Vincent Sallet 
  
Corinne Sartel 
  
Said Hassani 
  
Christèle Vilar 
  
Gaelle Amiri 
  
Alain Lusson 
  
François Jomard 
  
Pierre Galtier 
  
Isabelle Lefevbre 
  
Christophe Delerue 
  
Mohamed K Hamza 
  
Bruno Canut 
  
Bruno Masenelli 
  
Crystal facet engineering in Ga-doped ZnO nanowires for MIR plasmonics

Keywords: ZnO, nanowires, surfactant, doping, crystal facets, plasmonics

The MOCVD growth of various Ga-doped ZnO nanostructures for plasmonics is investigated, with a particular focus on the nanowire facet transformations induced by the addition of trimethylgallium in the gas phase. For non-intentionally doped spontaneous ZnO nanowires, the aspect ratio is strongly decreased due to residual Ga in the reactor, and the shape evolves rapidly towards Christmas-tree like and hierarchical structures upon intentional Ga doping. Regarding ZnO/ZnO:Ga core-shell structures, a change of the smooth initial M-oriented facets occurs, with the development of {20-21} surfaces, and further {10-11} and {0001} surfaces. Interestingly, a similar evolution of the lateral roughness is observed in Au-catalyzed doped nanowires. High concentrations of Ga in the grown nanostructures are revealed by photoluminescence and confirmed by Rutherford backscattering spectrometry. First photoacoustic measurements show an optical absorption at 6 µm, evidencing that the degenerated material is suitable for plasmonics applications in the IR range. The influence of Ga doping on the facet transformations and the occurrence of unexpected {0001} polar surfaces are discussed. The results can be mainly understood by a Ga surfactant effect (at least partial) responsible for the modification of the surface energies and kinetics. Density functional calculations support the floating behavior of the negatively charged Ga -ion on the growing surface.

INTRODUCTION

Semiconductor nanowires have already demonstrated enormous potential for future generations of electronic and optoelectronic nanodevices. For now more than a decade, silicon and III-V compounds (GaN, GaAs…) based nanostructured demonstrators have shown to improve the performances of a variety of devices such as transistors, LEDs, sensors, solar cells, and have opened the way to new types of nanogenerators based on piezoelectric nanowires (NWs) [ 1 , 2 , 3 ].

Semiconductor nanostructures made of II-VI materials are also attractive, in particular ZnO nanowires which can be easily grown using industrial and low-cost techniques. ZnO offers a tremendous combination of physical properties such as a wide direct bandgap, large exciton binding energy, piezoelectric properties, biocompatibility... Heavily doped, ZnO acts as a degenerate semiconductor and offers the possibility to extend the plasmon wavelength of metals (limited to the visible range) to the IR range, including the telecom wavelengths. In this research field, gallium-doped ZnO layers and nanoparticles have been proposed [ 4 , 5 , 6 ]. According to the Drude model, the resonance of plasmonic waves can be controlled by tuning the free carrier concentration, offering new opportunities in the Mid IR range. This paves the way to an enhanced detection of molecules (gas sensors), if the absorption wavelength is resonant with the plasmon wavelength. Besides, the architecture of nanowires exhibiting a high aspect ratio is particularly interesting for the latter application [ 7 ].

