaka 2006].

(iii) Among the arguments advanced in the literature the retro-diffusion of As was mentioned in [Ramdani 2013]. In this model, arsenic atoms reemitted from other NWs and substrate incorporate the droplet to participate to the axial growth. Due to its large length, a strong screening effect occurs and arsenic atoms could not reach the droplet and only participate to the radial growth. It would explain the growth rate drop when the growth time increases. From a qualitative point of view the correlation between the As amount needed for the solidification and the time evolution of the droplet free surface area may be explained as follows: when the length of the NW scales as 𝑡 𝛼 and the radius of the NW scales as 𝑡 𝛽 the amount of As (or Ga) atoms in a small time-interval scales like 𝑡 𝛼+2𝛽-1 . Meanwhile at constant wetting angle the radius of the droplet scales like 𝑡 𝛽 so that the free-surface area of the droplet scales like 𝑡 2𝛽 . An excellent correlation is then obtained only when 𝛼 = 1, which is the case in the short-time behaviour. From a quantitative point of view we notice a significant variation of the amount of As (and Ga) atoms needed for the NW growth process: from 50.1 × 10 6 atoms/s at the beginning of the growth to 76.7 × 10 8 atoms/s after 10 hours. Compared to this, the deficit of As entering the droplet varies from 37.2 × 10 3 atoms/s at the beginning of the growth to 10.4 × 10 5 atoms/s after 10 hours. Thus, since the As deficit (or Ga Excess) is three order of magnitude lower than the amount of atoms entering the solidification process, only long-time growth experiments can obtain evidence of it.

Structure and optical properties

TEM characterizations have been lead on ultra-long GaAs NWs. The structure of the NWs is mostly Zinc Blende (ZB). The base of the NWs is purely ZB, twins appear after several microns and their density is increasing along the NWs, as it can be seen on figure 4 in order to obtain desired properties [Li 2021]. These ultra-long NWs also present crystallographic particularities. In the middle of the NWs, we found notches on the ridges of the NWs, as we can observe on figure 4(c). A WZ segment can be noticed at each notch, see figure 4(d). The WZ segment seems to be a point of departure of the notches formation. We think these defects are the consequence of the GaAs decomposition due to the high growth temperature and the lack of arsenic already highlighted via the discussion on the growth kinetic.

At the bottom of the NWs, we found holes with an increasing density near the base, see figure

4(e). In the area where the hole density is low, these defects are aligned perpendicularly to the growth axis. Recently, thanks to in situ TEM experiments it was found that during heating of GaAs NWs, the WZ phase evaporates before the ZB one [Gang 2021]. It can thus be noted that the holes are formed at the NW foots which are pure ZB phase. In our case, the lack of As could explain this phenomenon, since the congruent evaporation temperature of GaAs is directly controlled by the As molecular flux [Zhou 2012]. In order to confirm this hypothesis we performed VLS growth of ultralong NWs under As-rich condition and low density (see figure S6). The NWs grown under As-rich condition do not show any structural defects from SEM observation, and no tapering is observed, which means the ultralong NWs morphology and structure can be partially controlled by tuning the V/III ratio during the growth.

The photoluminescence (PL) measurements are performed in a closed cycle cryostat, using a 532 nm continuous wave laser as the excitation source and a liquid nitrogen cooled silicon CCD detector coupled to a monochromator for the detection. To investigate the dynamics, timeresolved measurements were performed at 14 K using a 200-fs pulsed laser emitting at 515 nm with a 54 MHz repetition rate. The PL of the NWs is analyzed by a spectrometer and a synchronized streak camera with a temporal resolution of 20 ps. PL measurements are performed on the as-grown sample. Therefore, the laser is completely absorbed in the upper part of these ultra-long NWs. PL performed at 12 K reveals a single peak whose energy blueshifts from 1.442 eV to 1.447 eV along with the excitation power increase (see figure 5 (a)). This peak is clearly below the exciton emission in ZB GaAs (1.516 eV) and WZ GaAs 

Conclusion and perspectives:

In conclusion, we have managed to growth ultra-long GaAs nanowires by MBE. We have noticed a decrease of the growth rate after 2 hours of growth and attributed this phenomenon to a lack of arsenic in the droplet due to a screening effect and to radial growth. This lack of arsenic seems also at the origin of notches and holes in the nanowires. To confirm this hypothesis, in situ heating experiments as in ref [Fouquat 2021] could be performed. It should be noted that for application with ultra-long GaAs nanowires a particular attention has to be given to the degradation on the bottom of the nanowires due to the possible lack of Arsenic. 

