Applicability of Sc2O3 versus Al2O3 in MIM rectifiers for IR rectenna
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Abstract 
Impedance matching between the terahertz antenna and ultra-fast Metal-Insulator-Metal (MIM) diode is a crucial issue in realizing rectenna technology for harvesting infrared (IR) energy spectrum. In this paper, scandium oxide (Sc2O3) based MIM diodes were fabricated using magnetron sputtering and their rectification performance compared to state-of-the-art Au/Al2O3/Au diodes. The fabricated Al/Sc2O3/Al diode has exhibited around two orders of magnitude lower zero-bias dynamic resistance (RD0 = 956 kΩ) and high zero-bias responsivity (β0 = 1 A/W) in advance to Au/Al2O3/Au diode. The results point to applicability of scandium oxide in MIM rectifiers for IR rectenna. 
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1. Introduction
The jury is still out on the optimal rectifier oxide materials (NiO, Al2O3, TiO2, CuO) and antenna design (dipole, microstrip, bow-tie, slot, Vivaldi, log-spiral) in achieving an efficient infrared (IR) rectenna system [1,2]. It is the untapped IR region, offering maximum emissivity at around 30 THz, that has been driving research with the smallest thin film Ni/NiO/Ni Metal Insulator Metal (MIM) diode embedded in the gap of bow-tie nanoantenna reported more than twenty years ago [3,4]. For IR energy harvesting applications, it is paramount that MIM diodes have high responsivity (β) and low zero-bias resistance (RD) without the need for an external bias voltage [5]. The choice of metal is crucial too, as it impacts the diode resistance and hence its coupling efficiency [4]. The asymmetric M1IM2 design, i.e. use of metals with different work functions, can enhance zero-bias rectification but comes with the trade-off of decreased coupling efficiency due to increased diode resistance. The most recent work indicates a possibility of 28.3 THz rectification through MIM-based rectenna with Al2O3 as insulator and metal contacts such as Au/Ti [6], Al/Al [7], Au/Au [1,8] and Au/Ag[1]. In this paper, Al/Sc2O3/Al and Au/Al2O3/Au diodes were fabricated and characterized. The rectification parameters such as responsivity, dynamic resistance, non-linearity and asymmetry were derived from measured current-voltage (I-V) characteristics. The results indicate enhanced rectification properties of zero-bias responsivity, β0 = 1 A/W and zero-bias dynamic resistance, RD0= 956 kΩ for Al/Sc2O3/Al MIM diode when compared to Au/Al2O3/Au diode. The simulated I-V characteristics underpin the trends observed experimentally.

2. Experimental
The MIM Sc2O3 and Al2O3-based devices were fabricated on cleaned ultra-smooth Corning glass plates. The Corning glass plates were cleaned by immersion in a solution of deionized (DI) water and Decon 90 followed by rinsing in flowing DI water for 10-15 minutes. Furthermore, isopropanol and acetone were used for deep clean followed by 2 min exposure in an ultra-violet (UV) ozone cleaner to remove remaining residues from the treatment with solvents. Al2O3 oxide films were deposited by conventional thermal atomic layer deposition (ALD) using a Cambridge Nanotech Savannah reactor using the trimethyl-aluminium (TMA) precursor combined with water at the growth rate of 0.125 nm/cycle. Dose (0.2 s) and purge (4 – 10 s) times were chosen to ensure a self-limiting ALD reactions occurred, and the substrate temperature was 200 °C throughout. The H2O source was pulsed for 0.04 seconds followed by a purge time of 4-10 seconds. This ALD cycle process was continued until the desired thickness was obtained. Sc2O3 films were deposited using a Moorefields NanoPVD-RF magnetron sputter at 60 W with a growth rate of 0.004 nm/s. The top and bottom metals of Al and Au were thermally evaporated using the Moorefields Minilab 060 evaporator with the thickness of ~60 nm. Finally, the diodes were patterned using a shadow mask having 100 µm 100 µm device area. The cross-section and the top view of fabricated devices are shown in Figs. 1(a)-(b) and 1(c) respectively.
In addition to thin films on corning glass, the reference oxide films of Al2O3 and Sc2O3 were deposited on Si, to study their optical properties using variable angle spectroscopic ellipsometry (VASE). Variable angle J.A. Woollam M2000 spectroscopic ellipsometer with the spectral range of 240 – 1700 nm (0.7 to 5.1 eV) was used to determine the thickness, surface roughness and optical constants (refractive index and extinction coefficient) of the dielectric films. The I-V measurements were performed using a Agilent B1500 semiconductor parameter analyser with an integrated probe station at room temperature and under a dark, screened environment.
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Figure 1. Schematic cross-sections of (a) Al/Sc2O3/Al and (b) Au/Sc2O3/Au MIM diodes fabricated by sputtering and ALD respectively with nominal thickness of oxides (3 nm) and metals (60 nm); (c) top view of a device structure showing diode area of 100 μm x100 μm.