In this study, we are interested in heavily Ga-doped ZnO nanowires (GZO-NWs), in the aim to reach very high carrier concentrations suitable for IR plasmonic applications. Degenerate ZnO nanowires represent an interesting alternative to ITO ones, using more abundant and less toxic materials. Nevertheless, doping ZnO NWs with control of both impurity concentration and NW morphology (i.e. axis direction, facet orientations, aspect ratio…) is an important issue, since in situ doping is expected to strongly affect the growth process. Indeed, as far as semiconductor growth is concerned, many papers report on crystal facet transformations, surface roughness or nanostructure shape evolutions with the addition of a dopant or a foreign element in the gas/liquid phase [ 8 , 9 , 10 ]. Most often the term "surfactant" is used to label the observed phenomenon, and the consequence is that, in the literature, this commonly evoked "surfactant effect" covers a wide range of growth mechanisms. Intentionally added in the gas phase with the source precursors, a surfactant element is usually described by a low vapor pressure and a low solubility in the growing material, resulting in a surface accumulation, and thus modifying thermodynamics and kinetics at the growth front. In solution growth, the surfactant effect is also intensively used for the realization of ZnO flower like structures [ 11 , 12 ]. This work focuses on the transformation of the facets of ZnO nanostructures upon in situ Ga doping, i.e. adding metalorganic molecules of Ga in the gas phase during the growth of ZnO nanowires. The structural properties and orientation of the newly formed facets are thoroughly investigated by scanning and transmission electron microscopies. Surprisingly, polar surfaces, which are believed to be energetically not favorable, appear in the new growth process, leading to "skewer-like" morphologies. The incorporation of Ga in the grown samples is assessed by energy dispersive X-ray spectroscopy (EDS), Rutherford backscattering spectrometry (RBS), and photoluminescence. With the help of density functional calculations, the transformation of the morphologies is discussed in terms of thermodynamics, kinetics and surfactant effects.

METHODOLOGY

Experimental

Three kinds of Ga-doped ZnO one dimensional (1D) nanostructures were grown by using metalorganic chemical vapor deposition (MOCVD) : i) spontaneous Ga-doped ZnO NWs grown without any catalyst, ii) core/shell ZnO/ZnO:Ga structures, and iii) catalyst-assisted (gold droplet) Ga-doped ZnO NWs. Samples were grown in a horizontal quartz reactor operating at low pressure (50 torr) and allowing high growth temperature up to 1000°C. Diethylzinc (DEZn) and trimethylgallium (TMGa) were used as metalorganic sources. Growths have been performed at 875-1000°C using nitrous oxide (N2O) as oxygen source. Carrier gas was helium. Table 1 details the growth parameters for each kind of GZO nanostructure. The morphology has been assessed by scanning electron microscopy (SEM, JEOL 7001).

Sample

Transmission electron microscopy (TEM) analysis was carried out using a TOPCON 002B microscope operating at 200 kV, and equipped with energy dispersive X-ray spectroscopy. For optical measurements, photoluminescence experiments have been carried out at 5K using the 351 nm UV line of an argon ion laser. In addition, the photoacoustic signals from several samples have been recorded using the IR source of a Brucker Vertex V80 FTIR and the PA301 detector from Gasera Inc.

Complementary characterization was obtained using Rutherford backscattering spectrometry (RBS) in order to measure the doping level of gallium. The analysis was performed with 4 He+ ions Secondary ion mass spectroscopy (SIMS) cannot process nanowires, but was used to measure the Ga concentration of reference 2D layers. The latter were also grown by MOCVD in the same reactor, using similar conditions (temperature, pressure, TMGa flow) but using high oxygen/zinc ratio (RVI/II), which causes the transition from 1D growth to 2D [ 14 ]. Without stating that the Ga incorporation is equivalent in nanowires and in layers, these measurements can however give an idea of the doping levels involved in this study.

Theoretical

Structure relaxations and formation energies were computed within the DFT framework. Our calculations were performed using the projector augmented wave (PAW) method [ 15 ] as implemented in the VASP code [ 16 ]. Details are given in the supporting information. but elaborated after a series of doping experiments, i.e., in conditions where a Ga pollution may occur from injection lines and/or reactor inlet. Compared to the previous sample, the length is much reduced to ~2 µm, and the diameter is increased to ~400 nm. This clearly indicates an enhancement of the radial growth rate at the expense of the axial growth rate. RBS measurements could not detect any Ga contribution, which is below the detection limit of 0.5%. Nevertheless, the residual Ga doping in the material could be estimated around a few 10 17 at.cm -3 , from SIMS characterization of ZnO 2D layers which were neither intentionally doped, but grown with similar conditions.

