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Microstructure of GaAs thin films grown on glass using Ge seed layers fabricated by Aluminium Induced Crystallization
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We perform the growth of GaAs epilayers by molecular beam epitaxy (MBE) on Ge pseudo-substrates obtained by the Aluminium Induced Crystallisation (AIC) of thin amorphous Ge layers deposited on silica. Despite the apparent uniformity of the AIC-Ge layer, large domains (more than 50 µm wide) previously thought to be monocrystalline are found to actually consist in smaller grains (500 to 1000 nm wide), separated by low angle grain boundaries. These defects are transferred during epitaxy to the GaAs layer and degrade the quality of the III-V material. In our growth conditions, the MBE results in the selective deposition of thin GaAs layers on Ge with respect to the silica support, but selectivity is progressively lost with increasing layer thickness.

The low cost of the ALILE technique has primarily prompted solar applications [5,[START_REF] Gordon | Thin-film polycrystalline silicon 447 solar cells on ceramic substrates by aluminium-induced crys-448 tallization[END_REF][START_REF] Gestel | Aluminum-induced 451 crystallization for thin-film polycrystalline silicon so-452 lar cells: Achievements and perspective[END_REF][START_REF] Shekoofa | P-silicon thin film 457 fabricated by magnetron sputtering and aluminium induced 458 crystallization for schottky silicon solar cells[END_REF], although there have been other outcomes such as transistors [START_REF] Chen | High-462 performance polycrystalline silicon thin-film transistors based 463 on metal-induced crystallization in an oxidizing atmosphere[END_REF][START_REF] Moto | Polycrystalline thin-film transistors fabricated on high-468 mobility solid-phase-crystallized Ge on glass[END_REF].

Interestingly, the control of the diffusion of Ge in the metal can lead to the crystallization of oriented grains with normals mainly along the [111] or [100] directions, depending on the nature of diffusion barrier and substrate [START_REF] Okada | Dependence of crystal orientation in Al-induced 472 crystallized poly-Si layers on SiO2 insertion layer thick-473 ness[END_REF][START_REF] Numata | Orientation control of large-grained Si films on 477 insulators by thickness-modulated Al-induced crystallization[END_REF][START_REF] Nakazawa | Large-grained polycrystalline (111) Ge films on in-482 sulators by thickness-controlled Al-induced crystallization[END_REF][START_REF] Toko | Selective formation of large-grained, (100)-or 487 (111)-oriented Si on glass by Al-induced layer exchange[END_REF][START_REF] Toko | Improved surface quality of the metal-induced crystal-492 lized Ge seed layer and its influence on subsequent epitaxy[END_REF][START_REF] Park | 496 Nucleation-controlled gold-induced-crystallization for selective 497 formation of Ge(100) and (111) on insulator at low-temperature 498 (250C)[END_REF][START_REF] Oya | Effects 501 of flexible substrate thickness on Al-induced crystallization of 502 amorphous Ge thin films[END_REF]. The fabrication of flat oriented crystals with large grains * Email address: fabrice.oehler@c2n.upsaclay.fr (F. Oehler) (wider than 50µm) is interesting and can compete 21 with other approaches such as localized liquid phase 22 crystallization [START_REF] Hu | Single-505 crystal germanium layers grown on silicon by nanowire seed-506 ing[END_REF] or laser annealing [START_REF] Kühnapfel | Towards 509 monocrystalline silicon thin films grown on glass by liquid 510 phase crystallization[END_REF][START_REF] Toko | Formation of single-513 crystalline Ge stripes on quartz substrates by SiGe mixing-514 triggered liquid-phase epitaxy[END_REF]. [START_REF] Toko | Vertically aligned Ge nanowires on flexible plastic films syn-530 thesized by (111)-oriented Ge seeded vapor-liquid-solid growth[END_REF] Yet, the use of MIC layers as oriented crystalline 24 pseudo-substrates for subsequent epitaxy has been [START_REF] Mauk | Low-cost III-V compound semiconductor so-538 lar cells[END_REF] rather limited. Thin MIC-Si or MIC-Ge layers on silica 26 have been used as substrates for the growth of GaAs [21, 27 22] or Ge [START_REF] Toko | Vertically aligned Ge nanowires on flexible plastic films syn-530 thesized by (111)-oriented Ge seeded vapor-liquid-solid growth[END_REF] nanowires, but nanostructures with small 28 footprints are not very demanding in terms of substrate 29 crystallinity [START_REF] Dhaka | High quality GaAs 535 nanowires grown on glass substrates[END_REF]. In an attempt to reduce defect density (Fig. 2.d). Fortunately, the EBSD data (Fig. 3 and4) show that the main orientation of our MIC-Ge layers is (111), similarly to most layers fabricated by ALILE on silica [START_REF] Nakazawa | Large-grained polycrystalline (111) Ge films on in-482 sulators by thickness-controlled Al-induced crystallization[END_REF][START_REF] Numata | Growth promotion of Al-induced crystallized Ge films on insulators by insertion of a Ge membrane below the Al layer[END_REF][START_REF] Toko | Improved surface quality of the metal-induced crystal-492 lized Ge seed layer and its influence on subsequent epitaxy[END_REF]. On commercial 'epiready' Ge(111)

