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Mapping Inversion Domain Boundaries in Single GaN Wires L. Ni, 1, 2 S. Labat, 3 S. J. Leake, 2 M. Dupraz, 1, 2 J. Carnis, 4 T. W. Cornelius, 3 G. Beutier, [START_REF] Glas | Critical dimensions for the plastic relaxation of strained axial heterostructures in free-standing nanowires[END_REF][START_REF] Espinosa | A review of mechanical and electromechanical properties of piezoelectric nanowires[END_REF] M. Verdier, [START_REF] Glas | Critical dimensions for the plastic relaxation of strained axial heterostructures in free-standing nanowires[END_REF][START_REF] Espinosa | A review of mechanical and electromechanical properties of piezoelectric nanowires[END_REF] T. U. Schülli, 2 O. Thomas, 3 J. Eymery, [START_REF] Nakamura | Candela-class high-brightness ingan/algan double-heterostructure blue-light-emitting diodes[END_REF] and M.-I. Richard 1 1) Univ. Grenoble Alpes, CEA Grenoble, IRIG, MEM, NRS, 17 rue des Martyrs 38000 Grenoble, France 2) ESRF -The European Synchrotron, 71 Avenue des Martyrs, Grenoble 38000, France 3) Aix Marseille Université, CNRS, Université de Toulon, IM2NP UMR 7334, 13397 Marseille, France 4) Deutsches Elektronen-Synchrotron (DESY), D-22607 Hamburg, Germany [START_REF] Glas | Critical dimensions for the plastic relaxation of strained axial heterostructures in free-standing nanowires[END_REF] Univ. Grenoble Alpes, SIMAP, F-38000 Grenoble, France 6) CNRS, SIMAP, F-38000 Grenoble, France (Dated: 15 January 2020) Gallium nitride (GaN) is of technological importance for a wide variety of optoelectronic applications. Defects in GaN, like inversion domain boundaries (IDBs), significantly affect the electrical and optical properties of the material. We report, here, on the structural configurations of planar inversion domain boundaries inside n-doped GaN wires measured by Bragg coherent x-ray diffraction imaging. Different complex domain configurations are revealed along the wires with a 6-nm in-plane spatial resolution. We demonstrate that the IDBs change their direction of propagation along the wires, promoting Ga-terminated domains and stabilising into {1-100} or m-planes. The atomic phase shift between the Ga-and N-terminated domains has been extracted using phase retrieval algorithms, revealing a slight evolution (∼ 1 pm) of the out-of-plane displacement between inversion domains along the wire. This work provides an accurate inner view of planar defects inside small crystals.

Group-III nitrides play an important role as electronic and optoelectronic materials. Their wide bandgaps enable applications in blue-UV light emitting diodes, lasers and power devices or for photocatalysis. [START_REF] Nakamura | Candela-class high-brightness ingan/algan double-heterostructure blue-light-emitting diodes[END_REF][START_REF] Jung | Photocatalysis Using GaN Nanowires[END_REF] Among all the group-III nitride materials, GaN has a particular importance owing to its outstanding luminescence efficiency even with a high density of extended defects. [START_REF] Lester | High dislocation densities in high efficiency gan-based light-emitting diodes[END_REF] Due to the lack of suitable substrate with a similar lattice parameter, GaN typically exhibits a high defect density when grown epitaxially. Of many possible defects, inversion domain boundaries (IDBs), across which cation and anion positions are interchanged, can be used to manipulate device performance associated with properties such as spontaneous polarization and Hall mobility. [START_REF] Basu | Inversion Domain Boundaries in Wurtzite GaN[END_REF] The increasing demand to reduce the dimensions of electronic devices makes GaN wires more interesting. The small contact area between wire and substrate allows wires to relax easily and fewer dislocations will be introduced. [START_REF] Glas | Critical dimensions for the plastic relaxation of strained axial heterostructures in free-standing nanowires[END_REF] The wire morphology also improves the performance of flexible LEDs because of their mechanical flexibility [START_REF] Espinosa | A review of mechanical and electromechanical properties of piezoelectric nanowires[END_REF] and wave guiding properties. [START_REF] Chesin | Comparing directed efficiency of III-nitride nanowire light-emitting diodes[END_REF] Characterisation of GaN wires in three-dimensions (3D) and at nanometer resolution are crucial to gain an understanding of the structure and the growth mechanisms of the wires and their inner defects. Defects in GaN wires are a key issue. Their study may give new insight into the optoelectronic properties of nitride semiconductors. Instead of traditional techniques, such as transmission electron microscopy (TEM) and scanning electron microscopy (SEM), Bragg coherent x-ray diffraction imaging (BCDI) was chosen in this work, for this technique can image defects, displacement and strain fields without destroying the sample or modifying it during the image acquisition process. [START_REF] Robinson | Coherent X-ray diffraction imaging of strain at the nanoscale[END_REF][START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF][START_REF] Ulvestad | Topological defect dynamics in operando battery nanoparticles[END_REF][START_REF] Hofmann | 3d lattice distortions and defect structures in ion-implanted nano-crystals[END_REF] In this letter, we report Bragg coherent diffraction imaging of IDBs in GaN wires grown on sapphire. BCDI was used to investigate the arrangement of the IDBs inside the GaN wires and the displacement field generated by these defects as a function of growth axis. Our results provides clues of the evolution and propagation of IDBs along the wire.

