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Regulated Dynamics With Two-Monolayer Steps in Vapor-Solid-Solid Growth of Nanowires

Keywords: 

The growth of ZnTe nanowires and ZnTe-CdTe nanowire heterostructures is studied by in situ transmission electron microscopy. We describe the shape, and the change of shape, of the solid gold nanoparticle during vapor-solid-solid growth.

We show the balance between onemonolayer and two-monolayer steps which characterizes the vapor-liquid-solid and vapor-solidsolid growth modes of ZnTe. We discuss the likely role of the mismatch strain and lattice coincidence between gold and ZnTe on the predominance of two-monolayer steps during vapor-solid-solid growth, and on the subsequent self-regulation of the step dynamics. Finally, the formation of an interface between CdTe and ZnTe is described.
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Most of these studies deal with the so-called

Vapor-Liquid-Solid (VLS) growth mode, i.e., the seed is a liquid nanodroplet. An alternative is the Vapor-Solid-Solid (VSS) growth mode, where the seed is a solid nanoparticle.

2835 VSS is thought to be particularly attractive in order to achieve sharp interfaces when a quantum dot is inserted in a nanowire, thanks either to a smaller growth rate, or to a potentially smaller reservoir eect (the content of the constituents of the nanowire heterostructure being smaller in the nanoparticle than in the nanodroplet) . Specic models have been developed for VSS, [START_REF] Golovin | Step-Flow Growth of a Nanowire in the Vapor-Liquid-Solid and Vapor-Volid-Solid Processes[END_REF][START_REF] Cui | Step-Flow Kinetics Model for the VaporSolidSolid Si Nanowires Growth[END_REF] and for GaAs with a gold seed. [START_REF] Maliakkal | Vapor-Solid-Solid Growth Dynamics in GaAs Nanowires[END_REF] In the latter case, a mixing of 1 ML and 2 ML steps was observed in VSS while only 1 ML were present in VLS.

Distinguishing VLS and VSS thanks to postgrowth studies performed at room temperature is not an easy task. The observation, or not, of facets can be misleading. For instance, the role of faceting in the growth of InAs NWs was discussed in the context of the VLS growth mode.

40 Conversely, crystalline nanoparticles can feature a quasi-spherical shape, as shown below. Even, VSS was argued to be vapourquasisolid-solid.

41 And of course, the eect of the growth mode on the formation of an axial heterostructure such as a quantum dot needs to be evaluated by in-situ TEM. Such studies are scarce: The Si-Ge interface was studied quite early 33 with a resolution too low to evidence the interface steps. For III-Vs, this would require using more than two eusion cells. A good opportunity is oered by the congruent nature of the sublimation of some II-VI semiconductors: Fabricating a ZnTe-CdTe interface requires only two eusion cells.

The growth of II-VI nanowires is less developed than that of III-V nanowires. The II-VI semiconductors oer specic properties, such as an ecient coupling to light for photovoltaic and lighting applications. The strong electronhole interaction gives rise to a large excitonbiexciton splitting, so that single photon emission was demonstrated up to room temperature in CdSe quantum dots embedded in a ZnSe nanowire. In the present study, we observe VLS and VSS growth of ZnTe and ZnTe/CdTe nanowires in real time in a modied environmental TEM,
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Growth by molecular beam epitaxy with the stoichiometric ux from a ZnTe and a CdTe cell 

Results and discussion

Results are presented on the shape and nature of the gold seed, the layer-by-layer growth of the nanowire, and the formation of a CdTe-ZnTe interface.

Solid nanoparticle vs. liquid nanodroplet

This section focuses onto the phase of the gold seed -solid nanoparticle or liquid droplet -and its shape. 

) = (1 + f ), f = -0.3%.
The coincidence is achieved thanks to a small compression of the Au lattice at the interface. The small coincidence mismatch and the induced strain, as well as the lattice parameter change which could be induced by the incorporation of a few percent of Cd or Zn into the gold seed, 55 are too small to be de- tected from TEM on such small nanoparticles (see Supplementary information Sup1a). Note that we expect no Te accumulation, the maximum content being estimated to be as low as 0.15%. 56,57 We turn now to the in situ TEM during the gold-seeded growth of ZnTe nanowires on two types of substrates, silicon and silicon carbide.

