Single crystalline Tm2O3 film grown on Si (001) by atomic oxygen assisted molecular beam epitaxy
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Single crystalline Tm2O3 film has been grown on Si (001) substrate successfully by molecular bean epitaxy using metallic Tm and atomic oxygen source. The temperature of the Tm source was kept at 700℃ during film growth and the partial pressure of oxygen in the chamber was 2×10-7 Torr. The samples were characterized by in-situ high energy electron diffraction (RHEED), Auger electron spectroscope (AES), ex-situ synchrotron X-ray diffraction (XRD, Shanghai synchrotron radiation facility BL14B) and atomic force microscope (AFM). 
The single crystalline Tm2O3 film was achieved by two different growth methods: multi-step growth and single-step growth. The growth procedure for multi-step is as follows: 
1. A thin layer (~0.67nm) of Tm2O3 film was deposited at a substrate temperature of 600℃ and then the film was annealed at 800℃ in ultra-high vacuum (UHV) till a streaky RHEED pattern was observed. Before annealing, a very thin amorphous SiOx layer was inevitably formed between Si substrate and Tm2O3 film, by comparing AES spectra of oxidized Si signals of clean Si substrate (Fig. 1(a)) and as-deposited Tm2O3 film (Fig. 1(b)). The existence of the amorphous SiOx layer induces the Tm2O3 film amorphous, for no RHEED pattern was observed (Fig. 2(b)). After annealing, the interfacial SiOx layer decomposed and Tm2O3 film crystallized. Form AES spectra the signal of oxidized Si disappeared (Fig. 1(c)) and a streaky RHEED pattern appeared (Fig. 2(c)), indicating good crystallinity of the Tm2O3 film. This thin Tm2O3 layer offers a template for the successive growth.
2. Another 1.33 nm thick Tm2O3 was deposited at 600℃ and the film was annealed again at 800 ℃ in UHV to improve the crystallinity. Before annealing the streaky pattern was preserved (Fig. 2(d)). After annealing the stripes of RHEED pattern become clearer than those in step 1 (Fig. 2(e)). 
3. 4 nm thick Tm2O3 was grown continuously at 600℃.After growth, the film was in-situ annealed at 700℃ for 30 min in atomic O ambience. High contrast streaky RHEED pattern was obtained (Fig. 2(f)).
The single crystalline Tm2O3 film was also achieved by single-step growth method: the 6 nm Tm2O3 film was deposited continuously on the Si substrate, the growth temperature and O partial pressure were the same as those of multi-step growth.
The crystallinity of the films grown by the two methods was the same. The epitaxial relationship between the film and the Si substrate is the same as Er2O3, [1] Tm2O3 (110)//Si (001), Tm2O3 [001]//Si [110] or Tm2O3 [-110]//Si [110] as determined by conventional XRD and grazing incidence XRD (GIXRD) shown in Fig. 3. Two domains are visible from the GIXRD spectrum. 
There are some differences in their electrical properties, i.e. C-V and I-V curves. By the method of multi-step growth, higher capacitance and thus a higher dielectric constant of 10.8 can be obtained. For the absence of the SiO2-x interfacial layer, the leakage current density is also higher (Fig. 4).
Our results show that crystallinity is the same for the two different growth methods. The multi-step growth procedure has its advantage over the single-step growth in terms of the interface and fixed charge density, while the single-step growth method can get lower leakage current densities. 
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 Figure 3 Conventional XRD and GIXRD spectra of Tm2O3 film. The wavelength of X-ray is 1.24 Ǻ. 
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Figure 4 C-V & I-V curves of the films

[bookmark: _GoBack]Figure 1 AES spectra of (a) clean Si substrate, (b) as-deposited Tm2O3 and (c) after UHV annealing. The spectra are shifted vertically for clearance. The arrow indicates the position of oxidized Si signal.
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Figure 2 RHEED patterns along the Si [110] direction of (a) clean Si 2x1 reconstruction, (b) as-deposited 0.67 nm thick Tm2O3, (c) film annealed at 800 ℃, (d) as-deposited additional 1.33 nm thick Tm2O3, (e) film annealed again at 800℃ and (f) 6 nm thick Tm2O3 film after 700℃ annealing in atomic oxygen.
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