Figures

Temperature profile in ultra-long NWs

To calculate the temperature at the tip of a cylindrical NW, we use the model developed by

Frank Glas and Jean-Christophe Harmand in [Glas 2006]. This temperature is calculated numerically using the equation: where 𝑟 0 = 100 𝑛𝑚 is the NW radius, 𝜎 the Stefan-Boltzmann's constant and 𝜅 the thermal conductivity. This thermal conductivity is equal to 19 Wm -1 K -1 at 883 K for bulk GaAs [Maycock 1967]. However, it is known that 𝜅 can have a smaller value in semiconducting NWs. In Ref [Martin 2010], it is theoretically predicted that, for a 100 nm radius GaAs NW, 𝜅 is decreased by a factor of two in the case of a NW with ideally smooth surfaces and could be reduced by a factor of 10 in the case of a NW with rough surfaces. Fig S2 shows the temperature at the tip of a 100 nm radius GaAs NW as a function of the NW length for three different thermal conductivities: 19 Wm -1 K -1 (bulk GaAs), 10 Wm -1 K -1 (NW with smooth surfaces), 2 Wm -1 K -1 (NW with rough surfaces). We can see on this graph that the temperature drop is at least of 45 K for an 80 µm long NW. At room temperature, a shoulder located at 1.42 eV, associated to the ZB GaAs emission, is observed, as a consequence of the thermal activation of the electrons from the WZ segment towards the ZB sections. As far as the PL integrated intensity is concerned, a decrease by more than 4 orders of magnitude is reported when the temperature is increased from 12 K to 300 K. The fact that the NWs are unpassivated could explain this result. A 5 orders of magnitude PL decrease has already been reported for unpassivated gold catalyzed ZB GaAs NWs [Breuer 2011]. This strong decrease is also probably related to the carrier separation. The thermal activation of non-radiative decay channels induces a competition with the radiative recombinations. Due to the weak radiative decay rate, the non-radiative processes can easily take over the radiative ones.

𝑙 = 𝛬

Growing ultralong nanowire under higher As flux

Tuning the As flux during the growth of self-assisted GaAs NWs is known to produce a modification of their morphology and crystal phase. By increasing the As molecular beam flux we obtained NWs without inverse tapering. It is expected the crystalline structure can be modified by careful adjustment of the V/III ratio. 89, 5815 (2001) 

  Substrates were then outgassed in ultrahigh vacuum for 20 min at 200°C. GaAs NWs were grown in a Riber MBE reactor dedicated to III-V semiconductors equipped with a Reflection High Energy Electron Diffraction (RHEED) facility. The MBE reactor is equipped with a Ga cell with a flux incidence angle equal to 27.9°, and an As4 valved cracker cell with a flux incidence angle equal to 41° [Vettori 2019b]. The substrate temperature was controlled by a calibrated thermocouple and checked by a pyrometer. During growth the sample holder was continuously rotated to enhance the growth homogeneity. Self-assisted GaAs NWs were grown by MBE using the VLS method with Ga droplets [Foncuberta 2008, Jabeen 2008, Ramdani 2013, Priante 2013, Matteini 2015, Dubrovskii 2015, Guan 2016a, Guan 2016b]. First, the

  provide a straightforward way to compute the amount of Ga and As atoms which participate to the solidification process in the [𝑡 𝑖 , 𝑡 𝑖+1 ] time interval. In the following, to obtain good accuracy, we use linear interpolation of the experimental data with a fixed time-step ∆𝑡 = 432 s. From the experimental data we compute the solid volume grown in the [𝑘∆𝑡, (𝑘 + 1)∆𝑡] time interval by using the interpolated values for the NW radius and NW length. Obviously, the amount of solid volume grown in the [𝑘∆𝑡, (𝑘 + 1)∆𝑡] time interval is ∆𝑉 𝑘 this can be further converted so as to obtain the (equal) amount of Ga and As atoms that participate to the solidification process in the [𝑘∆𝑡, (𝑘 + 1)∆𝑡] time interval. But the tappering observed during the growth (see figureS1(d)) shows that the droplet contact angle is fixed at its maximum value in which case, from the NW radius, we can compute the droplet radius at 𝑡 𝑘 = 𝑘∆𝑡 further denoted 𝑅 𝑘 . Using the droplet radius and the NW radius we compute the (time-dependent) area of the free-surface of the droplet 𝑆 𝑘 𝑑𝑟𝑜𝑝 intercepted by the flux and we can check the correlation between the free-surface of the droplet and the equal amount of Ga and As atoms used for solidification in the [𝑘∆𝑡, (𝑘 + 1)∆𝑡] time interval. Figure3shows an excellent correlation between these two quantities obtained for a constant value of the As (and Ga) flux of 1.7 × 10 7 atoms/ (nm².s) in the [0, 115 min] time range. We can conclude the quantity of As which participate to the growth is directly proportional to the droplet surface. By consequence, incorporated As is only originated from the droplet and not from the diffusion along the facets.

  (a). Near the top, Wurtzite (WZ) inclusions appear, as shown on figure4(b) and a large WZ segment is present underneath the droplet[Dursap 2020]. The presence of two crystal phase in self-assisted GaAs NWs is well known[Panciera 2020] and can be in a certain extent controlled[Dursap 2021] 

( 1 .