As expected, we do not observe any amorphous layer at the surfaces of the nanowire and the seed. This layer, which is present in ex situ TEM images of Au-seeded ZnTe 49 or ZnO nanowires, 58 is thus conrmed to be of post- growth origin.

On the silicon substrate, we observed liquid spherical droplets with a diameter in the 20 to 40 nm range after dewetting and growth start (see Fig. 1a and Movie 1 in Supporting Infor- A complete series, liquid droplet / solid core / bicrystal, was reported for Au-Ge 60 and the complex pathways it induces for the growth of the nanowire were discussed. And solid nickel silicides were introduced on purpose into the droplet of VLS growth of silicon nanowires and could be used to fabricate heterostructures.

61

With the silicon carbide substrate (Fig. 1d), solid gold nanoparticles were systematically observed, with a diameter in the 6 to 20 nm range, i.e., the same order of magnitude as in standard MBE on a ZnTe buer layer. [START_REF] Rueda-Fonseca | Diusion-Driven Growth of Nanowires by Low-Temperature Molecular Beam Epitaxy[END_REF] The Au (111) on ZnTe (111) orientation was conrmed on most nanowires. Precisely orienting the nanowire along a given zone axis is timeconsuming and the nanowire sidewalls deteriorate under the electron beam. Therefore, we preferred to focus onto the growth dynamics and typically chose a NW for observation if the (111) plane was visible, without orienting the nanowire on a crystallographic zone axis.

The gold particle can exhibit clear lattice planes over the whole volume, and at the same time assume dierent shapes, from quasi spherical to strongly facetted. Rapid shape changes were even observed during the nanowire growth. Figures 1c and1d show two examples of such a dramatic change from facets to sphere during purely VSS growth, on Si or on SiC substrates (Fig. 1c and1d respectively), see also Movie 4 in Supporting Information). The change takes place between two frames, in less than 0.2 s.

In both cases, a step crosses the structure at the nanowire/nanoparticle interface. Then the rounded shape is maintained and we did not observe the inverse change of shape, from sphere to facets. Note that the crystal structure is observed over the whole gold nanoparticle in Fig. 1c-d.

A signicant amount of material is displaced during the change of shape, from the periphery to the apex. However, the corresponding change of the total volume of the nanoparticle is too small to be measured, and at most of the order of 1 ML over the surface.

The change of shape takes place at constant volume.

A rst, simple conclusion of this section is that the shape of the gold seed is not a good indication of its phase, liquid or solid. In the following, we will thus conrm the VLS or VSS nature of the growth from the observation of gold lattice planes.

Layer by layer growth

This section describes the behavior of the steps which form at the gold-semiconductor interface and ensure the growth of the nanowire. We A clear misorientation by about 0.02 rad is detected in the presence of a 1 ML step (Fig. 3b).

However, the (111) planes remain parallel in the presence of a 2 ML step (Fig. 3a), an eect of the small value of the coincidence mismatch.

This shows that the 2 ML step is something dierent from the piling up of two independent 8 The gold-ZnTe interface was imaged less precisely but the images (Supporting Information Sup1c) also suggest the possibility of more or less complex trajectories.

Complex trajectories were frequently observed with a liquid droplet with a majority of 1 ML steps (Movie 1 in Supporting Information). A complex evolution of the island width as a function of time is generally the signature of a complex motion in the interface plane: An example will be given by step ZnTe3 in Fig. 4 below.

Figure 2f shows for each studied sample the total cycle time as a function of nucleation time.

In order to allow a comparison between dierent nanowires which receive dierent uxes, the nucleation times and the cycle times measured on a given nanowire were divided by the average cycle time measured for the 2 ML steps on the same nanowire.

