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Sub-10 nm 1D/3D Disordered Electron Systems
Lu, Y. and Chen, I.W. (UPenn, Materials Science and Engineering)
Introduction

Amorphous nanostructures made of bulk insulators may become metallic as the length scale (δ) falls below electron’s localization length (ζ) [1]. Here, we have studied size-dependent insulator-to-metal transitions in amorphous Si and HfO2. Resistance minimum (Rmin) and positive magnetoresistance (MR), which are signature features of mesoscopic phenomena [2], have been observed in metallic amorphous Si with 3D conducting network. Oscillation of magnetoresistance due to the Aharonov-Bohm interference [3] has been observed in HfO2 with 1D looped conducting pathways. Thickness-dependent resistance saturation was also found in both nanostructures, which was never observed in mesoscopic systems studied before. Voltage tuning of ζ has been used to trigger metal-insulator transition in these measurements and to enable non-volatile memory [4]. 
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Experimental


Amorphous thin films sandwiched between two electrodes were formed by room-temperature sputtering. Electrical (magneto) resistance (R) in three-point configuration was measured by lock-in amplifiers, at 2–300K, -9T–9T (PPMS),  300mK–2K, -18T–18T (SCM2), and 18mK–2K, -18T–18T (SCM1). 
Results and Discussion
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Metallic Si films in Fig. 1 show Rmin ~ 30K, below which R increases with T1/2 before saturating in a thickness-dependent manner (upper inset). The T1/2 dependence comes from the temperature dependence of coherent diffusion distance LT, which eventually reaches the film thickness δ resulting in the saturation (lower inset). Magnetoresistance of metallic Si films in Fig. 2 agrees with the theoretical predictions (curves) and collapse into one universal curve after normalization (inset). By fitting data in Fig.1-2, values of diffusivity (2.9×10−6 m2/s), Fermi velocity (3.2×104 m/s), and minimum conductivity (2770 Ω-1cm-1) were obtained for amorphous Si for the first time. Metallic HfO2 films exhibit the orientation-dependent Aharonov-Bohm oscillations in Fig. 3, with two characteristic (magnetic) frequencies peaks (inset) consistent with a tilted 1D conduction loop of several nm in length. Weak-antilocalization-induced magnetoresistance was also found in heavily reduced HfO2 sample (data not shown), which provides a way to interrogate spin-orbit interaction.
Conclusions

For the first time (a) 3D resistance scaling, resistance saturation, and magnetoresistance and (b) 1D magnetoresistance with Aharonov-Bohm oscillations have been revealed in sub-10 nm transport pathways. Manipulation of transport at such dimensions can provide new insight to disordered electron systems and opportunities for new electronic devices.
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Fig. 1 Rmin in metallic Si films. Insets: δ-dependent R saturation at Ts (upper); Ts ~ δ-2 (lower).





Fig. 2 Magnetoresistance in metallic Si films fitted by 3D electron-electron interaction theory (solid curve). Inset:  Normalized curves.





Fig. 3 Aharonov-Bohm oscillation in HfO2 sample. Shorter period with in-plane field H┴. Inset: Fast Fourier transform.









