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Abstract 

The holy grail of achieving efficient operation of infrared (IR) rectennas continues to be the realization of 

a high performance rectifier. In this paper, we have fabricated Metal-Insulator-Metal (MIM) diodes based 

on TiO2, ZnO and NiO thin films using shadow mask evaporation, photolithography and sputtering. The 

electron affinities of oxides have been measured by a combination of variable angle spectroscopic 

ellipsometry, X-ray photoelectron spectroscopy as well as deduction from the extraction of metal/oxide 

barrier heights of Fowler-Nordheim tunneling plots. Our results confirm a low value for the electron affinity 

of NiOx of ~2.1-2.5 eV which correlates with the high zero-bias dynamic resistance (RD0) of ~500 k of an 

associated MIM diode. These values render NiOx to be unsuitable for use in a rectenna device. Better 

performance has been observed from diodes based on TiO2 and ZnOx films. The best rectification 

performance was achieved for a Au/2.6 nm ZnOx/Cr diode, scaled down to 1 m2 device area, showing a 

zero-bias dynamic resistance of RD0 = 71 k, zero-bias responsivity β0 = 0.28 A/W and a coupling 

efficiency c = 2.4  10-5 % for rectification at 28.3 THz. The main significance of this study is that it 

employs a methodology whereby key parameters of the MIM stack are derived from physical measurements 

which are then used to assist in the fitting of electrical current voltage data to produce a reliable appraisal 

of diode performance in an IR rectenna. 

Key words: Metal-insulator-metal diodes, electron affinity, X-ray photoelectron spectroscopy, 

rectification, infrared rectenna. 
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I. INTRODUCTION 

There is a significant demand for the harvesting of renewable infrared (IR) energy from waste heat sources. 

The mid-IR wavelength range is re-emitted from the earth’s surface as radiation with maximum emissivity 

at 10.6 m (28.3 THz). It is this energy that remains untapped by current solar cell technology. The 

rectifying antenna (rectenna) device has been shown to be able to capture THz/IR radiation and rectify it 

into usable direct current (DC) electricity1,2. The Metal-Insulator-Metal (MIM) diode has shown promise 

for use in IR rectennas. This is due to its ultra-fast, femtosecond range quantum mechanical tunnelling 

current transport mechanism. The rectification at 28.3 THz has recently been demonstrated by rectenna 

devices based on MIM diodes using the Au/Al2O3/Ti3 configuration. Although the results are promising, 

the overall conversion efficiency of 2.05 × 10-14,3 is low, mainly due to the poor rectification properties of 

the diodes. Other recent research4,5 has focused on the combination of stoichiometric and non-

stoichiometric oxides with the aim of engineering the barrier heights to achieve low zero-bias dynamic 

resistance (RD0) and high zero-bias responsivity (β0), of vital importance for self-biased rectennas. Khan et 

al.6 have reported RD0 = 1.2 kΩ and β0  = 0.125 A/W for Ti/4 nm ZnO/Pt diode, where the oxide is processed 

by atomic layer deposition (ALD). However, due to the large active area of 9×104 m2, this diode has a 

very low cut-off frequency defined by 𝑓𝑐 = 1 2𝜋𝑅𝐷𝐶𝐷⁄ , where RD and CD are the diode resistance and 

capacitance, respectively, and hence low antenna/diode coupling efficiency. It should be noted that for 

fabricating rectenna arrays to operate at 28.3 THz frequency, the diode area should be much smaller (ideally 

~0.01 m2)1. This is due to the dependency of the 𝑓𝑐 on the trade-off between the RD and CD. Decreasing 

the diode area increases the RD but also decreases the CD since 𝐶𝐷 = 𝐴𝜀𝑟𝜀0 𝑑⁄ , where 𝑑 is the thickness of 

the insulator, 𝜀𝑟 is the oxide relative permittivity, 𝜀𝑜 is the permittivity of vacuum and A is the diode area. 

To achieve a CD in sub-femtofarad5 range, oxides that have low dielectric constant (𝜀𝑟) and a small diode 

area (A) is crucial. It is also important to have an ultra-thin film to ensure the dominance of quantum 

mechanical tunneling. For this reason, it is critical to have low barrier heights in the MIM device structure 

to achieve a low RD around zero-bias. To solve this problem, there are several emerging THz rectifier 

structures such as plasmonic diodes 7, graphene geometric diodes 8 and metal-insulator-graphene (MIG) 

based rectifiers 9.  

The travelling wave diode (TWD) is a particular type of plasmonic rectenna. Pelz et al.,7 have demonstrated 

the TWD based on Ni/NiO/Nb2O5/CrAu structure that can overcome the impedance limitations of a 

traditional lumped element of MIM diode. The proposed device involves the excitation of surface plasmon 

waves in the antenna which are propagated down the extended MIM diode to create a transmission line. 

The propagating wave is thus rectified by the MIM diode. The TWD showed a peak system responsivity of 

130 A/W and a detectivity of 𝐷∗ = 1.0 × 104 Jones (cm√HzW−1). 
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Another emerging device for THz rectification is the graphene geometric diode, which differs from the 

MIM variant due to its planar structure and lower capacitance8. Since monolayer graphene (G) is a highly 

conductive material, the reduced resistance of this structure can contribute to an improved impedance match 

between the antenna and the rectifier. Hence, the associated RC time constant of geometric diodes can be 

decreased to the femtosecond (10-15 s) range, suitable for terahertz rectification8,10–13.  

The first graphene-based bowtie antenna-coupled diode that can operate at 28 THz was reported by Zhu et 

al.8. The rectenna structure was composed of a 5.1 μm long bowtie antenna with a 500 nm geometric diode 

at its centre. A diode resistance of ~1 kΩ and a zero-bias responsivity of 0.12 AW-1 have been achieved. 

Hemmetter et al.,9 have demonstrated a one-dimensional (1D) MIG integrated rectenna composed of 

Ti/TiO2/G layers on flexible polyimide film. The proposed device was shown to operate up to 170 GHz and 

exhibited a maximum responsivity of 80 V/W at 167 GHz with a noise equivalent power of 80 pW/√Hz in 

free space measurements under ambient conditions. 

