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GaAs (111) epilayers grown by MBE on Ge (111): twin reduction and polarity
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We perform the growth of GaAs (111) epilayers on nominal Ge(111) wafers by molecular beam epitaxy (MBE). The polarity of GaAs is (111)A and homongeneous over the full area, as measured by transmission electron microscopy and high energy electron diffraction. This orientation conflicts with the common growth model for GaAs on Ge(111). Twinned domains are the main defects in our GaAs (111) epilayers. Using cathodoluminescence, we observe that some twin boundaries hold large number of non-radiative recombination centers. During growth, we find that only a narrow domain of As:Ga ratios lead to the growth of smooth and twin-free GaAs (111)A epilayers. At low As:Ga ratio, the surface is rough; while at high As:Ga ratio the epilayers present large densities of twinned domains.

The heteroepitaxy of III-V materials on group IV substrates presents many challenges. First, most of the III-V and group IV materials are cubic crystals of different lattice parameters, which leads to the formation of dense arrays of dislocations at the III-V / IV-IV interface [START_REF] Gerthsen | Mis-434 fit dislocations in gaas heteroepitaxy on (001) Si[END_REF].

Second, the large thermal mismatch between the III-V epilayer and its substrate can lead to cracks after the growth, during the cool down to room temperature [2].

Currently, the direct growth of good quality III-V planar material on silicon is only possible using cunning selective area growth schemes such as InP [3] or InAs [START_REF] Holland | Atomically flat and uni-451 form relaxed III-V epitaxial films on silicon substrate for hetero-452 geneous and hybrid integration[END_REF] on Si (100).

Uniquely, Ge substrates provide a near lattice (-0.9%, a GaAs =5.653Å, a Ge = 5.658Å) and thermal (-2.9%, K GaAs =5.73 10 -6 K -1 , K Ge =5.90 10 -6 K -1 ) match to GaAs, so that GaAs/Ge epilayers are relatively immune to the dislocation-and crack-related problems above. However, even in this favorable configuration, the lower symmetry of the GaAs crystal permits the growth of III-V seeds of different epitaxial relationship with the substrate. If the initial GaAs nucleation is uncontrolled, the final epilayer may consist in individual domains, separated by defective interfaces [START_REF] Lucci | Universal description of III-V/Si epitaxial growth pro-459 cesses[END_REF]. To avoid * Email address: fabrice.oehler@c2n.upsaclay.fr (F. Oehler) this problem, two conditions need to be fulfilled. First, ing to produce double-step surfaces [START_REF] Pukite | Suppression of antiphase domains in the 462 growth of GaAs on Ge(100) by molecular beam epitaxy[END_REF], which may be 33 combined with dedicated nucleation schemes to initiate 34 the growth [START_REF] Sieg | Anti-phase domain-free growth of GaAs on offcut (001) 467 Ge wafers by molecular beam epitaxy with suppressed Ge outd-468 iffusion[END_REF]. In Fig. 6, we investigate the polarity of the GaAs the MBE growth GaAs/Ge(111) using a GaSb buffer to 305 minimize the twin density, in line with other attempts 306 using Sb on GaAs/Si(111) [START_REF] Morohara | Sb irradia-531 tion effect on growth of GaAs thin film on Si (111) substrate[END_REF] and Sb pretreatment in 307 GaSb/Si(111) [START_REF] Toyota | Study 535 of Sb template for heteroepitaxial growth of GaSb thin film on 536 Si(111) substrate[END_REF].

308

The assessment of the epilayer 'quality' with re-309 spect to twin defects is not an easy task. XRD results, From figures 2 and 3, we infer that there is an op-329 timum value of the As:Ga ratio, which is rather unex-330 pected. At low As:Ga ratio (31:1) the surface is rough 331 with some trace of first order twinning (R 1 ), while it is 332 much smoother and slightly less twinned at intermedi-333 ate As:Ga ratio (62:1). The later is coherent with ex-334 isting studies on the homoepitaxy of GaAs(111)A by 335 MBE [START_REF] Esposito | San-539 guinetti, Ehrlich-schwbel effect on the growth dynamics of 540 GaAs(111)A surfaces[END_REF][START_REF] Sato | The growth of high 543 quality GaAs on GaAs (111)A[END_REF][START_REF] Ritzmann | Overcoming ehrlich-schwbel barrier in (111)A GaAs 548 molecular beam epitaxy[END_REF]. Careful observation of the Figure 1 336 in ref. [START_REF] Ritzmann | Overcoming ehrlich-schwbel barrier in (111)A GaAs 548 molecular beam epitaxy[END_REF] shows that small twinned domains form at 337 600 • and low As:Ga ratio, while no twins are observed 338 for higher As:Ga ratios, which is similar to our results.