From Fig. 2f we can conclude that:

The cycle times of A deeper understanding of the step dynamics is achieved by plotting the position of the moving step as a function of time (Fig. 4). We focus on 2 ML steps which move more slowly than the 1 ML steps. The sequence comprises a short ZnTe section, a 10 s growth interruption, a CdTe section, another 10 s growth interruption, and a nal ZnTe section (see also Movie 5 in Supporting Information). We have chosen this sequence because all steps started from the same side of the nanowire, and all but ZnTe3 moved regularly towards the opposite side. All are 2 ML steps. In the following we discard step ZnTe3.

Figure 5a plots the evolution of steps CdTe1 and ZnTe6 from Fig. 4, in reduced coordinates.

We observe an S-shape of the step propagation, as in other systems previously described: Figure 5a gives an example for Si nanowires.

11 In this case an asymmetry of the S-shape was observed: the step velocity is larger when the step starts than when it reaches the opposite side, so that more than half of a monolayer has formed at mid propagation time. In our case, the asymmetry is opposite, with a slower initial motion and a faster nal motion, and less than halfcompletion at mid propagation time. The example of Fig. 5a is conrmed for all steps in Fig. 4 and it is a general feature in the present study.

In the simplest picture, a linear step mov- 5b), the area of the semiconductor is-

land is A = R 2 [α -1 2
sin 2α] and its width (i.e., the position of the step ledge

) is W = R(1 -cos α), hence A πR 2 = 1 π [arccos(1 -W R ) - (1 -W R ) √ 1 -(1 -W R ) 2 )]. If dA/dt is constant, A = dA
dt t and we expect a symmetric displacement W (t), solid green curve in Fig. 5a 
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The asymmetric dynamics observed on Si NWs, 11 with a faster start, was attributed to an initial excess of the Si content. This is well exemplied if we plot the area of the island A(t) instead of the step position W (t) (Fig. 5c). In Ref. 11, the initial excess was assumed to vanish almost immediately, leaving the concentration at its steady-state value. We have calculated the solid red line in Fig. 5c assuming that the initial excess decreases with a characteristic time equal to 1/10 the cycle time: This assumption, albeit fully phenomenological, reproduces surprisingly well the experimental data (shown by symbols). However, it cannot describe our results on ZnTe or CdTe. In this case, we observe a similar eect at very short The red curve is a t with an initial excess decreasing exponentially; The black (blue) lines are a linear t of the CdTe (ZnTe) data below and above half completion, respectively. (d) Relative island area as a function of time (in seconds), for the six ZnTe steps of Fig. 4; For each step, the time for half completion (island area equal to half the nanowire area, dashed horizontal line) was estimated from the average of 4 to 6 data points around half lling. Then this value was used as the origin of the horizontal scale.

time, but nally the overall asymmetry is opposite: The step speeds up at half-lling, and the A(t) πR 2 plot denitely features a slow slope be- low half-lling and a larger one above. Finally, At a 2 ML step, coincidence in the vertical plane becomes possible (with again the small coincidence mismatch f = -0.3% given above).

In practice, the rigid-body rotation disappears (Fig. 3a).

A closely related calculation was performed in Ref. [START_REF] Koryakin | On the Mechanism of the Va-porSolidSolid Growth of Au-Catalyzed GaAs Nanowires[END_REF] and 39 in order to address the VSS growth of GaAs or InAs seeded by (Au,Ga) or (Au,In) solid solutions or intermetallic compounds. The authors calculate the strain induced by an island at the semiconductor-seed interface by a variational method, and show that the energy contains three contributions, an interphase energy (estimated to be a few 10 meV per InAs pair), an elastic term proportional to the step length, and an elastic term proportional to the island area. They nally compute, for dierent compositions of the seed, the energy of the critical nucleus. The elastic energy varies from 8 to 441 meV per InAs pair when the lattice mismatch varies from f = 0.02 to 0.17, and one can easily check that the dependence on f is quadratic, as expected from linear elasticity.

