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Metal-Insulator-Metal (MIM) diodes for rectification applications must exhibit high asymmetry, nonlinearity and 

responsivity. Traditional methods of improving these figures of merit have consisted of increasing insulator thickness, adding 

multiple insulator layers and utilizing a variety of metal contact combinations. However, these methods have come with the 

price of increasing the diode resistance and ultimately limiting the operating frequency to well below the terahertz regime.  In 

this work, an Airy Function Transfer Matrix simulation method was used to observe the effect of tuning the electron affinity 

of the insulator as a technique to decrease the diode resistance. It was shown that a small increase in electron affinity can 

result in a resistance decrease in upwards of five orders of magnitude, corresponding to an increase in operating frequency on 

the same order.  Electron affinity tuning has minimal effect on the diode figures of merit, where asymmetry improves or 

remains unaffected and slight decreases in nonlinearity and responsivity are likely to be greatly outweighed by the improved 

operating frequency of the diode. 

I. INTRODUCTION 

A Metal-Insulator-Metal (MIM) diode is a nanoelectronic device that consists of a thin insulating dielectric 

sandwiched between two metal contacts. In recent years, these highly versatile devices have gained popularity for their 

applications in infrared detection1,2, wireless power transmission3,4 and solar energy harvesting3,5–7. The increasing demand 

for high speed electronics with small physical footprints has brought a focus on MIM diodes, which are advantageous due to 

their fast quantum tunneling conduction mechanism capable of operating at terahertz (THz) frequencies. 

 In any application, the main objective of the MIM diode is to rectify a high frequency AC signal to DC. The ideal 

diode current-voltage (IV) characteristic calls for an exponential behavior with high current at forward biases compared to the 

low ‘near-zero’ current at reverse biases. Three metrics have been defined to characterize a diode’s rectification performance 

and are referred to as the Figures of Merit (FOM)3 listed in Table I. The FOM quantitatively describe the nonlinear nature of 

a diode’s IV response, where attaining the highest possible FOM corresponds to a diode capable of efficient rectification.  

Asymmetry is the ratio of forward current to reverse current, where values larger than 1 indicate rectification.  Nonlinearity 

indicates the degree of sharpness in the turn on region of the IV curve. Lastly, Responsivity is a measure of DC current 

generated per unit of AC power.  
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TABLE I. MIM Diode Figures of Merit 

Asymmetry ௔݂௦௬௠ሺܸሻ ൌ ฬ
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 Current challenges in MIM diode design are associated with the goal of attaining THz rectification, where emphasis 

has been placed on obtaining diodes with high FOM. Research into improving the FOM has involved exploring a variety of 

material combinations8–10, geometries11–13 and fabrication methods1, 3,14. It is widely reported that the choice of metal contacts 

is critical for diode performance, where a large difference in work functions of the metals is desired to achieve high 

FOM8,9,15,16. Periasamy et al. implemented a high throughput screening technique to study a variety of metal-insulator 

combinations resulting in a device exhibiting the highest reported FOM9 ( ௔݂௦௬௠ ൌ 1500, ே݂௅ ൌ 4, ோ݂ாௌ ൌ 20	ܸିଵሻ, although 

the frequency response was not examined. A novel diode structure reported by Shin et al. implemented a multi-walled carbon 

nanotube (MWCNT) as one of the metal contacts10. The COMSOL simulation of the metal-insulator-MWCNT structure 

reported a cut-off frequency of 6.47 THz, however it was only capable of up to 10 MHz rectification experimentally. Along 

with the choice of metals, the properties of the insulator layer remain key parameters in diode design. With their high 

throughput screening technique, Periasamy et al. outlined the requirements of the insulator regarding the value of its electron 

affinity (߯஺) with respect to the metal work functions (߰)8. Hashem et al.16 demonstrated that increasing the insulator 

thickness and metal work function difference has a positive influence on the diode FOM. Furthermore, Alimardani et al. has 

thoroughly investigated the impact of the insulator material on the conduction processes through the diode17,18. A common 

geometrical variant consisting of a double insulator structure (MIIM) was experimentally realized by Maraghechi et al. and 

obtained up to 10 times improvement in nonlinearity compared to a single insulator diode with the same electrodes, but again 

the diode resistance and hence operating frequency were not considered13. These methods and many more have been 

implemented to improve the FOM but this has often been achieved at the expense of increasing the diode resistance. 