339

After the initial improvement with increasing V:III 340 ratio (31:1 →62:1), we observe a stark degradation of 341 the surface morphology, Fig. 2, and layer microstruc-342 ture, Fig. 3, at higher As:Ga BEP ratio (94:1). Such 343 optimal As:Ga ratio is not found in homoepitaxial 344 studies [START_REF] Esposito | San-539 guinetti, Ehrlich-schwbel effect on the growth dynamics of 540 GaAs(111)A surfaces[END_REF][START_REF] Sato | The growth of high 543 quality GaAs on GaAs (111)A[END_REF][START_REF] Ritzmann | Overcoming ehrlich-schwbel barrier in (111)A GaAs 548 molecular beam epitaxy[END_REF], which only report a monotonic 
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 24 initial covalent bounds between the GaAs crystal 25 and the Ge substrate need to be uniquely determined: 26 either Ge-Ga or Ge-As. Then, the surface of the sub-27 strate needs to present only atomic steps or step bunches 28 which only shift the III-V lattice by one full monolayer 29 or multiple thereof. In the case of GaAs on Ge(100) 30 grown by Molecular Beam Epitaxy (MBE), this often 31 requires the use of offcut Ge wafers and specific anneal-32
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 12 Figure 1: RHEED characterization before and GaAs growth (∼9 nm thick) using 62:1 BEP ratio. (a) Ge(111) 1 × 1 before growth. (b) GaAs 2 × 2 at 550 • C. (c) GaAs 2 × 2 at 635 • C.
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 44 Fig.1(c). We observe that GaAs (111) RHEED pattern 109

Figure 5 :

 5 Figure 5: (a) SEM-EBSD characterization of a small rough area showing the emergence of two small twinned domains (orange) in the main layer (purple). The orientation of the crystal is indicated by a color relative to its Euler angles with the EBSD detector. The projected cubic unit cell is shown as a pink polygon. Crystal orientations are labeled with matching colors. (b) Large scale SEM-ESBD characterization. Rough and twin area are indicated by red circles. The EBSD color scale is the same as in (a). (c) Room temperature SEM-CL (6 kV) of a small twinned area. The CL color scale is proportional to the integrated GaAs peak intensity. The dotted red line indicates the estimated position of the defective twin boundary.

Figure 6 :

 6 Figure 6: Schematic of (a) GaAs(111)A, and (b) GaAs(111)B atomic structure. (c) Atomically resolved STEM-EDX of the GaAs layer grown at intermediate As:Ga ratio (62:1), viewed along the [110] zone axis. Insert shows the corresponding STEM-HAADF image.
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  smooth epilayer grown at intermediate BEP ratio (62:1), 249 previously analyzed in Fig. 3 & 4. Fig. 6 (a) and 250 (b) show the crystal structure of GaAs(111)B and 251 GaAs(111)A respectively. For GaAs(111)B, Fig. 6(a), 252 the As atom terminates the As-Ga dumbbell (dotted cir-253 cle) while it is opposite for GaAs(111)A, Fig. 6(b). The 254 direct comparison with the atomically resolved STEM-255 EDX map, Fig. 6(c), demonstrates that the GaAs epi-256 see Fig. 4, do not change the layer polarity.
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 1 Antiphase and twin boundaries
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Fig. 3 ,Fig. 5 ,

 35 Fig. 3, only indicate the volume fraction of the twinned 311
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 157710 Fig. 5, shown that the epilayer is homogeneous on a 369
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 4 Conclusion 409We demonstrate the first twin-free and defect-free 410 growth of GaAs(111)A epilayers on nominal Ge(111) 411 wafers by MBE. While the observed GaAs(111)A po-412 larity is unexpected, it is nonetheless homogeneous and 413 robust. Compared to the complex growth procedures 414 used in the case of GaAs/Ge(100), the growth of defect-415 free GaAs on Ge(111) can be carried in a single step at 416 610 • C. No antiphase domains form on the Ge(111) sur-417 face but twinned domains appear if the As:Ga ratio is 418 not adapted. Some twin boundaries hold large number 419 of non-radiative recombination centers and it is critical 420 to limit their density. The later can be minimized by the 421 careful tuning of the As:Ga flux ratio during growth, 422 without the use of any additional chemical element or 423 buffer layer. 424 Acknowledgement 425 The authors thank the Institut Photovoltaique d'Ile 426 de France (IPVF) for financial support under frame-427 work project E.3. The authors also acknowledge ANR 428 Investissement d'Avenir program (TEMPOS Project 429 ANR-10-EQPX-50) for having funded the acquisition 430 of the NANOTEM platform and the TEM-STEM (FEI 431 Titan Themis) used in this work. nal of Applied Physics 114 (3) (2013) 033708 (Jul. 2013).

tions in this temperature range[START_REF] Woolf | The homoepitax-559 ial growth of GaAs(111)A and (111)B by molecular beam epi-560 taxy: an investigation of the temperature-dependent surface re-561 constructions and bulk electrical conductivity transitions[END_REF]. The detailed TEM

on Si and SiGe virtual substrates, Journal of Applied Physics The Figure S1 shows the chemical analysis of the GaAs/Ge interface using STEM-HAADF and EDX. The exact position of the initial GaAs/Ge(111) growth interface is lost due to the strong inter-diffusion of Ge, Ga and As, which extends over ∼2 nm (5-6 ML) in our growth conditions. Yet, the approximative location of the initial GaAs/Ge interface is contained between the two white dashed lines. From Fig. S1(e), we see that the oxygen content is homogeneous over the whole cross section, without any visible variation around the estimated position of the initial interface.

Similarly, the HAADF image show no variation of contrast near or across the approximative position of Ge/GaAs interface.