Dragoman et al.,10 presented a comprehensive theoretical and experimental study of geometric diodes made 

from graphene monolayers formed by chemical vapour deposition (CVD) on SiO2/p-Si wafers. The 

graphene diode had a shoulder width of 100 nm with a neck width of 20 nm. The cut-off frequency of the 

device was estimated to be 6.5 THz. In a later study11, it was shown that graphene acts as a reactive 

impedance surface (RIS), resulting in a more efficient THz antenna. The design of a ballistic diode allows 

rectification that is controllable by a back-gate voltage. According to the simulations, a direct THz receiver 

composed of the antenna, matching circuit and diode achieved a responsivity of 21.33 V/W up to 10 THz 

with a   ̶20 V gate bias and 1 μW input power dissipation. In more recent theoretical work12, a graphene 

rectenna was shown to have the potential of achieving a conversion efficiency of 58.43% at 897 GHz using 

a graphene monolayer on n-doped GaAs. 

Araby et al.13 have investigated various types of graphene-based diodes integrated with antennas for 

harvesting IR energy. A rhombus-shaped dipole nanoantenna combined with a geometric diode has been 

proposed for energy harvesting at 19.4 THz using Monte Carlo simulations14. A transparent transmit-array 

was proposed to enhance the receiving voltage, achieving a maximum of 97.6 μV with a half-field 

bandwidth of 10.92 THz. Furthermore, it was reported that the implementation of a Yagi nanoantenna 

arrangement, with an increased number of directors, increases the received voltage to 39.15 μV. The 

combination of the transmit-array and Yagi nanoantenna arrangement yielded the best result, with a 

received voltage of 0.202 mV.  Th
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Wang et al.,15 conducted an extensive study of the impact of various graphene-based geometric neck widths 

on the functionality of the device. A CVD grown monolayer graphene-based geometric diode with β0 and 

RD0 of 0.0628 A/W and ~5 kΩ, respectively for the 50 nm neck width was demonstrated15, showing potential 

for THz rectenna applications.” 

The main focus of this study, is the investigation of MInM tunnel rectifiers and now present a review of this 

area. Dodd et al.16 and Kaur et al.17 have demonstrated Ti/TiOx/Pt and Ti/TiO2/Pd diodes with RD0 ~ 100-

200 k and β0 of 2.25 A/W, however it is difficult to assess the efficiency of these devices due to the lack 

of published data. The most recent data5 show a scaled 0.025 m2 Ni/~1.5 nm NiO/CrAu diode, where the 

oxide is grown by plasma oxidation, with a much lower RD0 = 630 Ω in comparison to previously published 

data on similarly processed NiO-based MIM devices. For example, a similar configuration with a 

considerably larger area (1.45 m2) diode of Ni/3 nm NiO/Cr fabricated by Krishnan et al.18, where the 

oxide is prepared by plasma oxidation, resulted in a RD0 of 500 kΩ. In another similar structure of 

Ni/NiO/Ni, fabricated by Choi et al.19, with < 4 nm thick plasma oxidized NiO and an aggressively scaled 

diode area of 0.018 m2, the resulting RD0 in is the order of megaohms, i.e. 42.4 MΩ, while β0 is comparable 

(= 0.41 A/W) as in Ref. 5. In our latest work20 on the CrAu/NiO/CrAu system, where NiO was processed 

by radio frequency (RF) sputtering, we also measured a large RD0 of 461 kΩ for 1 m2 scaled diode area, in 

line with observed values in Ref. 18, while β0 was found to be slightly improved to 0.76 A/W. An 

anomalously low RD0 in Ref. 5 has been interpreted to be due to the very small Ni/NiO and CrAu/NiO 

barriers of 0.1 eV and 0.07 eV respectively. These values were deduced from simulating the theoretical 

current-voltage (I-V) curve of the MIM stack with assumed band diagram configurations to match the 

experimental I-V data. This approach is often used in the literature but gives a wide range of values for 

metal/oxide band diagram parameters that do not agree with values extracted from physical characterization 

of associated thin films rendering difficulties in interpreting the results. In the case of Ref. 5, the electron 

affinity () of NiO is deduced to be 4.8 eV from the theoretical I-V curve, while in Ref. 17 using the same 

fitting approach,  of a similar plasma oxidized NiO film is estimated to be 2.05 eV. Looking at the 

published data21,22 from ultraviolet and X-ray photoemission spectroscopy (UPS, XPS), the electron affinity 

of NiO has been measured to be 1.46 eV21, while for as-deposited NiOx,  is 2.1 eV,22.  

Similar variation can be observed in the band gap values of oxide materials, likely to be due to varying 

stoichiometry and structural properties (crystalline, polycrystalline, amorphous) of films deposited by 

different methods (plasma oxidation5, sputtering22, pulsed laser deposition23,24). For example, the band gap 

of crystalline NiO was found to be 3.6 eV23, 3.65 eV24 and 4.0 eV25. On the other hand, the band gap of 2 

nm plasma-oxidized NiO films was measured to be 3.4 eV5. It has been reported by Ratcliff et al.,22 that 
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the band gap as well as electron affinity of NiO are strongly dependent on the growth method. For example, 

as-deposited NiO layers exhibited a band gap of 3.1 eV while the Ar ion-sputtered and the O2 plasma treated 

NiO layers had values of 0.4 eV and 3.5 eV, respectively22. These studies clearly point to a decrease or 

increase of electron affinity depending on the surface treatment of NiO, where the band gap structure can 

also differ.  

