Oxidation of GaSb(100) and its control studied by scanning tunneling microscopy and spectroscopy
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Atomic-scale knowledge and control of oxidation of GaSb(100), which is a potential interface for energy-efficient transistors, are still incomplete, largely due to an amorphous structure of GaSb(100) oxides. We elucidate these issues with scanning-tunneling microscopy and spectroscopy. The unveiled oxidation-induced building blocks cause defect states above Fermi level around the conduction-band edge. By interconnecting the results to previous photoemission findings, we suggest that the oxidation starts with substituting second-layer Sb sites by oxygen. Adding small amount of indium on GaSb(100), resulting in a (4×2)-In reconstruction, before oxidation produces a previously unreported, crystalline oxidized layer of (1×3)-O free of gap states.

As traditional silicon-based electronics components are approaching their fundamental limits in scalability, more and more attention has been paid to the research and development of other materials, potential to be incorporated in the established Si platform. The III-V semiconductors (e.g., GaAs, GaSb, GaInAs, InP) which are already used widely in optoelectronics and fast RF-transistor circuits, form one of the most mature material systems to be integrated with the Si-based electronics, in order to develop high-performance devices. For instance, improved carrier mobility characteristics could be achieved with III-V semiconductors. However, one major problem with III-V's has been poor quality of oxide/III-V interfaces. The interface between a semiconductor and a high-permittivity (high-κ) dielectric layer is the heart of the metal-oxide-semiconductor (MOS) transistors, for example. To work properly, the interface must be stable, contain a low enough density of electronic defect states around the band gap, and form a high enough barrier for electric carriers. The SiO2/Si meets strict technological requirements, but insulator/III-V interfaces still contain too many defect states for MOS applications. The main source of defects is known to be the oxidation of III-V surfaces that is a very exothermic reaction and hardly avoidable during the insulator/III-V growth. Thus, it is relevant to understand and control the effects of the III-V oxidation to reduce the interface defect densities (Dit) to a comparable level as it is in today's SiO2/Si interfaces.1-3 Note that SiO2/Si interfaces have a Dit of ~1013/cm2 eV as grown. Only after subsequent passivation by hydrogen this is reduced to the mid-1010 range. Thus, the key challenge in III-V’s may really be a suitable oxide that permits interface passivation by an appropriate passivating agent. For III-V’s oxide-interfaces, the lowest reported Dit values are in 1011/cm2 eV to 1012/cm2 eV range.2
Gallium antimonide (GaSb) has attracted an increasing interest as for the channel material of future MOS transistors, in particular, due to a superior mobility of holes in GaSb.4-17 The GaSb oxidation at the insulator interfaces such as atomic-layer-deposited (ALD) Al2O3/GaSb and HfO2/GaSb has been found to cause various oxidation states of GaSb including Ga2O, Ga2O3, Sb2O3, and/or Sb2O5 according to x-ray photoelectron spectroscopy (XPS) measurements.10,18 By obtaining interrelationship between the interfacial chemistry from, for example, XPS measurements and capacitance-voltage (C-V) characterization of the same interfaces, the effects of the oxidation states on the electrical properties of the interfaces have been clarified: it is interesting that neither Ga2O3 - or Sb2O3 -type interface phase is necessarily harmful to the electrical performance.4,10,14 In contrast, the decomposition of Sb2O3 into lower Sb oxidation-state phases and/or elemental Sb during the growth and/or post-growth heating of the interface has been observed to cause defect states in the GaSb band-gap area.4,10,14 Furthermore, computational results have shown that oxygen-rich HfO2/GaSb interfaces are free of band-gap defect states,12 and that the oxidation starts with O incorporation into the middle of Sb-Ga dimer so that no band-gap state is introduced.13 To recapitulate, the previous results indicate that a properly tailored oxidation of GaSb does not cause the defect states in the band gap. Indeed this is a promising result because in practice it is very difficult (or impossible) to avoid the oxygen interaction with a semiconductor surface during the oxide or insulator film growth. However, a procedure to optimize GaSb oxidation is still an open issue.