wafers, the polarity of GaAs epilayers grown by MBE is uniquely determined and insensitive to the surface roughness, so that no antiphase domain form during the growth [START_REF] Koh | GaAs/Ge/GaAs sublattice reversal epitaxy and its application to nonlinear optical devices[END_REF][START_REF] Pelati | GaAs (111) epilayers grown by MBE on Ge (111): Twin reduction and polarity[END_REF]. Our TEM analysis (Fig. 5) did not reveal any APB in our GaAs layers, despite the lower surface quality of our MIC-Ge pseudo-substrates compared to commercial Ge(111) wafers. The growth of GaAs on (111)-oriented MIC-Ge templates remains ABP-free and it is thus a promising combination for the fabrication of low-cost III-V devices on silica.

Selective growth of GaAs on MIC-Ge(111)/SiO 2

The use of a silica support for the MIC-Ge layers is particularly relevant since SiO 2 masks are already used in the selective area growth of Ge [START_REF] Li | Probing interactions of Ge with chemical and thermal SiO2 to understand selective growth of Ge on Si during molecular beam epitaxy[END_REF] or GaAs [START_REF] Plissard | High yield of selfcatalyzed GaAs nanowire arrays grown on silicon via gallium droplet positioning[END_REF][START_REF] Munshi | Positioncontrolled uniform GaAs nanowires on silicon using nanoimprint lithography[END_REF] by MBE. Despite the relatively high substrate temperature (∼630 • C), we only observe a partial selectivity for the GaAs growth between the MIC-Ge islands and the SiO 2 support, which is progressively lost as the deposition duration increases from 4.5 to 40 min (Fig. 2). It is possible that the exposed silica still host some residual Al or Ge contaminations from the deposition of the initial MIC structure, despite the thorough chemical cleaning of the MIC-Ge layers (see methods). A solution to this partial selectivity issue is to fabricate MIC-Ge layers with a high surface coverage [START_REF] Nakazawa | Large-grained polycrystalline (111) Ge films on in-482 sulators by thickness-controlled Al-induced crystallization[END_REF][START_REF] Toko | Improved surface quality of the metal-induced crystal-492 lized Ge seed layer and its influence on subsequent epitaxy[END_REF] so that no SiO 2 is exposed to GaAs during the MBE growth [START_REF] Nishida | High photoresponsivity in a GaAs film synthesized on glass using a pseudo-single-crystal Ge seed layer[END_REF]. 
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From previous work [START_REF] Pelati | GaAs (111) epilayers grown by MBE on Ge (111): Twin reduction and polarity[END_REF] and literature [START_REF] Kajikawa | Suppression of twin generation in the growth 618 of GaAs on Ge (111) substrates[END_REF] 