We present in this paper experimental evidence for the value of the electron affinity of stoichiometric TiO2, 

and partially stoichiometric ZnOx and NiOx films using a combination of XPS and variable angle electron 

spectroscopy (VASE) measurements. For NiOx, we measured  to be 2.05 eV, in agreement with the work 

of Ratcliff et al.22. The electron affinities deduced from measuring metal/oxide barrier heights () from 

Fowler-Nordheim tunneling (FNT) plots on reference MIM samples were found to agree ( 0.2 eV) with 

XPS measured  values for TiO2 and ZnOx films. Moreover, we have fabricated MIM diodes based on (< 

3 nm) TiO2 and ZnO thin films to study their suitability for inclusion in 28.3 THz rectennas. The measured 

electron affinity values were used to fit experimental I-V curves of associated MIM diodes. In the light of 

structures studied in this paper, the best performing diode for inclusion in 28.3 THz rectenna is found to be 

Au/ZnOx/Cr with (RD0, 0) = (71 k, 0.28 A/W) yielding a coupling efficiency of 2.4  10-5 %.  

II. EXPERIMENTAL 

The MIM diodes were fabricated on (i) ultra-smooth (0.32 nm rms roughness) 4 cm × 4 cm Corning glass 

(CG) using shadow mask evaporation and (ii) on 300 nm SiO2 on Si substrates using photolithography. The 

surface roughness of the commercial 300 nm SiO2/Si substrates was found to vary from 0.53 nm to 0.69 

nm over the sample area of 0.48 cm  0.48 cm, using the surface mapping analysis tool of the spectroscopic 

ellipsometer. The fabrication steps using SiO2/Si substrates are depicted in Figs. 1(a)-(d). Substrates of 300 

nm thick SiO2/Si were used to ensure insulation and uniformity of the bottom electrode contacts. The 

substrates were initially cleaned in Decon 90 (only CG substrates) with de-ionised water (DIW), acetone, 

propanol and UV ozone cleaner. The patterning was done using a single layer S1813 positive photoresist, 

UV exposure and developed using Microposit developer concentrate and then rinsed in DIW. Then, the lift-

off was performed after metal deposition using thermal evaporation and followed by oxide deposition by 

RF sputtering.  

A base pressure of < 1×10-6 mbar was ensured prior to deposition for both evaporation and sputtering 

processes to provide high quality thin films. The deposition rate of the thermal evaporation was maintained 

between 3-4 Å/s to avoid surface roughness and have uniform Al, Au and Cr metal electrodes. ZnO, TiO2 

and NiO films were sputtered using Ar gas with a flow rate of 4-5 sccm and 45 W RF power. RF sputtering 
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process pressure was kept at 3-4×10-3 mbar at room temperature. It is noted that the actual thickness of the 

sputtered thin film layers may vary from the nominal values. One possible reason behind this deviation can 

be the non-uniformity of the plasma which can affect the sputtering rate of the particles. To mitigate this 

effect, the same Ar gas flow rate and RF power were applied during each deposition and the deposited films 

were consistently measured by VASE to optimize the deposition rate. However, the plasma can 

unintentionally stop during the deposition which requires modification of the gas flow rate and the applied 

RF power within the same deposition step. Considering that XPS is a surface sensitive characterization 

technique, the variation in these bulk oxide thicknesses has little effect on the results since these films can 

be considered as bulk (> 10 nm). On the other hand, for thin films, the nominal 2.5 nm and the actual 

thicknesses of TiO2 (2.5 nm) and ZnO (2.6 nm) films were in close agreement with tolerances of  0.1 nm. 

This can be attributed to the lower sputtering time used compared to the time for depositing bulk oxide 

films. Therefore, better control of the deposition conditions has been maintained without any interruption 

in the plasma for thin film (< 5 nm) processing. The reference samples of ultra-thin (< 3 nm) TiO2 and ZnO 

films on Si were also measured using the mapping tool of the ellipsometer to ensure the uniformity of the 

insulator films sandwiched between the metal electrodes. The thickness variation over the scan area of 0.48 

cm  0.48 cm was found to be in the sub-nm range indicating good uniformity of deposited films. 

The final layer was fabricated using the same steps as the bottom electrode fabrication. The device areas 

range from 104 µm2 for devices processed by shadow masking, while photolithography enabled the 

processing of smaller devices of 4 µm2 and 1 µm2 areas. The MIM structures fabricated by photolithography 

are composed of two overlapping diode arms having 1 µm or 2 µm widths (Figs. 1(e)-(f)), where the oxide 

film is sandwiched between the overlapping arms, resulting in 1 µm2 or 4 µm2 diode areas. The diode arms 

have a length of 28 µm which enables the fabrication of 1 µm2 diode areas with a cross-bar structure using 

photolithography without any misalignment.  

Reference samples of deposited oxide films on n-Si(100) were deposited simultaneously in the sputtering 

chamber to determine thickness, optical properties and electron affinity of the films, using variable angle 

spectroscopic ellipsometry and X-ray photoelectron spectroscopy techniques. The VASE measurements of 

reference oxide films were conducted using a J.A. Woollam ellipsometer within a spectral range of 0.7-5.2 

eV at angles 65-75˚ in 5˚ steps. XPS measurements were made using a SPECS monochromated Al k-α X-

ray source (ℎ𝜐 = 1486.6 eV) in an ultra-high vacuum chamber at a base pressure of ~10-10 mbar. 

Photoelectron emission spectra were recorded with a PSP Vacuum Technology hemispherical electron 

energy analyser. The spectrometer was calibrated using the core levels (CLs) and Fermi line of a sputtered 

silver foil and was operated with an overall resolution of ±0.1 eV. The electrical performance metrics of 

the fabricated diodes were analyzed from DC current-voltage measurements. The room temperature I-V 
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measurements were performed in a dark probe station, using an Agilent B1500 semiconductor parameter 

analyser. 

III. RESULTS AND DISCUSSION 

 

A. THICKNESS AND OPTICAL PROPERTIES OF OXIDE FILMS 

Initially, the reference Si wafer was measured to ascertain the thickness of the native oxide which was then 

used in subsequent fittings of oxide/Si samples. The native oxide thickness was measured as 1.96 nm for 

the Si substrate under the TiO2 layer and it was found to be 1.74 nm for the layers under ZnO and NiO. 