 1 524 eV) as reported in[Dursap 2021]. Moreover, the PL dynamics reveal a decay time longer than 10 ns (see figure5 (b)). If the inhibition of the radiative lifetime is possible in high refractive index materials[Claudon 2013], the diameter of the investigated NWs discards this hypothesis. The long decay time, the emission below the band gap and the PL blueshift are signatures of carrier separations induced by the WZ-ZB phase mixing, in agreement with the TEM results, which creates a type II band alignment in GaAs NWs[Heiss 2011, Vainorius 2014, Vainorius 2015]. The observation of a PL emission centered between 1.44 eV and 1.45 eV is associated to relatively thick WZ insertions: in Ref[Vainorius 2015], these energies were obtained for 2 to 3 nm long WZ GaAs QDs in ZB GaAs NWs. These lengths agree with the length of the WZ insertions measured by TEM where the notches are observed. The PL emission was also investigated as a function of the temperature (see figureS4), revealing a typical character of unpassivated GaAs NWs. Then, micro-photoluminescence experiments were performed to investigate the optical properties at the single NW level. GaAs NWs have been transferred on a TEM grid and inserted into a low-vibration closed cycle cryostat. For theses measurement, a cw 671 nm laser with a 5 µm spot size and a power of 500 µW was used for the excitation and a liquid nitrogen cooled silicon CCD detector coupled to a monochromator for the detection. Fig 5 (c) shows the µ-PL spectrum of a single GaAs NW excited in the center where several peaks are observed. The low energy peak at 1.431 eV is associated to the thick WZ GaAs insertions as observed in the PL experiments. Other peaks are observed at higher energy up to 1.491 eV. These peaks are associated to thinner WZ insertions. For instance, Martin Heiss et al report a µ-PL emission in the 1.49-1.5 eV range for 2-3 MLthick WZ GaAs insertions [Heiss 2011], whereas Bolinnsson et al observed a peak at 1.48 eV related to rotational twins [Bolinsson 2014]. No emission associated to the ZB GaAs is observed which can be explained by a high density of WZ insertions and twins: in Ref [Bolinsson 2014], pure ZB GaAs segments longer than 35 nm were required to observe the free exciton emission from ZB GaAs at cryogenic temperature.
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  Fig 1: SEM side view of ultra-long GaAs NWs grown during 720 min (a). Two groups of NWs are clearly evidenced. In the first group the NWs exhibit a droplet on their top, which confirms the VLS growth mode (b) while in the second group the NWs are shorter and exhibit a GaAs crystallite on their top (c).

  Fig 1: SEM side view of ultra-long GaAs NWs grown during 720 min (a). Two groups of NWs are clearly evidenced. In the first group the NWs exhibit a droplet on their top, which confirms the VLS growth mode (b) while in the second group the NWs are shorter and exhibit a GaAs crystallite on their top (c).

Fig 2 :

 2 Fig 2: (a) Length and diameter of GaAs NWs as a function of the growth time. (b) Axial growth rate as function of the NW radius beneath the droplet.

Fig 3 :

 3 Fig 3: The evolution of the computed (equal) amount of As (or Ga) for each time interval [kΔt, (k + 1)Δt] for k = 1 . . . 16 and Δt = 432 s (in red) and the amount of As entering the droplet by direct impingement (in blue) computed as the product between the fixed-value of As-flux equal to 1.7 × 10 7 atoms/(nm².s) and the time dependent surface of the droplet exposed to the As flux.

Fig 4 :

 4 Fig 4: TEM images of: (a) twins in the ZB phase and (b) WZ inclusions. Insets: corresponding diffraction patterns. (c) TEM image of an ultra-long GaAs NW where notches can be observed and (d) the corresponding high resolution image where a WZ segment can be observed. (e) TEM image of the bottom an ultra-long GaAs NW where a high density of holes can be observed.

Fig S2 :Fig

 S2 Fig S2: Temperature at the tip of the NW as a function of its length, for different thermal conductivities.
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  Fig S4: (a) High resolution TEM image of a WZ segment (highlighted in yellow) surounded by

Figure S6 :

 S6 Figure S6: SEM image of ultralong NWs grown during 6 hours with higher As flux.

  

  

  Information section). Yet, a temperature drop should induce an increase of the growth rate[Glas 2013], so it cannot explain the observed specific growth kinetic of ultra-long NWs. However, it should be noted that if we consider a mechanism of

As diffusion on the GaAs facets as suggested by Scarpellini et al. [Scarpellini 2017], then the temperature drop would induce a decrease of the As diffusion and consequently a decrease of the axial growth rate. However this additional source of elementary As is expected to occur at temperatures of about 400°C, which is significantly different from our calculation (see figure

  𝜏 𝑙 = 𝑇 𝑙 𝑇 𝑠 ⁄ with 𝑇 𝑙 the temperature at the tip of a NW of length 𝑙 and 𝑇 𝑠 = 883 𝐾 the temperature of the substrate. The absorption 𝛼 is assumed to be equal to the emissivity. At 610°C, we have 𝜖 ≈ 0.3 [Timans 1992]. The characteristic length 𝛬 is equal to:

				𝜅𝑟 0 8𝜖𝜎𝑇 𝑠 𝛬 = √ 3					
	∫ [ 1 𝜏 𝑙	1 10	(𝜏 5 -𝜏 𝑙	5 ) -	𝛼 4	(𝜏 -𝜏 𝑙 ) + ( 8𝛬 𝑟 0	) 2	𝜏 𝑙	8 ]	-1 2 ⁄	𝑑𝜏

where
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