Intentional doping with TMGa flows makes the morphology drastically evolve. With 0.03 µmol/min TMGa flow, sharp GZO cones and "Christmas-tree" shaped structures are produced, as seen in figure 1c. This observation gives evidence of a modification of the lateral growth and, more specifically, of the facets orientation. In the case of 2D film growth, such a doping level leads to a Ga concentration around 10 19 at.cm -3 as measured by SIMS. Going further, high level of Ga-doping (0.3 µmol/min) induces the formation of a hierarchical nanostructure where multiple growths of ZnO branches initiate and develop on previously formed tree-like structures. Such hierarchical structures are expected to be of great interest for environmental applications [ 20 ]. RBS measurements have been carried out and indicate a Ga concentration of 2% ± 0.5%. By using SIMS, Ga concentration is measured above 10 20 at.cm -3 in the reference 2D grown GZO. ZnO/ZnO:Ga core-shell structures have been synthesized in order to more specifically study the lateral growth of GZO on M-plane facets. Figure 2 shows SEM images of two samples for which a Ga-doped ZnO shell (TMGa=0.03 µmol/min) has been deposited on previously-grown undoped

ZnO NWs (such as in figure 1a), with a growth duration of 5 and 20 minutes, respectively. A 5 min growth produces a thickness of approximately 10 nm (estimated from the difference between the sole core and the core/shell structure diameters) and leads to a significant roughness of the facets. As it can be observed on TEM images (figure 2b), this roughness corresponds to the development of ZnO planes inclined at an angle of 15° relative to the initial M plane, and attributed to {20-21} planes. High resolution TEM image shows a continuity of the (0001) atomic plane between the ZnO core and the doped shell, evidencing a homoepitaxial growth. No extended crystal defects such as dislocations or stacking faults could be distinguished. EDS characterization does not detect any Ga, meaning that its concentration in the shell is below the detection limit of 0.5%. After 20 min deposition, the lateral roughness has drastically evolved and the morphology appears like a stacked bunch of ZnO nanoplates, like a "skewer" (figure 2c and2d). These unusual nanoplates exhibit triangular or parallelepipedic shapes. We thus conclude, from the analysis of these first two series of samples, that Ga atoms on the growing surface strongly modify the nanowire axial growth along C-axis, as well as the development of the lateral facets. The effect is significant even at low Ga concentrations in the gas phase. For spontaneous GZO nanowires grown on sapphire, the more we increase TMGa precursor flow, the more transformed the initial 1D morphology is. It evolves progressively from shorter and bigger nanowires (residual Ga), to conical NWs (0.03µmol/min), and finally hierarchical structures (0.3 µmol/min). In core-shell ZnO/ZnO:Ga structures, we also expect a continuous transformation of the doped shell with the growth time. As the growth proceeds, the lateral roughness develops in such a way that the initial smooth M-plane facets of the core are finally changed to a stack of ZnO slices.

Structural characterization of Ga-doped Au-catalyzed NWs

In this work, we have also considered another mean of growing semiconductor nanowires, namely catalyst-assisted growth, where metallic droplets (e.g. gold droplets) are previously deposited on the surface to trigger the one-dimensional growth [ 21 , 22 ]. The method is also called VLS for vapor-liquid-solid or VSS for vapor-solid-solid depending on the involved mechanism.

The catalyst is not necessary in the case of ZnO since nanowires can emerge spontaneously.

However, it can be interesting to investigate the doping efficiency, i.e., to assess whether the metallic droplet could force the incorporation of high concentrations of dopants.

We observed that the transformation of the morphology of catalyzed GZO NWs is very similar to the case of ZnO/ZnO:Ga core/shell structures, suggesting that the lateral growth mechanisms could be the same. Looking from the tip to the bottom of the NW, the morphology of the lateral facets evolves and shows first the appearance of {20-21} surfaces inclined at 15°, and subsequently {10-11} surfaces which are inclined at an angle of 28° relative to the (10-10) M plane. Finally, the lower half part of the catalyzed NWs exhibits the previously observed stacking of ZnO nanoplates with C-oriented surfaces.