The samples consist of self-catalysed GaN wires grown on c-plane sapphire substrates by metal organic vapor phase epitaxy (MOVPE) (see Ref. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] for more information). Adjusting the growth conditions for BCDI studies allow to achieve a low density (∼ 10 6 cm -2 ) of wires with a length ranging from 3 to 5 µm and an average diameter of 600 nm, as illustrated by the scanning electron microscope (SEM) image of Fig. 1. The wires have their c-axis parallel or antiparallel to the growth axis and lateral {1 100}m-plane facets. This work focuses on several different GaN wires (three in total), noted A, B and C hereafter. The silane concentration has been varied during the growth of wires B and C. This was not the case for wire A, for which a constant silane concentration was used during growth. BCDI was performed using a nano-focused x-ray beam at beamline ID01 of the European Synchrotron Facility (ESRF) in Grenoble (France) (see more details in Ref. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] ). BCDI was used to investigate the arrangement of the IDBs inside the GaN wires and the displacement field generated by these defects. The experimental setup is shown in Fig. 1. reported in Ref. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] , the 2D cross-section of the measured portion of the wire is supposed to be constant along the wires axis. 2D intensity maps are thus extracted from the 3D data sets to reconstruct a 2D image of the sample (see Figs. But they show some similarities, like six streaks demonstrating the hexagonal shape of the wires. The diffraction patterns along each wire (i.e., at different z-positions) are also different, showing that their structure evolves along the wire for all of them. The diffraction patterns are more complex at the bottom of the wires, as expected, due to the dislocation network at the interface between the GaN wire and the substrate. Each diffraction pattern was used independently to reconstruct the inner structure of the wires using phase retrieval algorithms. Phase retrieval was carried out on the diffraction data using PyNX package, [START_REF] Mandula | PyNX.Ptycho: a computing library for X-ray coherent diffraction imaging of nanostructures[END_REF] imposing at each iteration that the calculated Fourier intensity of the guessed object, Ω( r), agrees with the measured data, I meas . Signal from other wires observed in the measured data are masked. Gaps between the detector chips were masked: first set to zero and then set free during the phase retrieval procedure. Starting with random objects, 1200 iterations of Relaxed Averaged Alternating Reflections (RAAR [START_REF] Luke | Relaxed averaged alternating reflections for diffraction imaging[END_REF] ) and 300 iterations of Error-Reduction (ER [START_REF] Gerchberg | A practical algorithm for the determination of the phase from image and diffraction plane pictures[END_REF][START_REF] Fienup | Phase Retrieval Algorithms -a Comparison[END_REF] ) algorithms were applied with shrink-wrap [START_REF] Marchesini | X-ray image reconstruction from a diffraction pattern alone[END_REF] algorithm (every 20 iterations) in each phasing process. After repeating several times, a support was drawn from the best reconstructed object. With this support as a starting support, it converges faster to the expected real-space object. Afterwards, the support was fixed, and it converges fairly well with 600 iterations of Hybrid Input Output (HIO [START_REF] Fienup | Phase-retrieval stagnation problems and solutions[END_REF] ), RAAR and 300 iterations of ER. Although the support is fixed, the starting phase before each phasing process is totally random. Therefore, the generated phases are slightly different with each other. This is inevitable on account of noise caused by the detector. To select good results, the Poisson Log-Likelihood (LLK) [START_REF] Thibault | Maximum-likelihood refinement for coherent diffractive imaging[END_REF] is used as a parameter, which indicates the quality of phasing. LLK is defined as:

LLK = - 1 N ∑ i log[ (I calc i ) I meas i I meas i ! e -I calc i ], (1) 
where N is the total number of pixels in the diffracted data, I meas i and I calc i denote the measured and calculated intensity at pixel i. LLK reflects the similarity of calculated and observed intensities. Reconstructed objects with lower LLKs have more homogeneous phases and sharper boundaries between the inversion domains. The true object Ω( r) as well as its twin-image Ω * (r), also called enantiomorph, are parts of the reconstructed solutions, since they have the same intensity in reciprocal space and since the shape of the reconstructed object is centrosymmetric. However, recognition of the twinimage is crucial to obtain the correct phase shift between the inversion domains, as the phase of the twin-object is opposite to the correct phase. As demonstrated by Labat et al., [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] they can be distinguished by considering the effect of the optical path length on the phase distribution. Considering that photons will travel different distances d inside the wire with respect to its geometry, the phase of the beam is shifted negatively by -2π λ δ d (in our case, the maximum shift induced by the optical path is -0.2 rad.), [START_REF] Harder | Orientation variation of surface strain[END_REF] where δ describes the dispersive part of the complex refractive index n of the material: n = 1δ + iβ . Longer optical path length results in a lower phase. Perpendicularly to the beam direction, a negative curvature of the phase is expected in the middle of the wire. This signature allows to select the correct solutions and discard the twin-image variants.

Figures 2, 3 and4 (b, d andf) display the best reconstructed images of the wires at different z-positions. Two domains of different constant phase values (colored in pink and green) are observed. The domains are reconstructed with a pixel size of 6 (x-direction) × 8.5 (y-direction) nm 2 for wire A, a pixel size of 4.9 (x-direction) × 5.6 (y-direction) nm [START_REF] Jung | Photocatalysis Using GaN Nanowires[END_REF] for wire B and a pixel size of 5.1 (x-direction) × 4.2 (y-direction) nm 2 for wire B. They correspond to domains of different polarities, either Ga (+c) or N (-c) terminated domains, separated by inversion domain boundaries as reported in Ref. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] Figure 5(a) displays the raw and corrected values of the phase distribution along the y-axis of the reconstructed top cross-section of wire B (see Fig. 3(b)). To get a correct phaseshift from the retrieved phases, phase impacted by the optical path is corrected and the phase-ramp is removed. Removal of the phase-ramp is achieved by performing linear-regression on the two domains one by one and by calculating the weighted mean slope. Histograms of the raw and corrected phase distributions are displayed in Fig. 5(b). Two main peaks are observed, corresponding to the two different domains (either +c or -c) of the GaN wire. It is important to note that the histogram of the corrected phase shows sharper peaks. To calculate the phase shift between the two domains, the histograms of the corrected phase distribution have been fitted with two independent Gaussian curves: where A 1,2 , µ 1,2 and σ 1,2 are the amplitude, central position of the peak and the standard deviation, respectively. The phase shift (µ 2µ 1 ) between the inversion domains at different po-sitions along the wires is estimated from about 1200 different reconstructions (i.e., 1200 different initial random phases), all of them showing a low value of their log-likelihood (LLK) metric. [START_REF] Thibault | Maximum-likelihood refinement for coherent diffractive imaging[END_REF] This allows to determine the average phase shift and its standard deviation (see Fig. 5(c)). The retrieved phase shift inversion domains is slightly different depending on the z-position along the wires. As an example, as reported in Fig. 5(c), the phase shift equals to -2.78±0.04 rad., -2.79±0.04 rad. and -2.84±0.05 rad at the bottom, center and top parts of the wire B. A slight absolute increase of the phase-shift is thus observed from the bottom to the top for all the wires.