  Metal induced crystallization (MIC) is a promising technique for the fabrication of crystalline Si or Ge layers on low cost supports. Depending on the nature of the metal, the crystallization of amorphous Ge can occur at very low temperatures, down to 177 • C for Au or 211 • C for Al, below the respective eutectic temperature of the binary mixtures (Ge-Al 420 • C, Ge-Au 361 • C)[1, 2, 3]. The aluminium-induced crystallization (AIC) of Ge has attracted much interest due to the peculiar layer inversion process (ALILE) during the crystallization[4].
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 301 Figure 1: Simplified processing scheme of the samples. (a) Fabrication by MIC (ALILE) of the crystalline (c-Ge) pseudo-substrates starting from 20 nm thick amorphous Ge (a-Ge) and aluminium layers deposited on silica. (b) Growth of GaAs on the Ge pseudo-substrates by molecular beam epitaxy (MBE).
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 223 Figure 2 presents the surface morphology before and

Figure 3 Fig. 3 .

 33 Figure 3 presents SEM and EBSD characterizations

Figure 4 :

 4 Figure 4: SEM and EBSD characterizations of an area with uniform in plane orientation. The yellow dashed line marks the position of the FIB cut used to extract the TEM foil. (a) Top view SEM image showing the zone selected for EBSD analysis (white rectangle). (b) Inverse pole figure (IPF) color scheme used in the EBSD maps.(c) EBSD map of the in plane crystal orientation. (d) Out of plane EBSD map showing grain boundaries (0-10 • ) in green. (e) Out of plane crystal orientation, twin boundaries are marked in white.
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 3 Figure 3.b presents the morphology after the growth
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 5 Figure 5: Dark field cross-sectional g 002 TEM image of the GaAs / MIC-Ge pseudo-substrate near the [110] zone axis. (a) Large scale view showing the zones selected for further analysis. The lateral size of the sub-grains is indicated above the image. (b) Details of a smooth area showing the thickness of each layer on the SiO 2 support. (c) Details of a pyramidal hillock. A defect from the MIC-Ge pseudo-substrate (orange arrow) extends to the GaAs layer (green arrows).
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 666 Figure 6: HR-TEM images of the zones analyzed in Fig. 5. (a) Atomically resolved image of the smooth area (see Fig. 5.b). (b) Image of the defective zone with two sub-grains (see Fig. 5.c). The left and right squares mark the zones used to perform FFT. (c) FFT patterns of the left and right sub-grain. Both GaAs crystals are cubic with a relative angular misalignment of ∆ϕ=2.4 • .

  reports on nanowire growth[START_REF] Cohin | Growth of vertical GaAs 518 nanowires on an amorphous substrate via a fiber-textured 519 Si platform[END_REF][START_REF] Ren | Growth op-523 timization for self-catalyzed GaAs-based nanowires on metal-524 induced crystallized amorphous substrate[END_REF][START_REF] Toko | Vertically aligned Ge nanowires on flexible plastic films syn-530 thesized by (111)-oriented Ge seeded vapor-liquid-solid growth[END_REF], 215 we could only find an two attempts at planar layer 216 epitaxy on MIC substrates: homoepitaxy of Ge on 217 MIC-Ge(111)[15] and hetero-epitaxy of GaAs on MIC-218 Ge(111)[28]. Contrary to Toko et al.[28], who report 219 good photoresponse from GaAs layers grown on MIC-220 Ge, the disrupted morphology of our thick GaAs layers 221 (Fig. 2) indicates that defects degrades the III-V mate-222 rial quality, at length scales much smaller to the appar-223 ent domain size (over 20µm) determined by large scale 224 EBSD (Fig. 3).

2254. 1 .