3. Results and Discussion
Figure 2(a) shows refractive index (n) vs. photon energy for Al2O3 and Sc2O3 films extracted from modelling of VASE (  vs. photon energy data using a Cauchy model. A higher n can be observed for Sc2O3 compared to the Al2O3 which is in agreement with reported in the literature [9-12]. The refractive index for ALD amorphous a-Al2O3 3.8 nm film has been found to vary from 1.67 to 1.75 [9] in the energy range of 1.2-5 eV; while in Ref. [10] sputtered a-Al2O3 film exhibits n of 1.50-1.67 at 550 nm (2.25 eV). In case of Sc2O3, 350 nm amorphous CVD (chemical vapour deposited) film has been found to have n varying from 1.87 – 1.94 [11] in the range 1.2 - 3.1 eV, with n = 1.89 at 550 nm, while the latter for crystalline c-Sc2O3 has been found to be 2.00 [12]. For films in this work, n at 550 nm is 1.91 for Sc2O3 and 1.76 for Al2O3. It is evident from the literature [9-12] that n is strongly affected by thickness and processing of the films. The thickness ( 0.1 nm) of the insulator in MIM diodes was found to be 3.5 nm for Sc2O3 and 3.0 nm for Al2O3 by VASE using a Cauchy model with mean squared error fit of < 5. 
The electrical properties of Sc2O3- and Al2O3-based MIM diodes were investigated by I-V measurements. The following rectification parameters were studied: (i) responsivity (β = dI"(V)/2I'(V)), (ii) dynamic resistance (RD = (dI/dV)-1), (iii) non-linearity (fNL = (V/I)  RD) and (iv) asymmetry (η = |I+/I-| where I+ refers to forward bias current and I- to reverse bias current). These parameters, derived from the experimental current density (J) vs. voltage (V) characteristics (Figs. 2(b)), are shown in Figs. 2(c)-(f). It can be seen that Al/Sc2O3/Al diode 
[image: ]

Figure 2. (a) Refractive index (n) vs photon energy of deposited Sc2O3 and Al2O3 films extracted by VASE. (b) J-V, (c) responsivity, (d) dynamic resistance, (e) non-linearity, (f) asymmetry for Al/Sc2O3/Al and Au/Al2O3/Au diodes.