For the sake of clarity, the detailed experimental results are given in the Supporting information part.

Interpretation

Illustration of the facet transformation

These results, collected from different types of GZO nanostructures, reveal that upon Ga doping and under the MOCVD growth conditions described in the experimental part, the usual (10-10)

M-plane cannot act as a growth front. Incoming Zn and O atoms incorporate on the lateral surfaces and develop other orientations of the facets due to the presence of adsorbed Ga atoms. Indeed, this is surprising since scanning tunneling microscopy (STM) has shown smooth and stable ZnO Msurfaces with well-defined terraces, even at high temperature (750°C) [ 23 ]. M-facets are expected to be preferred stable surfaces for ZnO nanostructured crystals.

It is interesting to look into the details of the crystalline structure of the ZnO (10-10) M-surface which is illustrated in figure 3. In particular, it is noticeable that zinc (oxygen) atoms are organized along lines in the [START_REF] Sharma | Synthesis and characterization of ZnO flower-like structures[END_REF][START_REF] Pal | Optical and Electrical Investigation of ZnO Nano-Wire Array to Micro-Flower from Hierarchical Nano-Rose Structures[END_REF][START_REF] Mayer | SIMNRA Users Guide[END_REF][START_REF] Montenegro | Morphology transitions in ZnO nanorods grown by MOCVD[END_REF][START_REF] Blöchl | Projector augmented-wave method[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Rosina | Morphology and growth mechanism of aligned ZnO nanorods grown by catalyst-free MOCVD[END_REF][START_REF] Behrends | Investigation of ZnO nanopillars fabrication in a new Thomas Swan close coupled showerhead MOCVD reactor[END_REF][START_REF] Perillat-Merceroz | Compared growth mechanisms of Zn-polar ZnO nanowires on O-polar ZnO and on sapphire[END_REF][START_REF] Ren | Hierarchically nanostructured materials for sustainable environmental applications[END_REF] direction. These lines of Zn and O atoms are thus perpendicular to the This observation has to be taken into account if we try to understand the effect of Ga atoms on the growing surface. In a first analysis, a very simple model can be suggested as follows. Ga atoms are expected to incorporate on zinc site, so that their possible influence on the growth (e.g. passivation effects, exchange mechanism with newly incoming Zn…) will be extended along these lines. In figure 3, a hypothetical case is illustrated where the Ga atom replacing zinc may produce a step edge in the growth and induces the formation of a (20-21) plane which could later (or upon higher Ga doping) evolve towards (10-11) and (0001) planes. However, the exact mechanism can be more complex and is worth being discussed in light of our knowledge of surfactant effects. 

Surfactant effects

As we already mentioned in the introduction part, the term "surfactant effect" is commonly used to describe the morphology transformation of semiconductor layers or nanostructures induced by dopant atoms or impurities. Precisely, surfactants lower the surface energy as well as modify the diffusion length of adsorbed atoms [ 24 ]. In particular, an exchange process occurs between the foreign atom and a newly incoming atom (of the material to deposited) since it is more energetically favorable for the surfactant to float on the surface than to be buried and incorporated in the film. The main benefits of the surfactant effect have been to increase the critical thickness of strained films (e.g. SiGe layers on Si [ 25 ]), to favor layer-by-layer growth [ 26 ], and to prevent the growth mode transition from 2D to 3D, such as in the case of InGaAs(Sb) quantum wells [ 27 ].

However, the important literature on the topic tends to demonstrate that foreign atoms on the surface may induce a variety of thermodynamics and kinetics effects on the growth. Indeed, other mechanisms or complementary mechanisms to the surfactant effect have been proposed to explain morphology transitions observed in doped semiconductor nanostructures. In particular, the passivation of some surfaces that hinders the growth was reported. For example it has been shown that introducing silane, a SiN layer forms on the lateral facets of GaN NWs [ 28 ], and therefore the growth only proceeds on the topmost facet. The passivation effect of the lateral surfaces of GaSb NWs by using sulfur has also been reported [ 29 ]. Moreover, adatoms mobility has been discussed by Zhang et al. [ 30 ] during the growth of Sb-doped GaN, where Sb was observed to act as a surfactant. The influence of Sb is understood as a reduction of the N coverage at the surface, and thus a reduction of the V/III ratio which modifies the growth front and facets.