Default TiO2-Cody Lorentz and ZnO-GenOsc models in the CompleteEase software were used for the TiO2 

and ZnO to fit the experimental (ψ, Δ) versus photon energy data, respectively.  

The TiO2 (CodyLor)26 model has only one Cody Lorentz harmonic oscillator to fit the n and k values of the 

TiO2 layer. On the other hand, the ZnO (Gen-Osc)26 model includes three different harmonic oscillators: a 

parametrized semiconductor oscillator (PSemi) and two Gaussian oscillators. The reason for using these 

two models is that they give the best fit, that is the lowest mean-squared-error (MSE) values between the 

experimental and theoretical (fitted) (ψ, Δ) versus photon energy data curves. For the NiO film, since there 

was no available default model in the CompleteEase software, the modeling was started by fitting the ψ and 

Δ values of the NiO in the transparent region (0.74 eV – 2.0 eV) using the Cauchy relation. Then, the 

Cauchy model was parametrized to B-spline26 and fitted for the whole energy range to obtain the n and k 

characteristics in the full energy spectrum. 

Kramers-Kronig consistency between the real and the imaginary part of the dielectric function was 

preserved in all fittings. The MSE values were found to be 7.7 for TiO2 (CodyLor), 1.8 for ZnO (GenOsc) 

and 2.5 for NiO (B-spline) models. The fitted ψ and Δ versus photon energy data for TiO2, ZnO and NiO 

are shown in Figs. 2(a)-(c). Figures 2(d)-(f) and Table I show the refractive index (n) and the band gap (Eg) 

values derived from (αE)0.5 versus E or (αE)2 versus E plots, where E is the photon energy and α is the 

absorption coefficient) for the bulk (>10 nm) oxides. The extracted band gaps of the TiO2, ZnO and NiO 

films as well as n @ 632.8 nm (1.96 eV) are consistent with the reported values archived in the 

CompleteEASE software26 used for the VASE analysis. The thicknesses and the optical constants of the 

thin oxide films (3 nm nominal) used for the MIM device fabrication were measured using the same method. 

B. ELECTRON AFFINITY ESTIMATION OF OXIDE FILMS 

The XPS core level peaks were fitted using Voigt functions and a Shirley type background subtraction, 

performed within the CasaXPS software package. Adventitious carbon C 1s core level binding energy, 
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calibrated to 284.6 eV, was used to account for any sample charging. Stoichiometry of the metal oxide films 

was determined by the relative sensitivity factor (RSF) adjusted area ratios of the metal core levels and their 

corresponding O 1s level. It should be noted that XPS is a surface sensitive technique and the stoichiometry 

determined here refers to the near to surface composition.  

Figure 3(d) shows the Ti 2p3/2 peak at 458.76 eV and on the right, the O 1s lineshape for the TiO2 film. The 

O 1s CL lineshape is fitted with two components: one for the oxygen in TiO2 at 530.17 eV and a smaller 

broad peak at 531.51 eV attributed to adventitious carbon related oxide contamination. The quantitative 

analysis shows that this film is highly stoichiometric with Ti:O of 0.506:1 corresponding to TiO1.98.  

In the case of the ZnO film, Fig. 3(e) shows the Zn 2p3/2 peak at 1021.30 eV and on the right, the O 1s 

lineshape. The O 1s CL lineshape has a main peak due to ZnO at 529.72 eV and a smaller peak at 531.49 

eV attributed to adventitious carbon related oxide contamination. The film is found to be approximately 

stoichiometric with Zn:O of 1.367:1 corresponding to ZnO0.73.  

In contrast to the TiO2 and ZnO films, for the NiO film (Fig. 3(f), left), the XPS lineshape is complicated 

by the presence of multiple satellite structure.  Qualitatively, the Ni 2p3/2 CL lineshape corresponds to Ni 

in the Ni2+ state as expected for NiO, with the Ni2+ binding energy determined to be 853.68 eV. The 

lineshape would require multiple fit components which for clarity are not shown in the figure. The O 1s CL 

spectra (Fig. 3(f), right), show a component from NiO at 529.09 eV and two further broad peaks attributed 

to carbon contamination. It is noted that the contamination on the NiO films is much greater compared to 

the other two films. Furthermore, it should be noted that the stoichiometry calculation for NiO is 

challenging due to the above-mentioned satellite peaks compared to the other two oxides and leads to a 

higher uncertainty in the result. Although the Ni 2p lineshape qualitatively indicates that the Ni is in the 2+ 

state, Dong et al.27 have mentioned that it is difficult to identify the different oxidation states of Ni due to 

the multiple peaks in the spectrum, and indeed there could be some Ni3+ state present as well. Following 

Mansour et al.28, we used the area under the Ni 2p3/2 lineshape with the corresponding O 1s peak from the 

oxide to find the stoichiometry of the film to be about NiO0.70, similar to that found for ZnO and indicating 

some 3+ oxidation state characteristic. These films are referred to as NiOx and ZnOx here. 

Figures 3(a)-(c) show the secondary electron cutoff (SEC) XPS spectra. The SEC measurements were done 

by first biasing the sample to differentiate the SEC values of the sample and the analyser, with the nominal 

value of applied bias, Vapp = -10 V, and then measuring the SEC edge and a reference core level under the 

same conditions. This reference core level can then be compared to the non-biased core level to precisely 

determine the energy shift. Once adjusted for the energy shift, the SEC value can be determined by linear 
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intersection of the edge with the spectrum background as depicted in Figs. 3(a)-(c) on the left. Hence, the 

work function of the oxides, q can be determined as 

𝑞𝜙 = ℎ𝜐 − (𝑆𝐸𝐶 + 𝑞𝑉𝑎𝑝𝑝).                 (1) 