Alongside the FOM, the resistance is another key property in evaluating the performance of the MIM diode. The cut off 

frequency (݂ ൌ
ଵ

ଶగோ஼
 ) is inversely proportional to resistance and therefore to attain high frequency operation, the resistance 

must be minimized19. An understanding of the design parameters and their influence on the diode output is critical to 

optimizing this trade-off between FOM and resistance.  While the studies noted above have been beneficial in determining 
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the impact of the insulator material and thickness on the diode performance, the influence of the insulator’s electron affinity 

on the diode FOM, resistance, and corresponding frequency response has not been systematically studied. 

The electron affinity of the insulator influences the height of the potential barrier in a MIM diode, and lowering of the 

barrier is expected to encourage more electron flow and thus lower the diode resistance. The electron affinity of a material 

can often be tuned by doping, where introduction of impurities into a semiconductor or insulator can alter the size of the band 

gap by raising or lowering the conduction/valence band edges20–28. In insulator or semiconducting materials, doping is 

commonly achieved by atomic layer deposition20,29–33, sputter deposition34–37 and chemical vapor deposition38–46. Strain 

induced electron affinity tuning has also been reported for various materials, commonly for  wide band gap  perovskite 

material combinations47–51. Similarly in 2D semiconductor materials, applied mechanical strains52–54, lattice mismatch 

strains55,56 and cation stearic size effects57–59 have resulted in shifting of the conduction band. Notably, strain induced band 

gap tuning has been observed in thin films of titanium dioxide60 and tin oxide61. The bandgap of quantum dots exhibit a 

particle size dependence62–65, where band gap widening has been observed in quantum dots of zinc oxide66,67 and titanium 

dioxide nanocrystals68,69 . Further quantum dot band tuning is possible by surface modification with choice of ligand 

molecules70. Block copolymer films used in various flexible device applications, are able to exhibit electron affinity tuning 

over a broad range by varying the ratio of electron donor-acceptor units in the  conjugated polymer film71–73. In this work, 

simulation of the diode IV characteristic was used to observe the effect of tuning the electron affinity of the insulator layer as 

a technique to optimize both MIM diode resistance and FOM.  

II. BACKGROUND AND SIMULATION 

The potential barrier in a MIM diode is defined by several parameters that pertain to the material selection and 

geometry of the diode. These parameters and the resulting barrier are depicted in Figure 1. The size and shape of the potential 

barrier directly affects the probability of electron tunneling and hence the diode FOM values.  The width of the potential 

barrier is determined by the thickness and number of insulator layers. The height of the left and right sides ሺ߶௅, ߶ோሻ of the 

barrier are determined by the work functions of the metals ሺ߰௅, ߰ோሻ and the electron affinity of the insulator ሺ߯஺ሻ. Two 

electron tunneling mechanisms are possible: direct tunneling and Fowler-Nordheim (FN) Tunneling3. Direct tunneling occurs 

when the tunnel current must travel across the entire width of the insulator. FN tunneling takes advantage of a reduced 

tunneling distance that arises in the triangular section atop the barrier as a result of the difference in metal work functions 

	߰ோെ߰௅ and applied bias ( ௕ܸ), as shown in the inset of Figure 1. Conditions in which FN tunneling occurs, will produce 

higher current than the case of direct tunneling alone.  
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The left metal work function was selected to be smaller than the right metal work function ߰௅ ൏ ߰ோ, such that a 

higher tunnelling current (forward current) occurs when the positive bias is applied on the right contact. This is due to higher 

electron tunneling probability arising from the smaller left barrier height (߶௅ሻ. It is intuitive to see that the large potential 

barrier on the right side (߶ோ in Figure 1) impedes the flow of electrons. Thus, while the profile of the barrier encourages 

forward tunneling, its large size decreases the probability of reverse tunneling.  