f = A 1 √ 2πσ 1 e -1 2 ( x-µ 1 σ 1 ) 2 + A 2 √ 2πσ 2 e -1 2 ( x-µ 2 σ 2 ) 2 , (2) (b) (a) (c) 
The reconstructions (Figs. 2, 3 and 4) clearly provide evidence of two types of domains of different phases. The phase values are rather constant inside the domains. The homogeneity of the phase inside the domains denotes the absence of significant strain variation. The phase difference between the domains partially originates in the phase difference of the structure factor between Ga and N-terminated GaN domains. Supposing that the Ga atoms are positioned in (0,0,0) and ( 13 , 2 3 , 1 2 ) and N atoms in (0,0,u c ) and ( 13 , 2 3 , 1 2 +u c ) in the unit cell for a Ga (+c)-terminated domain and vice versa for a N (-c)-terminated domain, the structure factors of the +c and -c domains follow, for a given hk.l reflection:

F+c (hkl) = fN (hkl) • {exp[Klu c ] + exp[K( h 3 + 2k 3 + l + 2u c 2 )]} + fGa (hkl) • {1 + exp[K( h 3 + 2k 3 + l 2 )]}, (3) 
F-c (hkl) = fGa (hkl) • {exp[Klu c ] + exp[K( h 3 + 2k 3 + l + 2u c 2 )]} + fN (hkl) • {1 + exp[K( h 3 + 2k 3 + l 2 )]}, (4) 
where K = -2iπ and where fN (hkl) and fGa (hkl) are the (complex) atomic scattering factors for N and Ga atoms, respectively. u c ( = 0.377 [START_REF] Schulz | Crystal structure refinement of AlN and GaN[END_REF] ) is the distance between two basal planes with atoms of different types in the wurtzite GaN unit cell. The diffracted amplitude of the wire with two domains (+c and -c) can be written as:

Ã(hkl) ∝Ω +c • F+c (hkl) • FT [exp(-i Q 0 • u +c )] +Ω -c • F-c (hkl) • FT [exp(-i Q 0 • u -c )] ∝FT [Ω +c • F+c (hkl) • exp(-i Q 0 • u +c ) +Ω -c • F-c (hkl) • exp(-i Q 0 • u -c )], (5) 
where Ω +c (Ω -c ) = 1 inside the +c (-c) domain and 0 outside, Q 0 is the reference scattering vector in reciprocal space (corresponding to the measured hkl reflection) and u +c . u -c are the atomic displacements of each domain. FT stands for Fourier transform. The retrieved complex-valued object then verifies:

Ω( r) =Ω +c • F+c (hkl) • exp(-i Q 0 • u +c ) +Ω -c • F-c (hkl) • exp(-i Q 0 • u -c ). (6) 
The difference of phase between the two domains, ∆Φ, originates from the difference of phase of the structure factor between Ga (+c) and N (-c) terminated domains and from homogeneous displacement of the domains between each other:

∆Φ -c→+c = Φ F-c -Φ F+c + Q 0 • ( u +c -u -c ). (7) 
Supposing that there is no homogeneous displacement between the +c and -c oriented domains, ∆Φ -c→+c = 3.08 rad. (or -3.2 rad.) for the 004 GaN reflection, the analytical atomic scattering factors of Ga and N being taken from the work of Waasmaier and Kirfel. [START_REF] Waasmaier | New analytical scattering-factor functions for free atoms and ions[END_REF] The phase-shift observed for wire B varies from -2.78±0.04 rad. (bottom) to -2.84±0.05 rad (top). One has to introduce a rigid displacement of the atomic lattice between the two domains ( u +cu -c ) in the z direction to match the experimental values. It varies from (c/2+8.8)±0.5 pm (bottom) to (c/2+7.5)±0.5 pm (top) for wire B. Wire C shows the largest variation: from (c/2+6)±1 pm (bottom) to (c/2+11.5)±1.0 pm (top). All these values are in good agreement with the additional shift of c/2+8 pm observed in Ref. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] From the obtained values, we can assert that for both wires, the domains in pink in Figs. 2 and3 are -c (N-terminated) and the ones in green are +c (Ga-terminated).

The double polarity observed inside the GaN wires may originate at the interface between GaN and the sapphire substrate. The nucleation of the two polarities is expected to be initiated during the first stages of growth, during the steps of surface preparation and/or nucleation. When a polar layer is deposited on a non-polar substrate such as sapphire, it is the structure of the interface as well as the surface energies that will determine the polarity of the layer. In previous studies, surface nitriding conditions of the sapphire substrate and the growth conditions of the GaN buffer layer were identified as the parameters that can determine (and reverse) the polarity of the final layer. [START_REF] Stolyarchuk | Impact of sapphire nitridation on formation of Al-polar inversion domains in N-polar AlN epitaxial layers[END_REF] As well, as demonstrated by Romano et al., [START_REF] Romano | Inversion domains in GaN grown on sapphire[END_REF] the formation of double polarity during the nucleation step of the GaN layer may result from the presence of inhomogeneities (atomic steps) at the GaN/sapphire surface.

The configuration of these two polar domains evolves along the GaN wires. This indicates that the IDBs change their direction of propagation, resulting in a variation in dimensions of the Ga-and N-terminated domains. As observed in Figs. 2 and3, the size of the two domains varies along the growth axis of the wire. The expansion of the +c or Ga polar domain for both wires is in agreement with the usual tendency of this type of wire growth. It can be explained by the different speed of vertical and lateral growths of Ga polar domains compared to N polar domains. [START_REF] Romano | Inversion domains in GaN grown on sapphire[END_REF][START_REF] Wu | Morphological and Structural Transitions in GaN Films Grown on Sapphire by Metal-Organic Chemical Vapor Deposition[END_REF] It is worth noting that the IDBs at the top of the wire are all parallel to {1-100} or m-planes (see Fig. 3(b)). This is not the case at the bottom of the nanowire (see Fig. 3(f)). It is known that at the nanowire/substrate interface, dislocations occur due to the different lattice mismatch between the wire and substrate. The dislocation network may lead to a more complex IDB configuration. The IDBs adopt different configurations before stabilising into m-planes. The IDBs, separating the domains, correspond to {1-100} or m-planes as already observed in literature. [START_REF] Wu | Morphological and Structural Transitions in GaN Films Grown on Sapphire by Metal-Organic Chemical Vapor Deposition[END_REF][START_REF] Head | Near Ambient Pressure X-ray Photoelectron Spectroscopy Study of the Atomic Layer Deposition of TiO2 on RuO2(110)[END_REF][START_REF] Keller | Influence of the substrate misorientation on the properties of N-polar In-GaN/GaN and AlGaN/GaN heterostructures[END_REF] Note that there is a discrepancy between the experimental and theoretical values of the phase shift expected between inversion domains. Experimentally, we observe an additional shift of 8±1 pm for the displacement along the c-axis. Simulations performed by Northrup et al. [START_REF] Northrup | Inversion Domain and Stacking Mismatch Boundaries in GaN[END_REF] and Labat et al. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] did not reproduce this additional shift. One possible explanation given by Labat et al. [START_REF] Labat | Inversion Domain Boundaries in GaN Wires Revealed by Coherent Bragg Imaging[END_REF] was the segregation of silicon atoms in the IDBs, as it is known that the presence of the silicon at an IDB modifies the bond length at the interface. [START_REF] Gibart | Metal organic vapour phase epitaxy of GaN and lateral overgrowth[END_REF] We have measured wires, for which the silane concentration has been varied (wires B and C) or not (wire A) during the growth. This has not impact on the displacement along the c-axis, implying that silicon has no noticeable effect on the displacement field generated by IDBs. Recently, Lançon et al. [START_REF] Lançon | Towards simulation at picometerscale resolution: Revisiting inversion domain boundaries in GaN[END_REF] have recovered the experimental small additional shifts of the polarity domains, in particular 8 pm shift along the hexagonal direction, by ab initio DFT calculations taking into account boundary conditions and electrostatic fields.