The present system diers from the system of Ref. 38 and 39 since it involves a good coincidence in the interface plane, instead of a mismatch along the three directions. The elastic energy calculated with COMSOL for the structure of Fig. 3, with the 1 ML step centered, remains high, 0.8 eV nm -1 . The elastic energy at the 2 ML step, proportional to the square of the mismatch f = -0.3%, is negligibly small. We may conclude that the energy of the 2 ML critical nucleus is mainly given by the interphase energy, while that of the 1 ML one involves a strong elastic energy. This implies that the nucleation time of the 1 ML step in VSS is expected to be long (in other words, the probability of a 1 ML step is small), while the nucleation time of the 2 ML step involves a critical nucleus energy of the same order as in VLS. Indeed, almost no 1 ML steps are observed in the VSS growth of ZnTe, while they are present in VLS.

The step energy at the Au-semiconductor interface is still a poorly known quantity, both theoretically and experimentally. In the context of VLS, it is quite often approximated by the surface energy obtained for a large area, and calculated for an area determined by the ledge length and the step height. Hence for identical area of the critical nucleus, the 1 ML step is strongly favoured. In VSS, as a rst approximation, we may considered that the energies are enhanced by the elastic contribution: Indeed, the VSS growth of GaAs displays both 1ML and 2ML steps, 21 suggesting that the larger surface energy of the 2ML step is compensated by the stronger elastic energy of the 1ML step.

The VLS growth of ZnTe involves both 1 ML and 2 ML steps. This is not expected for a liquid seed, and implies that either the 1 ML and 2 ML critical nuclei have dierent shapes, or that the step energy is not proportional to the step height. We note that some ordering exists in the liquid gold seed, close to the interface with the semiconductor (see Movie 1), as often observed in other systems. This ordering may play a role in the energy of the critical nuclei and its formation.

The same 3:2 ratio exists for Au:CdSe, InAs or GaSb, although the picture can be altered by the formation of an alloy with a large In or Ga content hence a dierent lattice parameter.

One may note also that Au:Si oers a ratio close to 4:3. Similarly, ZnO nanowires were grown at low temperature (350 • C) on crystalline, lat- tice matched γ-AuZn nanoparticles. 70 In the present study the Zn content is low and the lattice mismatch is minimized for (almost) pure Au and ZnTe. We observed only a few steps in CdTe but we noted that they were also 2 ML high. This can appear surprising, since the coincidence mismatch (≃ 6%) is larger than for ZnTe. It is actually of the same order (but opposite in sign) as for GaAs, for which both 1 ML and 2 ML steps contribute to the VSS growth.

21

The observation of a longer CdTe NW section would be needed to decide whether both step types are also present for CdTe. Note however that, due to its quadratic dependence on the mismatch, the elastic energy at the 2 ML CdTe step remains more than one order of magnitude smaller than at a 1 ML step. In addition, as The stabilization demonstrated in the global analysis (Fig. 2f ) and Table 1 
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The standard deviation for the cycle time of 2 ML steps is well below the combined standard deviations of nucleation and propagation assumed to be independent, see Table 1, but it 

  epitaxial growth, II-VI semiconductors, in-situ growth, transmission electron microscopy, vapor-solidsolid Semiconductor nanowires are at the core of an intense interdisciplinary research (see Ref. 1 and references therein) involving chemistry, materials science, physics, and electrical engineer-ing, with applications in nanoelectronics, admitted that the growth of a nanowire takes place through layer-by-layer growth at the interface between the seed and the nanowire. 9,10 In-situ TEM studies -images and movies recorded in a Transmission Electron Microscope equipped with a source of material allowing the growth of the nanowire-have conrmed this idea, and brought details of step dynamics for various materials. The most studied are silicon, 1116 and III-Vs, 8,1722 including ni- trides. 23 The movies identify two periods which constitute the growth cycle: the nucleation of 1 ML steps at the liquid-solid interface, and the expansion of the island thanks to the propagation of the step across the interface. As the nucleation of the steps is a random process, it raises the question of antibunching, 24 particu- larly if the velocity of the steps is large, so that the propagation time is much shorter than the nucleation time. More recent studies have focused onto the role of the post-nucleation pe-riod where the step propagation may be limited by relling.