While conduction in MIM diodes is largely dominated by the femtosecond fast quantum tunneling processes15,16, 

alternative conduction processes exist in dielectric thin films that must be considered. Notably, the electrode limited Schottky 

or thermionic emission and the bulk limited Poole-Frenkel (PF) emission74–76.  Schottky emission is dependant on the barrier 

formed at the metal-insulator interface, where electrons with enough thermal energy can overcome the barrier. PF conduction 

occurs via trap states within the band structure due to defects in the insulator layer.  In this work, simulations of the diode IV 

characteristic have been performed using the well established tunneling models, where Schottky and PF conduction have 

largely been neglected7, 15,16,77. However, for the case of electron affinity tuning, the impact of Schottky and PF emission 

should be considered. Electron affinity tuning will affect the magnitude of Schottky emission as it is directly dependent on 

the potential barrier height, and if tuning of the electron affinity is achieved by doping, an increased defect density can 

increase the probability of PF emission. The diode performance results presented herein have only considered tunneling 

conduction, however the conditions under which Schottky or PF emission may have a significant impact on the diode 

performance are discussed in detail in Section III.  

It is also noted that electron conduction at metal-insulator interfaces results in a reduced “rounded-off” barrier known as the 

image charge potential, depicted in the Figure 1 (dotted line, ߶௜௠௔௚௘).  The image charge potential arises from the build up 

charge carriers at the metal-insulator interfaces and results in a rounding of the barrier edges7, 15, 74, 76,78–82.  However the 

effects of the image charge potential have been omitted in the simulations presented here, as the decrease in the barrier height 

is expected to be minimal79 and the effects negligible at high electric fields and ordinary temperatures76,80. Figure S1 in the 

supplementary material shows the effects of the image charge potential on the simulated current. The minimal reduction in 

barrier height results in a negligible increase in the diode current and is expected to have a negligible effect on the FOM 

calculated in this work. Furthermore, the omission of the image potential is supported by the close matching between 

simulation and experimental results shown elsewhere7, 15,83.  
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FIG.  1. MIM diode potential barrier construction as determined by metal work functionsሺ߰௅, ߰ோሻ, insulator electron affinity ሺ߯஺ሻ and 
thickness. The barrier heights ሺ߶௅,ோሻ are determined by the difference between the work function and electron affinity ൫߰௅,ோ െ ߯஺൯. The 
dotted line shows the shape of the image charge potential (߶௜௠௔௚௘ሻ that has been neglected.  With the left contact grounded, an applied bias 
( ௕ܸ) across the diode raises or lowers the fermi level ൫ܧ௙൯ of the right metal in accordance to the direction of bias. The inset shows the 
energy level diagram when forward current occurs, where the lower left barrier height (߶௅) and Fowler-Nordheim (FN) tunneling promote 
higher current.  

The electron tunnelling and resulting MIM diode IV characteristics were simulated with an Airy Function Transfer 

Matrix Method (AF-TMM), as reported by Hashem et al.16 Inputs to the simulation such as the metal work functions, 

insulator electron affinity and thickness are used to construct the shape of the potential barrier. The AF-TMM solves the one-

dimensional Schrodinger wave equation to determine transmission probability of the electron wave through the potential 

barrier. The transmission probability is combined with the Fermi-Dirac distributions to obtain the current density (ܣ/ܿ݉ଶ	) as 

a function of the applied bias voltage. The method reported by Hashem et al.16, as well as other similar approaches7, 15,77 that 

consider tunneling conduction, have shown good matching to experimental diode measurements.  The diode FOM were 

calculated as listed in Table I, and the values at 2V were taken for comparison (similar FOM trends at 3V are presented in the 

supplementary material). A bias of 2V is used for comparison as it occurs after the turn on voltage of the majority of the 

simulated diodes. The diode resistance is an important property that is discussed herein and is calculated as the differential 

resistance ቀ
డூ

డ௏
ቁ
ିଵ

 at zero bias. A parametric sweep of the diode parameters was done to observe their influence on the diode 

performance as discussed in the following section. The insulator thickness was swept from 4 nm to 10 nm, as the thickness 

should be kept lower than 10 nm for the tunneling conduction mechanism to dominate84.  A variety of commonly deposited 

metals (aluminum, titanium, chromium, copper, gold and platinum) were simulated, effectively sweeping the work function 

difference between the two contacts ߰ோ െ ߰௅, from 0.05eV to 1.37eV. The work functions used for these metals are listed in 

