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Early-stage growth of GeTe on Si(111)-Sb

The advent of germanium telluride as a promising ferroelectric Rashba semiconductor for spintronic applications requires the growth of nanometer-thick lms of high crystalline quality. In this study, we have elucidated the initial growth stages of GeTe on Si(111)-Sb by scanning tunneling microscopy and low energy electron diraction. We demonstrate the presence of an initial 0.35 nm-thick GeTe buer layer followed by the 2D growth of GeTe via Frank-Read sources of atomic steps. As shown by core level spectroscopy, Sb is acting as a surfactant during growth up to a 5 nmthick lm. X-ray diraction, transmission electron microscopy and low energy electron microscopy evidence that numerous mirror domains and in-plane misorientations appear early in the growth process and are gradually buried at the lm/substrate interface. The use of a miscut Si substrate close to Si(111) allows suppressing these defects since the early beginning of growth. Among ferroelectrics, a new class of materials with $ high potentialities for spintronic applications has been in-% troduced and known as ferroelectric Rashba semiconduc-& tors [1]. In this context α-GeTe exhibits spin-polarized ' electronic states with the largest Rashba parameter currently reported. Considerable eort has been devoted to the experimental characterization of its electronic band structure [25]. Major results have been obtained on α-! GeTe thin lms. It has been demonstrated the reversal " of the ferroelectric polarization under an electric eld [6] # and a consistent change of the spin chirality of the band $ structure [7 and 8]. Even more fascinating GeTe thin % lms have shown remarkable transport properties at RT & such as non-reciprocal charge transport [9] or ferroelec-' tric switching of the spin-to-charge conversion [10]. All these results take advantage of the ferroelectric property of the α-GeTe phase. This phase has a rhombohedral structure (space group R3m) and bulk Curie tempera-! ture well above RT (T c ∼ 650 -700 K). The spontaneous " polarization of α-GeTe is along the pseudocubic < 111 > # leading to the formation of 4 ferroelastic variants. Dier-$ ent substrates have been used to grow GeTe thin lms, % Si(001) [11 and 12], Si(111) [30], Si(111)-H [14], Si(111)-& Sb [15], BaF 2 (111) [16 and 17] or InP(111) [8]. As re-' ported by Wang et al. [15] α-GeTe thin lms with a ! quasi-single crystalline quality can be grown on Si(111) ! by molecular beam epitaxy using a pre-deposition of 1 ! during a few minutes in order to obtain a clean 7×7 &# surface reconstruction. The substrate surface and sub-&$ sequent growth are characterized by in situ RHEED &% (gure 1). First a deposition of 1 monolayer of Sb is && performed on the Si(111) surface, forming the so-called &' Si(111)-√ 3 × √ 3-Sb reconstruction that greatly improves ' the crystalline quality of the GeTe lm [15]. The GeTe ' thin lms are grown by co-deposition of Ge (1175 • C) ' and Te (310 • C) in UHV on a sample maintained at '! 275 • C. In these conditions the ux ratio between Ge:Te is '" xed at 2:5 in order to compensate the high desorption '# rate of Te [12]. All the deposition sources are eusion '$ cells from MBE-Komponenten Gmbh. After growth, the '% samples are transferred under UHV conditions thanks '& to a homemade transfer suitcase and characterized by '' scanning tunneling microscopy (STM) with a VT-STM (Scienta Omicron Gmbh), by LEEM and LEED using a LEEM III microscope (Elmitec GmbH). STM images were obtained at room temperature in constant current ! mode with typical imaging conditions (U=-1 V, I= 20 " pA, W tip). LEED patterns were measured at 16 eV and # 26 eV incident electron energies. To quantify the presence $ of mirror domains, LEED and dark-eld LEEM images of % the GeTe surface are performed at 26 eV incident electron & energy where a high contrast is achieved. The internal ' structure of thick GeTe lms (>40 nm) has been studied by X-ray diraction at BM32 beamline (ESRF) and TEM. X-ray diraction data have been measured at 18 keV [λ=0.06888 nm] with a beam size of 200 × 300 µm 2 ! and collected onto a 2D detector. The data have been " converted from the detector coordinates (pixel index) to # diraction angles and then to reciprocal space coordi-$ nates. The 3D reciprocal space maps have been visual-% ized using the ParaView software.

defects. Their understanding and control are crucial in ## the context of GeTe thin lm optimization with respect #$ to future spintronic-based applications. #% In this article we address the structure and morphol- 

II. RESULTS AND DISCUSSION

""

A. Initial growth of GeTe thin lm "#

The surface morphology of a 0.35 nm-thick GeTe lm "$

(1 bilayer of bulk α-GeTe) grown on Si(111

)- √ 3 × √ 3- "%
Sb surface shows a homogeneous grainy aspect [gure

"& 2(a)
]. This layer will be called the buer layer. The '"

However we cannot exclude that these variations arise '# from composition inhomogeneities that may involve the '$ silicon substrate and/or Sb (see supplementary materials creases with the lm thickness from 5.8 