52

  Simple mod- els based on the diusion along the nanowire sidewalls describe satisfactorily the measured growth rates, with a diusion length of the order of 100 nm, 51 provided one takes into ac- count a change in the shape of the nanoparticle (and of the nanoparticle-nanowire contact area) during the growth. 51 There is no evi- dence of a role of the nucleation of islands at the Au-ZnTe interface. Finally, the interfaces of a CdTe dot inserted in a ZnTe nanowire grown on a ZnTe buer layer evidence a reservoir eect compatible with an average Zn/Cd content of the nanoparticle around 2%, 52 much smaller than when the nanowires are grown on GaAs. 53 Our present knowledge of the growth of II-VI nanowires and nanowire heterostructures relies upon post-growth, ex-situ studies, and phenomenological interpretations: A better understanding calls for in-situ observations.

Figure 1 :

 1 Figure 1: Dierent morphologies of the gold seed on the ZnTe nanowire. (a) liquid gold droplet (NW 13-25, Si substrate). (b) a solid core in a liquid droplet, with FFTs of the squared areas (NW Frame6-25, Si substrate). (c) solid nanoparticle, with a step coming from the left (sequence 44-26, Si substrate); The left image is the intermediate image at time t + 0.25 s; The right image shows the superposition of two images, colored in green at time t and red at t + 0.5 s. (d) solid nanoparticle, two superimposed frames, colored in green at time t and red at t + 0.25 s, with a step coming from the back (NW 31-06, SiC substrate.)

Figure 2 :

 2 Figure 2: (a) a 1 ML step in VLS (NW 13-25, Si substrate); The inset is an x3 zoom of the vicinity of the step, with the atomic planes underlined in green and yellow below and above the interface, respectively; (b) a 4 ML step in VSS (NW 35-26, Si substrate). (c) a 2 ML step in VSS (NW 06-05, SiC substrate); the yellow rectangle shows the area for the calculation of the FFT in Fig. 3. (d) a 1 ML step in VSS (same nanowire). (e) a 2 ML step in VSS, which started from the side (left image) and nally (right image) reached the back-or front-side after changing direction (NW 31-06, SiC substrate). All steps (a to d) but the last one (e) propagate regularly from one side of the nanowire to the opposite one. All scale bars are 10 nm long. (f ) Cycle time as a function of the nucleation time, for dierent nanowires as indicated. All times for a given nanowire are normalized to the cycle time of 2 ML steps averaged for this nanowire. Dierent symbols identify the data for a given nanowire; solid symbols are for VLS, open symbols for VSS, red for 1 ML steps, black fot 2 ML and blue for 4 ML.

  dene the monolayer (ML) in ZnTe as a set of two atomic planes, Zn and Te. Our three main observations are (1) the preponderance of 2 ML steps in VSS, which we tentatively ascribe to the 2:3 lattice coincidence at the interface, (2) a signicant, although not complete, self-regulation of the step propagation, and (3) a deviation from the simple linear increase of the island area with time, even for the steps exhibiting a smooth motion from one side to the opposite side across the interface. During the growth of the ZnTe nanowires, we observed 1 ML ZnTe steps, 2 ML steps, and even (few) 4 ML steps. Figure 2 shows examples of the dierent cases with solid or liquid gold. From 95 well-characterized steps present in Fig. 2f: In VSS, either on SiC or on Si substrate, more than 90% are 2 ML steps, very few 1 ML, In VLS, on Si substrate, 40% are 1 ML and 60% are 2 ML steps, without any correlation detected.