Here a combined STM and STS study of the initial stages of GaSb(100) oxidation is reported. We start with a clean GaSb(100)(4×3) surface,19 which is then oxidized in different conditions. By combining the unveiled STM/STS features with previous XPS results, we suggest that the density of states above midgap correlates strongly with the initial oxygen incorporation. The initial stages for oxygen incorporation, which explain the found increase in a density of states is suggested. Finally, a method is presented to modify the effects of the GaSb oxidation.
Experiments were carried out in an ultrahigh-vacuum (UHV) multi-chamber system. GaSb(100) substrate pieces were first cleaned by cycles of Ar-ion sputtering (1.0 kV, 4 mA, 5×10-8 mbar) and post heating in UHV at 450 °C so that a clear (1×3) low-energy electron diffraction (LEED) appeared (supplemental Fig. S1). 20 STM measurements from this surface revealed a typical dimer-row structure, as shown in Fig. 1, which can be well described with the (4×3)α and (4×3)β-type building blocks that produce the (1×3) LEED pattern.19,21 These atomic models are presented in Fig. 2. Thus the clean surface is labeled GaSb(100)(4×3). Different oxidations (described in detail below) were performed by leaking 99.9999 % (6N) purity O2 gas into UHV via a leak valve (with turbo pumping). MBE-grade indium (6N) evaporation was done with a thermal evaporator in which an In-metal piece was wrapped in a Ta envelope which was heated through the application of direct current. STM measurements were performed in the constant-current mode, and STS current-voltage curves were recorded simultaneously with a topographic imaging with Omicron scanning probe microscope. Afterward, the curves were averaged over the chosen surface area and numerically differentiated to get a density of state distribution.
Oxidation of clean GaSb(100)(4×3) at 400 °C with 2×10-6 mbar of O2 (about 1200 Langmuir) still provides a clear (1×3) LEED pattern similar to that of the clean surface. XPS (non-monochromatized Mg Kα) from the same surface (not shown) reveals the incorporation of oxygen. The O 1s emission from a similar oxidized surface is shown in Fig. S2 of supplemental material.20 The STM images from this surface in Figs. 1b and 1c show the areas with the initial row structure of the clean GaSb(100)(4×3) and also local oxidation-induced defects appearing as white dots in STM. These defects are categorized here into A and B types. The latter is a larger or extended feature, and tends to bridge the adjacent dimer rows. The STM results are consistent with the appearance of (1×3) LEED because LEED is not sensitive to local defects due to a short coherence length (5-15 nm) of LEED electrons. When the oxygen exposure was increased to 0.3×106 L (at room temperature), which is close to a typical ALD-pulse of an oxygen-containing gas precursor, STM still showed a localized (1×3) dimer-row structure (Fig. 1d). However, after this exposure it is noted that the surface disorder has significantly increased, consistent with a (1×3) LEED pattern which has weakened in intensity and almost disappeared (supplemental Fig. S1). 20 When the 0.3×106 L oxidation was done at 200 °C, only weak (1×1) LEED was seen.
The STS-curve analysis for the clean GaSb(100)(4×3) and defective areas is shown in Fig. 2a. The linear segments of the curve for the bare surface were extrapolated by dotted lines, as depicted in Fig 2a. The cutoff of these lines on the voltage axis provides the projections of the valence and conduction band edges of which separation (0.6-0.7 V) is consistent with the GaSb band gap. Figure 2a also shows that the density of states increases in the defective areas A and B, in particular, between the Fermi level (0 V) and conduction-band edge (positive voltage side). The curve (Fig. 2a) from a disordered area after the high oxidation (~106 L) shows a further increase in the density of states in the upper part of the band gap and even a metallic feature at the Fermi level.