(a) (b) (f) (d) (e) (g) 

  have shown that GeTe thin lms are crys-"# talline since the beginning of growth [19]. It has also "$ been shown, by Raman spectroscopy, that the rhombo-"% hedral distortion of α-GeTe occurs at ∼ 0.7 nm of deposi-"& tion through the Peierls distortion [19]. Complementary "' measurements by atomic force microscopy have suggested # that the surface of a 2 nm-thick GeTe lm exhibits a # smooth two-dimensional morphology [15]. However the # growth mechanisms in the nanometer-thick lm regime #! are still unknown as well as the nature and density of #"

  FIG. 1. Experimental protocol of GeTe growth. RHEED patterns of Si(111)-7×7 surface (bottom), Si(111)-√ 3× √ 3-Sb reconstruction (middle) and GeTe thin lm of 3 nm thickness (top).

  FIG. 2. (a) STM image of a 0.35 nm-thick (1 BL) GeTe thin lm grown on Si(111)-√ 3 × √ 3-Sb. Holes on Si(111) terraces (white arrows). (b) Height prole across a step edge [red dotted line in (a)]. The step height is 0.31 nm. (c) LEED at incident electron energy E= 16 eV showing the Si substrate and the GeTe layer diraction patters. (d) Polar plot of the intensity of the LEED pattern at GeTe peak radial coordinate [dotted arrow in (c)]. The full width at half maximum of the spots is ∆ω =6 • . (e) Radial plot of the intensity of the LEED pattern [dashed dark line in (c)]. The GeTe and Si peaks are shown by arrows.

  FIG. 4. (a) STM image of a 1 nm-thick (3 BL) GeTe thin lm grown on Si(111)-√ 3 × √ 3-Sb (U= -1V; I= 20 pA). Dashed blue squares show Frank-Read source of dislocations. (b) Close view of a Frank-Read source of dislocations from (a). Blues arrows indicate the location of the two threading dislocations. (c) Height proles along the dashed arrows in (b). The black height prole is located in between two threading dislocations with opposite Burger vectors and show a smooth height variation (∼ 4 nm width). The red height prole passes across an abrupt step edge (resulting from one threading dislocation). (d) Scheme of the evolution during growth of a Frank-Read source of dislocations (surface steps). (e) Close view of a surface area showing a modulated surface topography (orange areas in (a)). Inset: Fourier transform of the morphology showing an ordered hexagonal lattice.

FIG. 8 .

 8 FIG. 8. (a)-(b) 3D reciprocal space maps of GeTe 202 h and GeTe 202 hm Bragg peaks of GeTe thin lm grown on Si(111)-Sb and obtained by X-ray diraction (200 nm-thick sample). h stands for hexagonal unit cell of the main GeTe domain and hm for the mirror domains. Around the main Bragg peaks, additional spots arise due to the presence of ferroelastic domains [18 and 35]. The Bragg peaks are elongated in-plane due to a residual in-plane mosaicity of the GeTe lm. (c) Evolution of the in-plane mosaicity (full width at half maximum) with the lm thickness as measured by LEED (below 5 nm) and X-ray diraction (> 40 nm). (d) LEED pattern of a 2 nmthick GeTe thin lm grown on Si(556)-Sb. Incident electron energies: 16 eV. (e) LEED pattern of a 1.4 nm-thick GeTe thin lm grown on Si(111)-√ 3 × √ 3-Sb. Incident electron energy: 16 eV. (f) Polar plots along the LEED diraction peaks from GeTe grown on Si(556)-Sb [see image (d)] and Si(111)-Sb [see image (e)].(g) LEED pattern of a 2 nm-thick GeTe thin lm grown on Si(556)-Sb. Incident electron energies: 26 eV. The pattern has a clear 3-fold symmetry. tilted by 5 • with respect to the (111) plane in the [112] !%'

  , Si(111) strained layers on Ge(111): Evi-#"!

& are rst cleaned by acetone and ethanol rinsing before in-& troduction in ultra-high vacuum (UHV, 10 -8 Pa). Then & the substrates are degassed at 1000 K during 12 h fol-&! lowed by repeated high temperature annealing (1500 K) &"

& were performed using [110] zone axis at an accelerating ' voltage of 300 kV on a JEOL JEM-3010 instrument with a spatial resolution of 0.17 nm. Using focused ion beam preparation procedure (Dual beam FIB, FEI Helios 600 NanoLab), electron transparent ultra-thin sections were !

& SIOPEE beamline (Synchrotron SOLEIL, France) using ' a 800 eV incident photon energy. A typical energy res-!

& on the islands is now 0.35 nm as expected for a GeTe & BL [gure 3(b)]. The step edges of the Si substrate are & strongly disturbed by the growth. It is a clear indica-&!

& ing the initial stages of GeTe growth, we have made XPS & measurements at Sb 3d and Te 3d binding energies con-&