Figure 3 :

 3 Figure 3: (a) FFT of the nanowire + nanoparticle with a 2 ML step (image c of Fig. 2, area marked by the yellow rectangle); The coincidence of the green line and the red arrows shows that the Au and ZnTe (111) lattice planes are parallel. (b) FFT of the nanowire + nanoparticle with a 1 ML step (image d of Fig. 2, area marked by the yellow rectangle); green line and red arrows are shifted, which demonstrates the tilt of the gold lattice with respect to the ZnTe one (same NW); (c) to (e) for a 1ML step, map of the calculated shear strain (c), rotation (d) and tilt of (111) planes (e); (f ) histogram of the tilt. The dimensions are from NW 06-05: The radius of the nanowire is 3.6 nm, the radius of the nanoparticle 4.3 nm and its height 6.4 nm.

1Figure 4 :

 4 Figure 4: VSS growth: Position of the ledge as a function of time, under ZnTe or CdTe ux as indicated. All steps are 2 ML high. All started from the (same) nanowire side and moved regularly towards the opposite side, but ZnTe3 which followed a complex trajectory. NW 36-06, SiC substrate

  ing in the direction perpendicular to the electron beam across a circular nanowire of radius R (Fig 1 of Ref. 37 and the schematic in Fig.

  and solid green straight line in Fig. 5c. It actually coincides with the result of the detailed diusion model shown in Fig. 3 of Cui et al.

Figure 5 :

 5 Figure 5: (a) position of the ledge as a function of time (both scales in reduced units, nanowire diameter and propagation time of the step, respectively) in Si (red half-lled circles), 11,37 and CdTe1 (black squares) and ZnTe6 (blue squares) of Fig. 4; The position of a step moving perpendicular to the electron beam at constant dA/dt across a circular nanowire is shown by the green solid curve. (b) Simple scheme of a step across a circular nanowire. (c) Corresponding evolution of the island area A(t) vs. time, again in reduced units (nanowire area and step propagation time, respectively).

Fig. 5d compares 0 =

 0 Fig. 5d compares the dynamics of the six regular ZnTe steps of the nanowire of Fig. 4, by plotting A(t) πR 2 as a function of time. The ori- gin of the time scale is the time for half-lling (A(t) = 1 2 πR 2 , W (t) = R). In order to minimize the eect of noise, this half-lling time was estimated for each step by calculating the average over a few data points (4 to 6, depending on the step) around half lling. A striking feature is the strong dispersion of the lefthand side, while all steps display the same velocity on the right hand side and reach the sidewall at the same delay with respect to the halfcompletion time: This means that the uctuations of the nucleation time are compensated already at half-lling.

  discussed for ZnTe VLS growth, the dierence in the interphase energy at the 1 ML and 2 ML steps must be taken into account. All this calls for a more systematic study of the VSS growth of CdTe. It should be performed on a long CdTe section, far from any interface with ZnTe since the reservoir eect may lead to the growth of a (Cd,Zn)Te alloy instead of pure CdTe. The most interesting consequence is the stabilization of the cycle length, corresponding to an adjustment of the growth rate to the available ux. The random character of the nucleation is almost totally washed out. It was noted early 24 that the depletion which follows the nucleation and the rapid expansion of the island at the interface leads to an antibunching of the nucleation process. The characteristics of this depletion was analyzed further for a low incident ux 2527 thanks to the quantita- tive approach which can be developed for the VLS growth of III-V nanowires. In this case a basic process is thought to consist of two steps: (1) the increase of the concentration of group V atoms in the droplet until random nucleation and rapid expansion of the island fed by the excess of concentration, and (2) a nal expansion to the full ML controlled by the incoming ux. During the second step, a steady-state concentration is reached as a result of the balance between incoming ux and incorporation at the propagating step. Hence, the concentration is the same at completion of all MLs. The excess concentration in the nanoparticle accumulated before the random nucleation event is incorporated entirely into the growing nanowire during the propagation of the step, so that in the absence of desorption (an assumption which was checked to hold for Zn and to break down for Cd only at temperatures above 300 • C 52 ), the cycle time is xed independently of the random character of nucleation.

Fig. 6 .
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Figure 6 :

 6 Figure 6: Series of TEM images, with an interval of 10 s, showing the degradation of the nanowire 31-06 under the electron beam. The green arrows indicate the direction of the ZnTe beam.