In Fig. 2b, the potential atomic sites for the initial oxygen incorporation are presented to be in the second-layer Sb sites of the (4×3)α and (4×3)β structures (marked with red arrows). This is based on the following arguments. First, the recent XPS study9 of oxidation of the well-defined initial GaSb(100)(4×3) surface shows that Ga-O bonds form, but Sb oxidation is not detected. It is indeed reasonable that the amount of Ga-O bonds become maximized in the initial oxygen exposure because Ga-O formation is energetically much more favored than Sb-O.15 Also, the recent investigation of the InSb oxidation indicates that the oxidation starts with substituting subsurface Sb by O.22,23 This suggests that the first-layer Sb-Sb and Sb-Ga dimers are not disintegrated at the initial stage of oxygen exposure, which can explain the STM and LEED observations that the ×3 dimer-row structure appears on the surface also after a prolonged oxidation. Furthermore, our recent investigation on the oxidation of Sb films24 shows that higher oxidation temperature (about 500 °C) and longer exposures, compared to that employed here, are needed to promote the Sb oxidation with similar O2 pressures.
Subsequently, an interesting question arises as to what happens to the extra Sb atoms relieved from the subsurface bonding sites due to the O incorporation. Most likely, the Sb atoms move outwards toward the surface. At the 400 °C substrate temperature (used in Fig. 1b), the relieved Sb atoms might also evaporate from the surface. This would explain why the initial (1×3) dimer-row structure is surprisingly stable against the oxidation conditions used. However, it can be expected that at lower temperatures (e.g., 200-300 °C used in ALD), Sb remains on the surface but is not initially oxidized.9 This implies that metallic Sb can be enriched on the surface due to the oxidation process.
The type B defect (Fig. 1b) exhibits an extended feature perpendicular to the dimer rows (i.e., bridging the adjacent rows), which can arise from the relieved Sb atom(s) that is re-bonded rather than evaporated from the surface. Thus, the increased density of empty states above the Fermi level for the features A and B can arise from an increased Sb-Sb bonding, consistent with the previous XPS and C-V results.14 Another reason is that the Ga dangling-bond state, which initially lies in the conduction band, is lowered toward the gap and valence band due to the formation of Ga-O. It is worth noting that the Sb substitution with O provides one extra valence electron. 
The previous4-10,14 and current findings indicate that the Sb concentration at the GaSb surface (interface) should be minimized to decrease the amount of defect states at insulator/GaSb interfaces. It appears that the problem is not the formation of Sb2O3 itself (or other Sb-oxide phase) because the Sb2O3 band gap is 3-4 eV.24 Furthermore, it can be expected that the Van der Waals type bonding between the Sb4O6 bicyclic cages can flexibly accommodate the structure with the GaSb lattice. However, such a weakly bonded structure can be also problematic because it is not stable enough, resulting in its decomposition into elemental Sb or sub-oxides. The minimization of the Sb surface concentration is not straightforward in practice. One reason for this is related to the intrinsic surface structures of GaSb(100), among which the (4×3)α phase is in fact the least Sb-rich structure. Namely, pure GaSb(100) does not have the (4×2) or c(8×2) reconstruction which is the most III group-rich phase for many III-As(100) surfaces. 