Note that Figures 3(a)-(c) on the left depict positions of SECs for oxide films where x-axes of BEs were 

adjusted for Vapp. The valence band maximum (VBM) can be determined in a similar way using valence 

band spectra, by linear intersection of the VB edge with the spectra background as shown in Figs. 3(a)-(c), 

right. The extracted parameters of q and VBM from XPS spectra shown in Figs. 3(a)-(c) can then be used 

to determine experimentally the ionization energy (IE)  

𝐼𝐸 =  𝑞𝜙 + 𝑉𝐵𝑀.                                                                                                                               (2) 

The IE is found to be ( 0.2 eV) 6.88 eV for TiO2, 6.71 eV for ZnOx and 4.80 eV for NiOx. The electron 

affinity (𝜒) can then be calculated using the extracted IE and band gap (Eg) from the VASE spectra as29 

𝜒 = 𝐼𝐸 − 𝐸𝑔.                                                                                                                                                    (3) 

Considering the Eg values from Tauc plots shown in Figs. 2(e)-(f), the electron affinity is found to be ( 

0.25 eV): 3.56 eV for TiO2, 3.46 eV for ZnOx and 2.05 eV for NiOx. The values correlate with literature 

values22,30,31 within experimental errors, although we note that there are also smaller21 and larger32 values 

reported.  

To confirm the electron affinity values measured by XPS, a set of MIM diodes were fabricated using 

shadow mask evaporation with 3.3 nm TiO2, 3.0 nm ZnO and 3.9 nm NiO thin oxide films sandwiched 

between symmetrical Al/Al metal electrodes. During the electrical characterization, the possibility of 

unintentionally grown native AlOx layers on the bottom Al electrodes was considered and sufficient bias 

was applied to achieve the required electric field for the FNT in the oxide of interest according to the static 

voltage ratio calculations (𝑉𝑜𝑥 =  𝐶𝑒𝑞 𝐶𝑜𝑥⁄ × 𝑉𝑎𝑝𝑝, where 𝑉𝑜𝑥 is the voltage dropped across the oxide layer, 

𝐶𝑒𝑞 is the equivalent capacitance, 𝐶𝑜𝑥 is the capacitance of the oxide layer and 𝑉𝑎𝑝𝑝 is the applied voltage 

on the entire MIM structure). The E-fields were found to be between 6.9 MV/cm – 6.3 MV/cm for TiO2, 

6.5 MV/cm – 5.8 MV/cm for ZnO and 6.7 MV/cm – 6.5 MV/cm for NiO layers. Figures 4(a)-(c) show FNT 

plots for these MIM diodes. A linear relationship between ln(J/E2) and (1/E) can be seen, with an R2 > 

0.999, which indicates a reliable fit33 and the dominance of FNT over the bias range. The barrier height at 

the metal/oxide interface was extracted from the slope of FNT plots (𝑆𝑙𝑜𝑝𝑒 = − 4√𝑞𝑚∗(𝑞𝜙)3 2⁄ 3𝑞ℏ⁄ ), 

where q is electronic charge, ℏ = h/2 is Plank’s constant, m* is oxide effective mass, m0 is electron mass, 
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and  - barrier height. Note that there are no consistent data available for the effective mass ratio of thin 

oxides and values reported in the literature vary between the range of values (0.1-1)5,29,33–35 for ultra-thin 

(<5 nm) films. We have used meff = 0.5  m0 and 0.1  m0 in fittings in Fig. 4. The extracted barrier heights 

() from Fig. 4 are found to be ( 0.1 eV): 0.62 eV for Al/TiO2, 0.56 eV for Al/ZnOx and 1.82 eV for 

Al/NiOx. The work function (WF) of Al was measured previously by XPS29 and found to be 4.28 eV. Hence, 

using  = WFAl - , the oxide electron affinities deduced from FN barriers shown in Fig. 4 are ( 0.3 eV): 

3.66 eV for TiO2, 3.72 eV for ZnOx and 2.46 eV for NiOx.  

The physical and electrical characterization data are summarized in Table I. It can be seen that affinity 

deduced from FNT plots is within the measurement error of  0.3 eV with that extracted from a combination 

of XPS and VASE techniques (termed as XPS) for stoichiometric TiO2 and ZnOx films. The difference in 

 for NiOx film cannot be explained by a measurement error. The extrapolating the edge of the conduction 

band, valence band or absorption edge from Tauc plots is within  0.3 eV. This deviation is rather intrinsic 

to the different nature of XPS and FNT methods, where the former is much more surface sensitive as noted 

above. We have also included the theoretical values of electron affinities derived from charge neutrality 

level as reported by Robertson36-37 for comparison in Table I. 

D. RECTIFICATION PERFORMANCE OF TiO2 AND ZnOx BASED MIM DIODES 

The experimental and theoretically fitted I-V curves of TiO2 and ZnOx based MIM devices fabricated by 

photolithography are shown in Figs. 5(a)-(b) together with extracted rectification parameters of dynamic 

resistance (RD = (dI/dV)-1) (Fig. 5(c)) and responsivity (β = dI"(V)/2I'(V)) (Fig. 5(d)). The fitted I-V curves 

were generated using an in-house simulation model38,39. The model is based on the transfer matrix method 

(TMM). The current density is calculated using the Tzu-Ezaki equation and subsequent transfer matrix 

multiplications. The dielectric layer is assumed to consist of multiple slices having different barrier heights 

by the multi barrier Tzu-Ezaki method. Typically, 50 slices per nanometer is chosen for sufficient 

simulation accuracy. The best fit to the experimental data in Figs. 5(a)-(b) was achieved by inserting TiO2 

= 3.6 eV and ZnOx = 3.7 eV, in agreement with values experimentally obtained (see Table I). Other 

parameters used in simulations are: work functions40 of Au and Cr are taken as 5.1 eV and 4.5 eV, 

respectively; the static dielectric constant of TiO2 is 2541 and of ZnO is 9.442, while electron effective mass 

is m* = 0.3m0, where m0 is the free electron mass. 