exhibits two orders of magnitude higher current than Au/Al2O3/Au diode (Fig. 2(b)) resulting in lower RD0 of 956 kΩ (Fig. 2(d)). The former diode also shows improved β0  as shown in Fig. 2(c). No substantial improvement in asymmetry and non-linearity can be observed for both diodes in Figs. 2(e)-(f). The latter is likely to be due to direct tunnelling being dominant conduction mechanism for both diodes within the voltage range of 0 to  1.5 V (Fig. 2 (b)), in line with the low asymmetry values reported for similar thin film MIM diodes at lower voltage levels [13]. 
The higher current observed experimentally for the Sc2O3 diode in Fig. 2(b) can be explained by the band alignment in Fig. 3(a). The optical band gap (6.43 eV) and electron affinity (1.57 eV) of Al2O3 have been measured previously by vacuum ultra-violet (VUV)-VASE [14] and secondary electron cut-off X-ray photoelectron spectroscopy (XPS) spectra [15]. The optical band gap for a-Sc2O3 has been reported to be 5.6-5.7 eV [16], while for c-Sc2O3 the value is found to be higher 6.0-6.1 eV [16,17]. The electron affinity () stated in Fig. 3(a) is deduced from internal photoemission measurements of valence band offset between Sc2O3 and Si of 2.5 eV [16] and measured band gap of 5.7 eV [16], and found to be 2.06 eV. The latter is in agreement with theoretical prediction of  of Sc2O3 calculated to be in the range of 1.98 to 2.5 eV [18]. The work function of Al and Au are as stated in Ref. [19]. The simulation of I-V curves is done using the in-house MATLAB simulation tool [20] taking into account the band alignment in Fig. 3(a), permittivity of Al2O3 of 10 and Sc2O3 of 14, and the electron effective mass (meff) of 0.25´m0 for Al2O3 and 0.2´m0 for Sc2O3, where m0 is the electron mass. Taking electron effective mass as a parameter in fitting of the tunneling current to experimental I-V data is in agreement with previous studies [21,22], e.g. in [21] the effective mass for Al2O3 of 0.22´m0 was used. A clear trend of enhanced current in the Sc2O3 diode when compared to the Al2O3 diode from simulated J-V curves can be seen in Fig. 3(b). Due to a smaller Al/Sc2O3 barrier, the tunneling current is increased, which causes a reduction in the resistance of the Al/Sc2O3/Al diode and improves the antenna/diode coupling efficiency. It is worth mentioning that the model only accounts for quantum-mechanical tunnelling; other mechanisms such as defect-assisted conductance and the local film inhomogeneity need to be considered to accurately model experimental I-V plots and are left for further study.
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Figure 3. (a) Schematic of band diagrams of Al/Sc2O3/Al and Au/Al2O3/Au diodes based on values of band gaps and work function/electron affinities from Refs. [14-19]; (b) their simulated J-V characteristics. 

In summary, the rectification parameters obtained from diodes in this work and the referring in literature are shown in Table 1. It is worth mentioning that the diodes fabricated in this work are not optimized in terms of low resistance-area (RA) product, closely related to the resistance ´ capacitance (RC) time constant of the diode. High efficiency detection requires good impedance matching to antennas, whose impedances are typically in the range of 30–300 W [23]. The early work on Ni/NiO/Ni diodes that demonstrated very small RA of 1 W(mm)2 [3,4] has underpinned improved, more repeatable fabrication process with yield of ~80%, however these devices exhibited low responsivity at room temperature of ~0.2 A/W [23]. Moreover, the use of bottom Al metal in MIM diode may form an undesirable native AlOx film [24], while evaporation of top Al may lead to oxygen scavenging [25] from the underlying Sc2O3 film, making it less thermodynamically stable. To address the above, further research will comprise (i) fabrication of smaller area diodes processed by e-beam lithography and (ii) use of different metal electrodes such as Ag, Cr, Mo, Au, Cu, Ta, Ni, Zn and Nb to alleviate issues with thermodynamic stability. The significance of results presented in this paper is in demonstrating that Sc2O3 could provide an extra degree of freedom in MIM device design for rectenna due to higher electron affinity than Al2O3. 



Table 1. Comparison of rectification parameters of MIM diodes fabricated in this work and in the literature [1,6,7].
	Reference
	Diode
	β0 (A/W)
	max (A/W)
	Zero-Bias RD ()

	This work
	Al-Sc2O3-Al
	1.0
	2.7 @ 0.2 V
	0.96 M

	This work
	Au/Al2O3/Au
	0.08
	2.5 at 0.6 V
	58.2 M

	[1]*
	Au/Al2O3/Au
	0.5
	1.85 at 2 V
	1.4 x 1012

	[1]*
	Au/Al2O3/Ag
	0.5
	2.2 at 2V
	0.85 x 1012

	[6]
	Au/Al2O3/Ti
	0.44
	1.25
	98 k

	[7]
	Al/Al2O3/Al
	0.1
	-1.4
	10 M


*Ref. [1] values are from simulations.


4. Conclusion
The Al/Sc2O3/Al and Au/Al2O3/Au diodes have been fabricated using sputtering and atomic layer deposition for oxide films, respectively. The thickness of the films and their optical properties have been assessed using spectroscopic ellipsometry. The experimental results indicate enhanced zero-bias responsivity and reduced zero-bias dynamic resistance for Sc2O3-based MIM diode and its potential for application in IR rectenna.
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