In this work, we do not observe a "classical" surfactant effect, in the sense of enhancing layerby-layer growth and prohibiting 3D islands, but, contrary to the case of SiGe, we find a morphology transition from 2D to 3D in the lateral growth on ZnO NWs facets. It is often expected that a surfactant will smoothen the surface. However, with the modification of thermodynamics and kinetics, various behaviors can be observed. For example in Voigtländer's article [ 31 ], it is reported that As and Sb on Si surface decrease the diffusion length of Si atoms during homoepitaxial growth and suppress 3D islanding in Ge/Si heteroepitaxy, whereas indium on the surface enhances the Si diffusivity and keeps 3D islanding. In our case, Ga atoms likely modify the surface energies as well as the kinetics at the growth front, favoring other orientations than the typical {10-10} M surfaces of undoped ZnO nanowires, and leading to the development of alternative lateral facets.

Occurrence of polar surfaces

Moreover, in this study, the most puzzling result is the emergence of (0001) and/or (000-1) facets. ( 0001) and (000-1) are polar surfaces and have a dipole moment in each periodic unit that generates an electric field perpendicular to the surface [ 32 , 33 , 34 ]. The theoretical ionic model [ 35 ] shows that the energy of the dipoles diverges, making theses surfaces unstable. Such clean and unreconstructed surfaces should not exist in grown ZnO crystals. In this context, the stabilization mechanism of ( 0001) and (000-1) polar ZnO surfaces has been controversial for many years. It growth to layer-by-layer mode, and proposed that Li atoms on the (000-1) surface lead to a reduction of the surface charge and a decrease of the surface energy.

In our study, we suggest that depolarization could be caused by surface segregation of Ga surfactant. This would change the "forbidden" or "unfavorable" status of the ( 0001) and (000-1)

Tasker-type surfaces, leading to modified polar surfaces that would be more energetically favorable. Indeed, ab initio simulations and recent observations by Sohn et al. [ 43 ] support the modification of surface energies with Ga incorporation. With half monolayer coverage of Ga, they calculate that the surface energy of -C (000-1) is lowered by 1.85 eV whereas +C, M and A surface energies are increased. The role of the electrons given by the Ga atoms is discussed in the framework of the electron counting rule (ECR) : Ga atoms on Zn surface sites would give additional electrons that fill dangling bonds of oxygen surface atoms. This reduction of the polar surface energy is consistent with their experimental work, as they observed, like us, facet and orientation transformations of ZnO nanowires synthesized by vapor phase transport using ZnO:C and GaAs powders as sources. This explanation also fits very well with our own results: (000-1)

surface could be energetically favored upon Ga doping, thus explaining the observed stacked bunch of nanoplates.

Theoretical support on Ga floating behavior

High concentrations of Ga have been measured in our samples. This indicates that Ga atoms may float on the growing surface as surfactants do, but still, a large content is incorporated into the ZnO matrix. This could be due to an incomplete exchange mechanism between Ga and incoming Zn atoms. A fraction of the Ga atoms on the surface would be buried, probably depending on the TMGa flow and growth conditions.

Northrup et al. [ 44 ] calculated that indium can float as a stable adlayer on (0001) surface in Znrich conditions, and therefore could be used as surfactant. A simple consideration on the formation enthalpies indicates that an oxygen atom will prefer to bind to zinc in order to form ZnO rather than to indium to form In2O3. A similar calculation can be made with Ga, considering the formation enthalpies of Ga2O3 (-260 kcal/mol) and ZnO (-83kcal/mol), leading to the same conclusion that it is not favorable to form Ga2O3. This is confirmed by X-ray diffraction experiments recorded on our GZO samples (not shown here) which never revealed any additional phase of gallium oxide.