 1 Absence of antiphase boundariesCompared to commercial 'epiready' monocrystalline Ge wafers, the surface of our MIC-Ge pseudo-substrates is very rough: nanometer sized variations of the MIC-Ge thickness can be seen directly by cross-sectional TEM in Fig.5, even in the defect-free area. Due to the small thickness of the MIC-Ge layer (20 nm) further chemical or mechanical polishing is proscribed. It is thus critical that the GaAs epitaxy is not sensitive to the Ge surface roughness. Yet, even the standard epitaxy case of polar GaAs on non-polar Ge is known to require a carefully reconstructed double-step Ge(100) surface and a specific wafer miscut[START_REF] Pukite | Suppression of antiphase domains in the growth of GaAs on Ge(100) by molecular beam epitaxy[END_REF][START_REF] Sieg | Anti-phase domain-free growth of GaAs on offcut (001) Ge wafers by molecular beam epitaxy with suppressed Ge outdiffusion[END_REF]. The direct GaAs epitaxy on (100)-oriented MIC-Ge layers is thus likely to hold high densities of antiphase boundaries (APB).The identification of APB from EBSD maps is a difficult task, as the standard IPF color scheme (Fig. 4.b) is insensitive to 180 • rotations, so that it cannot discriminate grains with opposite orientations. Note that this applies to both out of plane (Fig. 4.d) and in plane (Fig. 4.c) EBSD maps.
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 3 Epitaxial relationship GaAs/MIC-Ge(111) 277 By focusing on the thin GaAs layer (∼40 nm) for 278 which the growth is still fully selective (Fig. 2), we 279 can learn more about the epitaxial relationship between 280 the GaAs layer and the MIC-Ge pseudo-substrate. The 281 transfer of the large scale (111) crystal texture from 282 the MIC-Ge template to the GaAs epilayer (Fig. 3) is 283 a good indication of the epitaxy relationship. This hy-284 pothesis is confirmed by cross-sectional HR-TEM im-285 ages (Fig. 6), where we observe the continuation of the 286 crystal lattice from the cubic MIC-Ge grain to the GaAs 287 cubic crystal. The growth of GaAs (111) on the MIC-288 Ge(111) thus proceeds as on standard monocrystalline 289 Ge substrates[37, 41, 34] and preserve in GaAs the same 290 in plane and out of plane orientations as the Ge sub-291 strate. The absence of visible defect by TEM at the 292 GaAs/Ge(111) interface (Fig. 5) demonstrates that our 293 substrate fabrication and cleaning procedures enable the 294 defect-free epitaxy of GaAs(111) on MIC-Ge(111).
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 4 Twinning in GaAs(111) epilayers 296 As the GaAs growth proceeds in epitaxy with the 297 MIC-Ge substrate, it seems likely that the crystal ori-298 entation of MIC-Ge grains is exactly that of GaAs epi-299 layer. Yet it is possible that extended defects in the 300 GaAs layer alter this initial epitaxy relationship. 301 The color scheme of the EBSD maps stems from a 302 standard IPF (Fig. 4.b). As stated before, this color cod-303 ing does not differentiate between 180 • rotations, so that 304 it is not only insensitive to antiphase domains but also 305 to twin defects. However twin boundaries can be re-306 vealed by showing the local 60 • in plane misorienta-307 tions in (111)-oriented domains (Fig. 4.e).
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 5 Fig. 5) matches the length scale of the small tonal changes in the EBSD maps (Fig. 4.c) and the sub-grain width of Fig. 4.d. The inner structure of a LAGB consisting in a dense 1D array of dislocations[42], the high density of LAGBs also explains the poor optical quality of our GaAs epilayers (not shown).The Fig.5.a and Fig.6.b clearly show that the LAGB originates from the MIC-Ge layer. This implies that the epitaxial growth merely extends the defective microstructure of the MIC-Ge pseudo-substrate to the GaAs layer. Compared to other attempt at planar epitaxy using MIC-Ge pseudo-substrates[START_REF] Toko | Improved surface quality of the metal-induced crystal-492 lized Ge seed layer and its influence on subsequent epitaxy[END_REF][START_REF] Nishida | High photoresponsivity in a GaAs film synthesized on glass using a pseudo-single-crystal Ge seed layer[END_REF], we ob-
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