Figures 5 (c)-(d) show the rectification parameters RD0 and β0 of Au/2.5 nm TiO2/Cr and Au/2.6 nm ZnO/Cr 

diodes with nominal device area of 4 m2. A smaller dynamic resistance of RD0 = 35 kΩ can be seen for the 

ZnO based diode in comparison to 193 kΩ for TiO2 based device. Even though the zero-bias responsivity 
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of TiO2 based diode (β0=1.2 A/W) is higher than for the ZnO one (β0=0.23 A/W), an order of magnitude 

lower RD0 makes the ZnOx based diode more advantageous for rectennas due to better diode/antenna 

coupling efficiency. We further show that scaling the ZnOx based diode to a size of 1 m2 (see Figs. 5(e)-

(f)) can result in β0=0.28 A/W and RD0 = 71 kΩ. These diode metrics represent an advance on the previously 

reported state-of-the-art Ti/ZnO/Pt6 device in terms of considerably higher coupling efficiency. The power 

coupling efficiency (ηc) between the diode and the antenna was calculated by3,5,43 

 𝜂𝑐 =  4
𝑅𝐴𝑅𝐷

(𝑅𝐴+𝑅𝐷)2 1 + [𝜔
𝑅𝐴𝑅𝐷

(𝑅𝐴+𝑅𝐷)
𝐶𝐷]

2
⁄ ,                                                                                                          (4) 

where RA and RD are antenna and diode resistances, respectively; CD is the diode capacitance;  = 2f is an 

angular frequency, f is a frequency = 28.3 THz. The antenna reactance is assumed to be negligible compared 

to that of the diode43. Considering that an antenna has a resistance of ~100 Ω to capture the IR radiation, 

calculated coupling efficiency (𝜂𝑐) of our fabricated diodes is summarized in Table II and compared with 

𝜂𝑐 values reported in the literature. The following high-frequency permittivity values of oxides1 (ε∞ = n2, 

where n is the refractive index) were used for the capacitance calculations: 1.4 for TiO2,
44 2.4 for ZnO,45 

3.24 for NiO45, all at 28.3 THz. The best performing diode in this work (Au/ZnOx/Cr with 1 m2 area) has 

𝜂𝑐 = 2.4×10-5 % which is 108 % higher than for previously demonstrated Ti/ZnO/Pt6 diode with c = 4.6×10-

13 %. The Au/TiO2/Cr has an order of magnitude lower coupling efficiency than the ZnO based one 

(𝜂𝑐=1.6×10-6%). According to Table II, the highest 𝜂𝑐 = 2.9×10-1 % has been reported for Ni/NiO/CrAu5 

diode that features ~1.5 nm oxide thickness and device area of 0.025 m2. The measured RD0 for this diode 

was considerably smaller (~630 Ω) than the other measured values (500 k18,20, ~40 M19) on similar 

diodes. These differing values can be explained by the band alignment structure with the fitted electron 

affinity of NiO film of 4.8 eV, a considerably higher value than those experimentally measured in the 

literature12,13 and from this work (~ 2 eV). Kaur et al.17 found the barrier height at the Ni/NiO interface to 

be 0.45 eV by matching the theoretically fitted I-V curve to experimental data. Fitting the I-V curve with 

NiO ~ 2 eV to the same configuration as in Ref. 5 would result in ~6 orders of magnitude higher RD0 and 

projected much lower 𝜂𝑐 of ~10-6 %. A similar uncertainty is also seen in Jayaswal et al.3 work. Although 

the reported 𝜂𝑐 is ~1.9×10-3 % for the Au/Al2O3/Ti diode, as mentioned in Ref. 3, the electron affinity and 

the work function of the metals deviate significantly from the literature values (±2 eV) questioning the 

physical meaning of values extracted from I-V fittings and accuracy of predicted coupling efficiency. Under 

the evidence of our experimental results, ZnO and TiO2 based MIM diodes can have a projected 𝜂𝑐 > 1%. 

This could be achieved by fabricating thinner insulating layers (~1 nm) with a smaller area (~0.01 µm2) and 

more asymmetric metal configurations such as Au/Ti or Au/Nb instead of Au/Cr to reduce the RD0 since Ti 

(4.1 eV46) and Nb (4.1 eV29) metals have smaller work function than Cr (4.5 eV40).  
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In order to confirm this assumption, the I-V characteristics of Au/1 nm TiO2/Ti and Au/1 nm ZnO/Ti diodes 

were simulated considering the electron affinity values experimentally measured on reference oxide 

samples. These simulations results were compared with the experimental I-V curves of the diodes presented 

in Fig. 6. As can be seen in Figs. 6(a)-(b), there is ~2 orders of magnitude increase in the current levels of 

both TiO2 and ZnO based diodes with the increased asymmetry due to the difference in Au/Ti metal work 

functions of 1 eV (work functions of Au and Ti are taken as 5.1 eV 40 and 4.1 eV 46), as well as the reduced 

oxide thickness of 1 nm despite the smaller area (0.01µm2) compared to the experimental diodes having 4 

m2 area. Figs. 6(c) and (d) show the simulated RD0 values of Au/1 nm TiO2/Ti and Au/1 nm ZnO/Ti diodes 

with an area of 0.01 µm2 to be 1238 Ω and 783 Ω, respectively. 

Considering these values of RD0 of the two diodes, the dynamic permittivity of 1.4 for TiO2 and 2.4 for ZnO 

(Refs. 1, 31-32) at 28.3 THz and an antenna impedance of 100 Ω, the coupling efficiency, 𝜂𝑐 has been 

calculated and results are shown in Fig. 7. The results suggest that the Au/1 nm TiO2/Ti and Au/1 nm 

ZnO/Ti configurations can achieve c of 5% and 3% respectively, an order of magnitude improvement in 

the efficiency to the currently highest reported c for the single insulator diodes of ~ 0.3% (see Table II and 

Ref. 5). Note that the projected 𝜂𝑐 for TiO2 based diode is higher than for the ZnO based diode due to its 

lower dynamic permittivity. Figure 7 also includes available experimental data from the literature on the 

MIM diodes based on the three oxides studied. The fabricated 1 m2 ZnO based MIM diode is in advance 

to the state-of-the-art (Ref. 20) but there is a further modification to this structure (1 nm oxide, 0.01 m2 

diode area, Au/Ti electrodes) that can be done to compete for inclusion in an infrared rectenna. However, 

for further increase in the β0 while keeping a low RD0, double insulator MI2M is crucial. As proposed in the 

theoretical work of Elsharabasy et al.,47 the Cr/TiO2/ZnO/Ti configuration could be a potential candidate to 

have an efficient rectifier based on their simulated I-V characteristics. However, the electron affinities of 

TiO2 and ZnO were considered as 4.20 eV and 4.30 eV in their simulations; 0.6 eV higher than our 

experimentally derived values for both oxides. 