This suggests that, like indium, Ga atoms could float on the surface as a surfactant.

Finally, to support the floating behavior of Ga atoms and its possible role of surfactant, density functional calculations have been carried out. The ZnO (10-10) M-surface was modelled in a supercell slab geometry consisting of 10 layers of ZnO in a 2×3 surface unit cell (10.6304 Å x 9.8517 Å), including 96 Zn, O or Ga atoms. A vacuum region of 11Å is used (figure 4). The 3 bottom layers are kept fixed during the relaxation to mimic the bulk part. Valence electrons are 2s 2 2p 4 for oxygen atoms, 3d 10 4s 2 for zinc atoms and 4s 2 4p 1 for gallium atom. The position of the substitutional GaZn dopant has been varied in the ZnO matrix, as illustrated in figure 4 : i) in the bulk, ii) on the topmost surface, and iii) in the atomic plane just below the surface, called "surface-1". Figure 5 shows the computed formation energies of GaZn dopant for positions relative to the surface. The results first indicate that negatively charged Ga-ion is the most stable form of the dopant if localized at surface or surface-1, whatever the Fermi level energy. In the bulk, Ga -ions are only stable when the Fermi level is near the conduction band. One must notice that, whatever the charge or position of the dopant, the distortion of the lattice is weak (e.g., see the distortion represented for "surface-1" in figure 4, bottom-right), except when the ion is localized on the topmost surface (figure 4, up-right). Therefore, both positions of the Ga atom at surface or surface-1 lead to a decrease of the formation energy, with a value up to -3eV, compared to the bulk incorporation, as shown in figure 5. These calculations strongly suggest that it is more energetically favorable for Ga to float on the surface, with a negative charge, potentially leading to a surfactant behavior. S3). Then, the difference between the PA spectra for the doped NWS and the undoped ones has been plotted, and is shown in figure 6b. The increase of absorption due to the incorporation of Ga is clearly visible at 1700 cm -1 , which would give a plasmonic resonance around 6µm. The peak close to 1000cm -1 is related to a difference of absorption between sapphire substrates. These first results confirm both the degenerate character of the NWs and their great potential for mid IR plasmonics. 
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 33 MeV energy delivered by the 4 MV Van de Graaff accelerator of the Nuclear Physics Institute of Lyon (IPNL). With the help of the SIMNRA simulation code [ 13 ] we extracted from the experimental data the average stoichiometry [Ga]/[Zn] within an uncertainty estimated at ± 0,5%.

3. RESULTS AND DISCUSSION 3 . 1

 31 Figure 1 gathers SEM images of undoped and Ga-doped ZnO NWs spontaneously grown on

Figure 1 .

 1 Figure 1. SEM images of ZnO nanowires : a) undoped and clean reactor,

Figure 2 .

 2 Figure 2. ZnO/ZnO:Ga core shell structures : a) SEM image of 5 min shell growth,

[

  0001] C-direction. Interestingly, one must notice that the development of the lateral roughness shown in core-shell NWs and Au-Catalyzed NWs follows a rotation of the initial M-surface around these Zn (or O) lines and towards C-axis, as illustrated in figure3. Upon Ga doping, the growth front is tilted. Therefore, our observations are consistent with a progressive increase of the rotation angle between the initial M-plane and the newly formed growth front: (10-10) M-plane => (20-21) at 15° relative to M =>[START_REF] Fan | Vapour-transport-deposition growth of ZnO nanostructures: switch between c -axial wires and a -axial belts by indium doping[END_REF][START_REF] Sharma | Synthesis and characterization of ZnO flower-like structures[END_REF] at 28° => (0001) at 90°

Figure 3 .