Therefore, we investigated a method to overcome this problem. We first tested how a monolayer (ML) of indium behaves on the clean GaSb(100)(4×3) surface. After the In deposition at room temperature and the post heating at 400-450 °C in UHV, LEED showed a (4×2) pattern (supplemental Fig. S1).20 The STM characteristics of this GaSb(100)(4×2)-In reconstruction can be seen in the right top corner of Fig. 3a. The atomic structure of GaSb(100)(4×2)-In has not yet been thoroughly studied, but preliminarily studies indicated that it can closely resemble the counterpart GaAs(100)(4×2)-In structure.25 The oxidation of GaSb(100)(4×2)-In with the same parameters as for the clean surface above (Fig. 1b) provides again a (1×3) LEED (supplemental Fig. S1), 20 similar to that obtained from the clean surface, coexisting with (4×2) LEED. However, STM images from this oxidized surface reveal the formation of a different (1×3)-ordered phase, which clearly diverges from the clean GaSb(100)(4×3) surface phases. This oxidized phase is labeled (1×3)-In-O, and its structure is presented in the STM image of Fig. 3a together with the GaSb(100)(4×2)-In phase. The prolonged oxidation of this surface in the same conditions changes the LEED pattern to a purely (1×3) reconstruction, and the corresponding STM image is shown in Fig. 3b. XPS confirmed the presence of both In and O. The GaSb(100)(1×3)-In-O surface can be characterized by oxidation-induced white dots of which long-range order is better than that of the oxidation features on GaSb(100)(4×3) without indium. It is interesting that the small amount of In provides the oxidation-induced structure to accommodate the GaSb(100) lattice, consistent with the previous calculations.26
Thus, GaSb(100)(1×3)-In-O is a hitherto unreported member for the crystalline oxidized III-V surfaces,27 which have been shown to potentially decrease the defect densities at insulator/III-V interfaces.28-30 The density of disorder-induced point defects can also be expected to decrease on GaSb(100)(1×3)-In-O, but it is still unclear what kind of band structure is formed in the building block(s) of GaSb(100)(1×3)-In-O itself, in relation to the GaSb band gap area. To clarify this, a comparison of the STS curves of GaSb(100)(4×3) and (1×3)-In-O is shown in Fig. 3c. The comparison suggests the (1×3)-In-O structure does not cause defect states in the GaSb gap. 
In conclusion, STM results show that oxidation of the initially well-ordered GaSb(100)(4×3) causes disordering (or amorphization) of the surface. Atomic scale STM images together with the STS analysis reveal that the initial stages of oxygen incorporation lead to the formation of unoccupied defect states in the upper part of the gap. When coupled with the previous XPS findings,9 we suggest that the initial stages of oxidation of GaSb(100)(4×3) includes the substitution of second-layer Sb by O and the subsequent Sb enrichment on the surface, which is detrimental to the quality of GaSb-based interfaces. To reduce harmful effects of the GaSb oxidation, we report a method to prepare the GaSb(100)(4×2)-In surface and oxidize it into the form of previously unreported phase of crystalline oxidized (1×3)-In-O. The presented findings provide an atomic-scale comparison for calculations to advance the understanding of the oxidation process and its effects on the band structure.
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Figure captions

Fig. 1. (a) Filled-state STM image (Vg = -1.86 V, It = 0.04 nA) from clean GaSb(100)(4×3) of which atomic structure can be described with the (4×3)α phase and local (4×3)β exemplified (see Fig. 2). (b) Filled-state STM image (Vg = -3.05 V, It = 0.26 nA) from GaSb(100)(4×3) oxidized at 400 °C, 2×10-6 mbar O2, 10 min (≈ 1200 L); two types of initial oxidation-induced defects, A and B, are indicated. (c) Filled-state zoomed-in image from the surface described in (b). (d) Filled-state STM image (Vg = -3.16 V, It = 0.06 nA) of GaSb(100)(4×3) oxidized at room temperature, 5×10-4 mbar O2, 10 min  (≈ 0.3×106 L).

Fig. 2. (a) STS curves measured from GaSb(100)(4×3) oxidized as described in Fig. 1(b) in different areas: clean, type A and type B defective regions. STS curve from the highly oxidized GaSb(100)(4×3), similar to that in Fig. 1(c), is also shown for comparison. (b) The (4×3)α and (4×3)β atomic models for GaSb(100)(4×3), the red arrows indicate the initial atomic sites suggested for the oxygen incorporation.

Fig. 3. (a) Filled-state STM image (Vg = -3.59 V, It = 0.42 nA) measured from GaSb(100) after the In-deposition and oxidation at 400 °C, 2×10-6 mbar O2, 10 min (≈ 1200 L). The surface includes both the GaSb(100)(4×2)-In and GaSb(100)(1×3)-In-O areas. (b) Filled-state STM image (Vg = -3.80 V, It = 0.04 nA) measured from pure GaSb(100)(1×3)-In-O oxidized at 400 °C, 2×10-6 mbar O2, 15 min (≈ 1800 L).  (c) Comparison of STS curves between clean GaSb(100)(4×3) and oxidized GaSb(100)(1×3)-In-O.
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