A further confirmation for the validity of these experimental results can be substantiated by the results on 

double insulator (MI2M) devices. For that purpose, a double insulator Cr/1.8nm TiO2/4.0 nm ZnO/Cr diode 

having 104 µm2 area was fabricated using RF sputtering and shadow mask evaporation processes. Room 

temperature I-V measurements were performed on the fabricated diodes, the obtained results were 

compared with the theoretical simulations and included in Fig. 8 (a). The electron affinities of the TiO2 and 

ZnO were chosen as 3.60 eV and 3.70 eV based on the experimentally measured values and the work 

function of Cr was kept as 4.50 40 eV to preserve the consistency with the single insulator MIM simulations 

in Fig. 5. The static dielectric permittivity of TiO2 and ZnO were taken as 25 41 and 9.4 42 respectively with 
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an electron effective mass of m* = 0.2m0, where m0 is the free electron mass. The ratio of m* has been 

changed in the simulations from 0.3 to 0.2 to match with the experimental current magnitude since it is 

written as the combination of the two oxides in the simulation model. It was observed that the experimental 

and the theoretical I-V behaviour of the diodes are in close agreement (Fig. 8(a)) which support the electron 

affinity values found in this work. The resulting RD0, β0 and maximum η values of this MI2M diode have 

been found to be 108.8 kΩ (Fig. 8(b)), 1.4 A/W (Fig. 8(c)) and 5.6 at 0.5 V (Fig. 8(d)), respectively from 

the I-V curve. 

Despite the considerably improved η and β0, this configuration would result in high metal/oxide barriers 

and consequently high RD0 according to the experimental results. As an alternative, metals having smaller 

work functions such as Ti or Nb can be combined with these two oxides to fabricate Ti/TiO2/ZnO/Ti or 

Nb/TiO2/ZnO/Nb diodes. Another alternative is changing the growth parameters of the RF sputtered ZnO 

and TiO2 layers to modulate the stoichiometry and consequently increase the electron affinity of the oxides 

such as in Ref. 5; or applying post-deposition treatment such as annealing the thin films at high 

temperatures. Sharma et al.,48 reported an increase in the electron affinity of up to 0.5 eV between the spin 

coated ZnO thin films annealed at 150oC and 250oC. This could be a potential solution for having lower 

metal/oxide barrier heights. As mentioned in Ref. 5, it is not straightforward to predict the projected 𝜂𝑐 of 

the double insulator configurations without doing an actual optical measurement using a THz source since 

the high frequency behaviour of the diodes deviate from the DC I-V results more than the single insulator 

configurations, but the 𝜂𝑐 can be experimentally increased >10%,47 with the above mentioned proposed 

solutions. Besides these considerations, together with the variety of supporting values in the literature18–22, 

our results raise the question regarding the repeatability of a very low barrier of ~0.1 eV between the Ni/NiO 

interface demonstrated in Ref. 5.  

IV. SUMMARY 

The bottleneck in achieving a 28.3 THz MIM based rectenna continues to be the limitation resulting from 

the poorly performing diode leading to low power coupling efficiencies. The significance of this paper is 

in providing experimentally measured electron affinities of TiO2, ZnOx and NiOx thin films by a 

combination of spectroscopic ellipsometry, X-ray photoelectron spectroscopy and Fowler-Nordheim I-V 

plots, with the aim of obtaining reliable parameters of the MIM diode stack to accurately interpret its 

rectification performance at 28.3 THz. A deviation between electron affinity values determined from 

secondary electron cut-off spectra and the ones deduced from barriers extracted from electrical 

characterization has been found to be more apparent for nonstoichiometric oxide films. The best achieved 

coupling efficiency was found to be c = 2.4×10-5% for the Au/2.6 nm ZnO/Cr diode having a device area 
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of nominal 1 µm2 which represents a 108% improvement in comparison to the previously demonstrated 

ZnO based diode. Our calculations provide evidence that the c of ZnO and TiO2 based MIM diodes can be 

enhanced up to ~5% with further modifications such as reducing the device area to nanometer scale, 

modifying the growth conditions to increase the electron affinity, reducing the oxide thickness to 1 nm and 

using metals with lower work functions such as Ti and Nb. These modifications can also be applied in 

double insulator configurations where the coupling efficiency can be improved beyond 10% which could 

merit practical application of the rectenna.  
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Table Captions 

 

TABLE I. The experimentally determined electron affinities from XPS/VASE and FNT measurements of 

TiO2, ZnOx and NiOx films are summarized together with reference values from the literature. The thickness 

(tox), refractive index (n) and band gap (Eg) values are derived from VASE measurements. The XPS 

extracted parameters include key core level binding energies (BEs), stoichiometry, ionization energy (IE) 

and valence band maximum (VBM) of oxide films. The barrier heights () between Al/oxide are listed as 

obtained from FNT plots shown in Fig. 4. Refs. 21, 22, 29-31 refer to experimental XPS/IPES/UPS 

measured values while Refs. 36, 37 are from theoretical calculations. 