Table II. Lastly, the electron affinity (߯஺) was swept from 2.6eV to 4.4eV, in steps of 0.2eV. Tuning the electron affinity 

across the entire range of simulated values (from one extreme to the other) would be difficult experimentally without greatly 

altering the material structure. Additionally, large range tuning by doping of the insulator could significantly increase the 

http://dx.doi.org/10.1063/1.4983256


6 
 

defect density and result in a dominant PF conduction process instead of tunneling. Nonetheless, this broad range of electron 

affinities are considered in order to effectively present the trends discussed in the next section. However, it is emphasized that 

the conclusions in regards to the FOM made in Section III only concern the effects of electron affinity tuning by ±0.2eV, 

which is feasible to achieve experimentally with minimal change to the material structure20–73. Comparisons are made to the 

electron affinity of 3.8eV, which is similar to that of undoped titanium dioxide, a very common dielectric that has been doped 

in practise60, 68,69,85–89. 

TABLE II. Metals used in the simulation with respective work functions 	߰ோ,௅. 

Metals Work Function ࣒ࡾ,ࡸ [eV] 

Aluminum 4.28 

Titanium 4.33 

Chromium 4.50 

Copper 4.70 

Gold 5.10 

Platinum 5.65 

III. RESULTS AND DISCUSSION 

The influence of the insulator thickness and metal work function difference (	߰ோെ߰௅) on the asymmetry FOM 

(measured at 2 V) was simulated and is shown in Figure 2 for an electron affinity of 3.8 eV. Aluminum was kept as the left 

work function	߰௅, while the right work function 	߰ோ was varied from the metals listed in Table II. As shown previously16, the 

asymmetry increases as the insulator thickness and ߰ோെ߰௅	are increased. Furthermore, at larger ߰ோെ߰௅ the influence of 

increasing the thickness is amplified and allows for up to 10 orders of magnitude improvement in asymmetry.  Similar trends 

were also observed for asymmetries calculated at different voltages. 
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FIG. 2. Diode asymmetry as a function of increasing thickness and work function difference (߰ோെ߰௅). Insulator electron affinity ߯஺, is 
kept at 3.8eV. Aluminum was kept as the left work function	߰௅, while the right work function 	߰ோ was varied from the metals listed in 
Table II. Asymmetry is taken at 2V from the diode IV characteristic.  

 While increasing the thickness and 	߰ோെ߰௅ of the diode are simple methods for improving the diode FOM, there 

lies an inherent drawback. As a result of the larger potential barrier (larger thickness or ߶ோ), the diode resistance increases 

and subsequently the magnitude of the rectified current produced is decreased. Figure 3a shows the differential resistance of 

the MIM diode with the same simulation parameters as Figure 2. The differential resistance is seen to increase as both the 

thickness and ߰ோെ߰௅	are increased.  The inset of Figure 3a shows the potential barrier profiles for increasing ߰ோെ߰௅. As 

߰ோെ߰௅ increases, the height of the right barrier, ߶ோ, increases. Although this higher barrier on the right side of the diode 

limits reverse bias current, it also increases the applied bias required to reach the FN tunnelling regime shown in the inset of 

Figure 1, thus limiting the forward bias current as well. Figure 3b displays the simulated current density at an applied 

(forward) bias of 2V for the same simulation parameters as Figures 2 and 3a. A significant decrease in current density with 

increasing insulator thickness and ߰ோെ߰௅ is clearly visible. Theoretically, these improved diodes have good rectification 

characteristics (high FOM) but become redundant if they cannot produce substantial rectified current. Applications in 

rectenna based energy harvesting or IR/UV detection will require high current output for improved efficiency and sensitivity. 