As a possible scenario, during the first seconds of nucleation, grains of different polarities are nucleated on the surface of the sapphire substrate. Over there the coalescence of grains leads to the appearance of a grain boundary and therefore the nucleation of an IDB between two domains of different polarities. The orientation of the IDB corresponds to the orientation of the coalescence boundary, which implies that it will not necessarily be in the (10 10) plane. The IDB may adopt different orientations. However, our observations show that the IDBs stabilise in the {10 10} planes. It is very likely that the fast vertical growth promotes the expansion of IDBs in the {10 10} planes. To explain the observed change of domain size, zigzag IDBs may form during growth. [START_REF] Goldstein | Zigzag Inversion Domain Boundaries in Indium Zinc Oxide-Based Nanowires: Structure and Formation[END_REF] Initially, the two polar domains are separated by IDBs. As Ga polar domains have a larger lateral growth, they will grow on the N polar domains. This leads to a change of configuration of the IDBs and probably the appearance of a zig-zag segment of IDB in the (0001) plane. This structural configuration is observed for all the measured wires.

In conclusion, we have studied the inversion domain boundary distribution in cross-sections of nanowires along their growth axis. This nm-resolved structural analysis provide understanding on their evolution along the nanowire. The IDBs were found to move along the growth axis, promoting Gaterminated domains and stabilising into {1-100} or m-planes over N-terminated domains. The distance between domains was found to vary from c/2+6 to c/2+11.5pm from top to bottom at maximum. The resolution on the displacement along the c-axis is a great advantage of Bragg coherent diffraction imaging compare with traditional microscopes. The technique offers a very precise inner view of the microstructure of small crystals in the presence of interacting defects. It can be also applied in a straightforward manner to materials under complex environment or operando as found in microelectronics and optoelectronics devices.
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FIG. 1 .

 1 FIG. 1. Schematic overview of the experimental setup. The x-ray beam is focused using a Fresnel zone-plate. A microscope is positioned above the sample. The inset displays a scanning electron microscope (SEM) image of the GaN wires.

FIG. 2 .

 2 FIG. 2. Coherent x-ray diffraction measurements of the 004 GaN Bragg peak (left) and their associated real space reconstruction of the phase (right) at the top (a-b), center (c-d) and bottom (e-f) of wire A. respectively

  2, 3 and 4 -right side (b, d and f)). The images correspond to the projection of the measured 3D portion along the c-axis of the wire onto 2D. Figures 2, 3 and 4 (a, c and e) display coherent x-ray diffraction measurements as a function of the in-plane coordinates of the scattering vector Q (Q x and Q y ) at z-positions along the wires. Interestingly, the measurements (i.e. the diffraction patterns) are different from one wire to another.

FIG. 4 .

 4 FIG. 4. Coherent x-ray diffraction measurements of the 004 GaN Bragg peak (left) and their associated real space reconstruction of the phase (right) at the top (a-b), center (c-d) and bottom (e-f) of wire C respectively.

FIG. 5 .

 5 FIG. 5. (a) Raw and corrected values of the phase distribution along the y-axis of the reconstructed top cross-section of wire B. (b) Histograms of the phase of the raw and corrected (after optical path and phase ramp corrections) of the reconstructed top cross-section of wire B. Gaussian fit of the corrected phase histogram. (c) Evolution of the phase shift between inversion domains at the bottom, middle and top of the different wires.
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