 

TABLE II. A summary of MIM diode rectification figures of merit (RD0, 0) of devices fabricated based on 

TiO2, ZnO and NiO films and their comparison with the state-of-the-art. The stated coupling efficiency (c) 

values refer to a frequency of 28.3 THz.  
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Figure Captions 

FIG. 1. The fabrication process flow for patterning the MIM rectifiers including (a) substrate cleaning, (b) 

bottom electrode patterning and deposition, (c) oxide deposition, (d) top electrode patterning and 

deposition, (e) computer-aided design (CAD) of the photomask showing circular metal electrode patches 

and the overlapping diode arms, (f) zoomed-in image of the overlapping diode arms showing its length of 

28 µm and width of 1 µm or 2 µm used for processing diode area of 1 µm2 or 4 µm2. 

FIG. 2. The experimental ψ (amplitude ratio) and Δ (phase difference) parameters measured at 65o, 70o and 

75o angle of incidences fitted with theoretical models for (a) TiO2, (b) ZnO and (c) NiO. Refractive index 

(n) and (αE)0.5 or (αE)2 versus photon energy (E) plots, where  is absorption coefficient for: (d) TiO2, (e) 

ZnO and (f) NiO films on Si substrates. The band gap (Eg) of each oxide was calculated from the linear 

extrapolation of the plots to the base line, as depicted. 

FIG. 3. X-ray photoelectron intensity spectra of secondary electron cutoff and valence band edge (a-c), and 

metal and O 1s core level spectra (d-f) for TiO2, ZnO and NiO films. The Ni 2p lineshape is complicated 

due to the presence of satellite structure and for clarity the fitting components are not shown. The x-axis in 

(a)-(c) left is adjusted for applied bias as stated in Eq. (1). 

FIG. 4. Experimental and fitted Fowler-Nordheim plots for (a) TiO2, (b) ZnO and (c) NiO based MIM 

diodes with Al/Al metal electrodes. The values of metal/oxide barrier heights extracted from linear fitting 

are stated in the insets of each figure. 

FIG. 5. Experimental and fitted I-V characteristics of (a) Au/TiO2/Cr, (b) Au/ZnO/Cr diodes with 4 m2 

device area and their (c) dynamic resistance vs. applied bias; (d) responsivity vs. applied bias curves. (e) 

Experimental and fitted I-V characteristics of scaled Au/ZnO/Cr diode with a nominal device area of 1 m2 

with associated (f) dynamic resistance and responsivity vs. bias curves. The zero bias dynamic resistance 

(RD0) and zero-bias responsivity (β0) are stated for each device. 

FIG. 6. Comparison between the experimental and simulated I-V curves of (a) TiO2 and (b) ZnO based 

single insulator diodes and (c)-(d) their calculated dynamic resistance. 

FIG. 7. A summary of experimental and projected 𝜂𝑐 for TiO2, ZnO and NiO based single insulator diodes. 

FIG. 8. Experimental and simulated (a) I-V characteristics Cr/2 nm TiO2/4 nm ZnO/Cr diode with a device 

area of 104 m2 with associated (b) dynamic resistance, (c) responsivity and (d) asymmetry curves. 
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TABLE I.  

 

  

Measurement 

method 

Extracted 

parameters 

TiO2 ZnOx NiOx 

Ti 2p3/2 O 1s Zn 2p3/2 O 1s Ni 2p3/2 O 1s 

        

XPS 

BE (± 0.1) (eV) 458.8 530.2 1021.3 529.7 853.7 529.1 

       

Metal:Oxygen 0.506:1 1.367:1 1.425:1 

Stoichiometry TiO1.98 ZnO0.73 NiO0.70 

IE (± 0.2) (eV) 6.88 6.71 4.80 

VBM (± 0.2) (eV) 2.82 2.13 0.21 

XPS (±0.25) (eV) 3.56 3.46 2.05 

     

VASE 

tox (±0.1) (nm) 24.0 36.2 30.5 

n @1.96 (eV) 2.13 1.84 1.87 

Eg (±0.1) (eV) 3.32 3.25 2.75 

     

FNT Al/oxide (eV) 0.62 0.56 1.82 

  (±0.3) (eV) 3.66 3.72 2.46 

     

Reference  (eV) 3.930,36,37 3.631, 4.3-4.532, 4.636 1.4621, 2.122, 3.036 
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TABLE II.  

MIM diode structure 

Oxide 

deposition  

method 

tox  

(nm) 

Area 

(μm2) 

β0 

(A/W) 

RD0 

(Ω) 
c  

(%) 

Au/Al2O3/Ti3 ALD 1.5 0.04† 0.44 98 k 1.9×10-3* 

       

Ni/NiO/Ni19 
Plasma 

oxidation 
<4.0 0.018 -0.41 42 M 1.5×10-4 * 

Ni/NiO/Cr18 
Plasma 

oxidation 
~2.5 1.45 0.50 500 k 1.3×10-6 * 

Ni/NiO/CrAu5 
Plasma 

oxidation 
1.5 0.025 0.41 630 2.9×10-1 

CrAu/NiO/CrAu20 RF Sputtering 6.8 ~1 0.76 461 k 1.5×10-5 

       

Ti/TiOx/Pt16 Self-oxidation• - 150 2.25 170 k -- 

Ti/TiO2/Pd17 in-situ oxidation 3 -- -- 100 k -- 

Au/TiOx/Cr (this work) RF Sputtering 2.5 ~4 1.2 193 k 1.6×10-6 

       

Ti/ZnO/Pt6 ALD 4.0 9104 0.125 1.2k 4.6×10-13 * 

Au/ZnOx/Cr (this work) RF Sputtering 2.6 4 0.23 35 k 3.3×10-6 

Au/ZnOx/Cr (this work) RF Sputtering 2.6 ~1 0.28 71 k 2.4×10-5 

* Coupling efficiency calculated based on the stated thickness, area and RD values.  
† Device area calculated based on stated dimensions.  

• Oxidation in an elevated temperature and humidity. 
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FIG. 1.  
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FIG. 2. 
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FIG. 3. 
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FIG. 4.  
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FIG. 5.  
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FIG. 6.  
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FIG. 7.  
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FIG. 8.  
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