 3 Figure 3. Illustration of the rotation of the initial M-plane facet

  requires rearranging the surface charge, i.e., a reduction of the positively charged Zn surface, as well as the negatively charged O-surface [ 36 ]. This could be achieved by a charge transfer from the Zn to the O surface [ 37 ], (1x3) surface reconstruction [ 38 ], or hydroxylation of the surface [ 39 ]. The STM experiments of Dulud et al. [ 40 ] have shown an unreconstructed (1x1) Zn-polar ZnO surface exhibiting triangular holes and O-terminated step edges which reduce the surface Zn concentration. More recently, Lauritsen et al. [ 41 ] have found honeycomb structures by scanning probe microscopy on O-polar ZnO surface. Charged adsorbates may also stabilize a polar surface. Yuan et al. [ 42 ] have reported a surfactant effect during the growth of Li-doped ZnO layers, changing 3D

Figure 4 .

 4 Figure 4. Left) : ZnO supercell slab used for DFT calculations and right) : illustrations of a negatively

Figure 5 .

 5 Figure 5. Formation energies of substitutional GaZn defects as a function of the Fermi level energy, for

Figure 6 .

 6 Figure 6. a) PL spectra (T=5K) of spontaneous GZO nanowires with different doping levels, b)

  

Table 1 .

 1 MOCVD conditions used for ZnO:Ga nanostructures growth

  For the two types of non-intentionally doped NWs, a sharp transition at 3.358 eV dominates the spectrum with full width at half maximum (FWHM) of ~2 meV. This radiative transition is attributed to Ga donor bound excitons, D°X(Ga), labelled line I8[ 45 ], indicating a residual concentration of Ga atoms as a contamination given by the MOCVD reactor (walls, inlet, tubes…). At lower energy, two LO phonon replicas are identified at 3.266 and 3.216 eV. The lines at 3.33 and 3.316 eV can be assigned to excitons related to crystallographic defects (Y line) and to two electron satellite (TES) transition related to Ga donor impurity. It must be noted that before starting Ga doping studies, undoped ZnO 2D films and NWs did not show the D°X emission due to Ga, but rather donor bound excitons due to aluminium at 3.360 eV, labelled line I6 (see supporting Information, figureS2). These observations evidence the incorporation of Ga and agree with what has been assumed from SIMS measurements. After doping with TMGa (0.03 µmol/min for spontaneous NWs, 0.22 µmol/min for VLS NWs), we clearly observe a blue shift of a few meV associated with a broadening of the D°X(Ga) peak. It is due to the Moss-Burnstein effect and the filling of the electronic states just above the conduction band. This effect, typical of a degenerate semiconductor[ 46 ], is further enhanced for the highest TMGa doping flows (0.3 µmol/min for spontaneous NWs, 0.88 µmol/min for VLS NWs), where broad emission bands are measured, indicating a large concentration of Ga donors in the samples.In order to further assess the presence of free carriers, since direct four-probe measurements are almost impossible on our samples, we turned to photoacoustic (PA) measurements. PA measurements have already been successfully used to probe plasmonic absorption in noble metalbased nanostructures [47 , 48 ]. It presents the advantage of providing a clear absorption spectrum without the drawback of a diffuse background as it is generally the case for rough and scattering samples. The photoacoustic signals from the undoped ZnO NWs and the GZO NWs produced with 0.03 µmol/min and 0.3 µmol/min TMGa flows have been recorded and normalized to the Zn-O mode absorption at 500 cm -1 (see Supporting Information 3 figure

	3.6 Optical properties
	Optical characterizations, and in particular photoluminescence studies, can give useful
	information on the presence of dopants, defects, and impurities in the semiconductor matrix. PL
	measurements have been performed on two sets of samples : i) spontaneous GZO NWs with
	increasing TMGa flow (non-intentionally doped, 0.03, 0.3 µmol/min), and ii) Au-catalyzed GZO
	NWs (non-intentionally doped, 0.22, 0.88 µmol/min TMGa). Figure 6a only gathers the spectra of
	spontaneous GZO NWs but the results for catalyzed GZO NWs are the same (see Supporting
	Information figure S2). In both cases, the near band edge (NBE) emission and its evolution upon
	Ga doping is quite similar.
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