Consequently, a performance tradeoff is presented where the methods used to achieve good rectification (as defined by the 

FOM) result in higher resistance and limit the attainable operating frequency.    
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FIG.  3. The drawbacks from increasing MIM diode thickness and work function difference ( ߰ோെ߰௅). a) Differential resistance and b) 
current density at 2V bias as a function of insulator thickness and ߰ோെ߰௅. Inset figure shows the shape of the potential barrier for 
increasing ߰ோെ߰௅ where the resistance increases due to the larger barrier heights.  

 As a potential solution to the discussed problem, the effects of tuning the electron affinity of the insulator layer were 

investigated. It is expected that lowering the height of the potential barrier will reduce the diode resistance19. This can be 

achieved on both sides of the barrier by increasing the electron affinity. Furthermore, this method of reducing the resistance 

does not affect ߰ோ െ ߰௅, preserving the profile of the triangular section atop the potential barrier and the conditions for 

Fowler Nordheim Tunneling.  It was previously reported that the ideal MIM diode should have a low forward barrier height 

(߶௅ ൌ ߰௅ െ ߯஺ሻ and thus the electron affinity of the insulator and the work function of the left metal should be similar in 

value8. The need to find compatible metal-insulator combinations can be avoided by tuning the electron affinity of the 

insulator to a compatible value.  Figure 4a shows the differential resistance of the diode as a function of electron affinity for 

different insulator thicknesses with the Al-Pt metal electrode combination (߰ோ െ ߰௅ ൌ 1.37ܸ݁). Similar resistance data for 

other simulated metal combinations are shown in Figure S2 in the supplementary material. It is seen that increasing the 

electron affinity of the insulator layer resulted in a substantial reduction in diode resistance for all insulator thicknesses. The 

magnitude of the decrease was dependent on the thickness of the insulator layer, with greater reductions in resistance evident 

for the diodes with thick insulator layers. For the 4 nm thick diode, a resistance decrease on the order of 101 was observed for 

an +0.2eV increase in electron affinity. Whereas for the thicker diodes (6-10 nm) the resistance decrease was observed to be 

on the order of 102-105 in magnitude. Therefore, it can be stated that a small increase in electron affinity of 0.2eV has the 

potential to increase the operating frequency by 5 orders of magnitude. Figure 4b shows the simulated differential resistance 

of the diodes as a function of electron affinity for different 	߰ோെ߰௅	and a fixed insulator thickness of 6nm. Similar resistance 

data for other thicknesses are shown in Figure S3 in the supplementary material. Again, a reduction in diode resistance is 
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observed with increasing electron affinity, but it is seen that different metal combinations generally had no effect on the 

magnitude of the resistance reduction.  

 

FIG.  4. Diode resistance as a function of electron affinity for a) an aluminum (߰௅ ൌ 4.28ܸ݁) – platinum (߰ோ ൌ 5.65ܸ݁) diode, (work 
function difference ߰ோ െ ߰௅ ൌ 1.37ܸ݁) with different insulator thicknesses and b) a diode with a 6nm thick insulator layer and different 
work function differences. Figures S2 and S3 in the Supplementary Material show similar resistance data for other simulated metal 
combinations and thicknesses. The inset figure shows the height of the barrier decrease for increasing	߯஺, allowing for greater current flow 
and thus the reduced resistance. 

