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The incomplete monolayer and mixed regimes of nanowire growth

The vapor-solid-liquid (VLS) growth of semiconductor nanowires (NWs) generally proceeds via the addition of biatomic monolayers (MLs) at the interface between the NW stem and an apical liquid catalyst nanodroplet. Here, we focus on III-V NWs with a non-truncated interface, which implies that the material feeding ML extension originates only from the liquid phase. In situ TEM shows that each ML cycle then consists of three stages: (1) nucleation of a 2D island and fast formation of a fractional ML, (2) slower propagation of the ML until completion, (3) waiting time before next nucleation [START_REF] Harmand | Atomic step flow on a nanofacet[END_REF][START_REF] Glas | Statistics of nucleation and growth of single monolayers in nanowires: Towards a deterministic regime[END_REF]. This indicates that, at nucleation, the droplet contains less than 1 ML worth of the group V element, which forms the partial ML (stage 1), while at stage 2 group V atoms brought steadily by the vapor serve to extend the ML but not to enrich the liquid, which remains at equilibrium with the solid [START_REF] Dubrovskii | Refinement of nucleation theory for vapor-liquid-solid nanowires[END_REF][START_REF] Glas | Energetics and kinetics of monolayer formation in vaporliquid-solid nanowire growth[END_REF]. Droplet refills only during stage 3. In principle, stage 2 may vanish. We call incomplete monolayer (IML) the regime where this occurs for no ML, i.e. 𝑝 ≠ 0 for all MLs. By coupling growth modelling to in situ MBE growth, we previously showed that, at low temperature (without group V desorption from the liquid), this should result in a self-regulated quasi-deterministic growth whereby, despite stochastic nucleation, each ML cycle (between ML completions) lasts exactly the same time 𝜏 = 𝑤 + 𝑝, with propagation time p compensating the fluctuations of waiting time w [START_REF] Glas | Statistics of nucleation and growth of single monolayers in nanowires: Towards a deterministic regime[END_REF]. Since this is favorable for controlling NW uniformity and NW heterostructures, it appears crucial to investigate under which growth conditions the IML regime prevails.

To this end, we study theoretically the alternative mixed regime, where only part of the nucleation events give rise to the initial formation of an incomplete ML. The IML regime is clearly a limit case of mixed regime. We first find the boundary between IML and proper mixed regimes, in terms of NW geometry and growth conditions. We then calculate the density of probability of the nucleation probability, as a function of group V concentration x in the liquid, and show that the statistics of all characteristic times (w, p, c) can be obtained from this function. These calculations are performed semi-analytically, without any growth simulation. Moreover, whereas our previous analytical calculations were restricted to the IML regime and to low temperature [START_REF] Glas | Statistics of nucleation and growth of single monolayers in nanowires: Towards a deterministic regime[END_REF], we now take desorption from the liquid into account. The calculations are thus valid at any temperature, and we also consider three possible nucleation loci on the NW top facet and the Gibbs-Thomson and Kelvin small size effects. The mixed regime can then be characterized quantitatively in many ways, which allows us to discuss its domain of occurrence and properties. We can in particular compute the fraction of nucleations giving rise to an incomplete ML. This leads us to investigate a quasi-IML regime where, although the conditions for the IML regime are not strictly met, the fraction of nucleation events giving rise to a complete ML is low. We discuss the origin and the potential interest of this regime.

Fig. 1. Fraction of the nucleation events giving rise to the initial formation of an incomplete ML (propagation time 𝑝 ≠ 0)) in self-catalyzed GaAs NWs, as a function of NW radius R and global As input into the catalyst droplet. Semi-analytical calculations at temperature T = 878 K, using nuclation rate parameters from our previous in situ MBE growth study [START_REF] Glas | Statistics of nucleation and growth of single monolayers in nanowires: Towards a deterministic regime[END_REF]. The blue zone correponds to the IML and quasi-IML regimes, the red zone to the complete ML regime, and the intermediate zone to a proper mixed regime.