The lower resistances observed in Figure 4 for higher insulator electron affinities follow directly from lower barrier 

heights, as illustrated schematically in the inset of Figure 4a, which induce a larger electron tunnelling probability. As a 

result, a significant increase in current density, on the same order of magnitude as the change in resistance, was observed as 

the electron affinity of the insulator was increased (refer to Figure S4 in the supplementary material). Consequently, a shift in 

the diode turn on voltage (TOV) towards lower voltages is observed as the electron affinity is increased, as shown in Figure 5 

for an Al-Pt diode (߰ோ െ ߰௅ ൌ 1.37	ܸ݁) with a 6 nm thick insulator layer. TOV has been defined as the bias at which 

significant exponential increase in current is observed18 and has been determined by the extrapolation in the linear region 

(ELR) method reported elsewhere90. The TOV is correlated to the onset of the Fowler-Nordheim (FN) tunneling regime. As 

demonstrated by the inset in Figure 5, at higher ߯஺ the FN tunneling regime is reached at lower voltages and thus a lower 

TOV is observed. This trend of decreasing TOV with increased insulator electron affinity was observed for a variety of 

relevant diode thicknesses and work function differences (refer to Figure S5 in the supplementary material). 
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FIG.  5. Location of the turn on voltage (TOV) as the electron affinity ሺ߯஺ሻ of the insulator is increased for a 6 nm thick diode with 
aluminum and platinum electrodes (߰ோ െ ߰௅ ൌ 1.37	ܸ݁). Inset figure illustrates the TOV ሺ்ܸ  in figure) dependence on the height of the 
potential barrier, where lower TOVs are obtained at higher ߯஺. The TOV is correlated to the voltage required to reach Fowler-Nordheim 
tunneling in the forward direction.  

To be considered an effective technique for reducing MIM diode resistance, tuning of the insulator electron affinity 

(e.g., via insulator doping) must be justified by examining the influence on the diode FOM. The effect of adjusting the 

electron affinity by 0.2 eV on the asymmetry is shown in Figure 6. The asymmetry is shown as a function of 	߰ோെ߰௅for four 

different insulator thicknesses, as a comparison to the asymmetry shown earlier in Figure 2. A slight increase in the electron 

affinity from 3.8 eV to 4.0 eV does not have a negative effect on the asymmetry and in fact shows improvement for most 

insulator thicknesses and 	߰ோെ߰௅. There is minimal change to asymmetry at low 	߰ோെ߰௅ due to the inherently symmetric 

nature of the potential barrier. The forward and reverse tunnelling probabilities are influenced similarly by changes to the 

electron affinity. In contrast, potential barriers with larger 	߰ோെ߰௅ have a prominent asymmetric shape and reduction of the 

barrier heights with increased electron affinity results in a larger relative increase in the forward tunnelling current than the 

reverse current, and hence a substantial increase in asymmetry. At low insulator thickness the electron affinity increase 

results in considerable improvement in asymmetry. This contrasts with the negligible change in asymmetry of the thicker 

10nm diode, where the thickness of the potential barrier, rather than the barrier height, dominates the tunneling mechanism. 

Similar behavior is observed when the asymmetry is calculated at 3V, rather than 2V (refer to Figure S6 in the supplementary 

material). Asymmetry increase is welcomed, negligible change is acceptable, and minor decreases are mitigated by the 

substantial decrease in diode resistance observed for increasing electron affinity (Figure 4). These are all positive outcomes 

as the diode’s capability to operate at higher frequency becomes feasible.  
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FIG.  6. Diode asymmetry as a function of increasing work function difference (߰ோെ߰௅), for electron affinities of 3.6 eV, 3.8 eV, and 4.0 
eV, and different insulator thicknesses. Figure S6 in the supplementary material presents similar trend for asymmetry taken at 3V 

  Figure 7 shows the simulated effect of electron affinity tuning on the nonlinearity and responsivity of a 6nm thick 

MIM diode as a function of increasing 	߰ோെ߰௅. It is evident that increasing the electron affinity results in a slight decrease in 

both nonlinearity and responsivity. Unlike the change in asymmetry, the changes in both nonlinearity and responsivity for a 

0.2 eV shift in the electron affinity are within one order of magnitude. Similar behaviour is seen for other insulator 

thicknesses (refer to Figures S7-S10 in the supplementary material). Depending on the application, these reductions in 

nonlinearity and responsivity for larger electron affinities are likely to be acceptable, given the large improvements in 

asymmetry, resistance and attainable operating frequency.  

 

FIG.  7. Nonlinearity and responsivity of a simulated MIM diode with a 6nm thick insulator as a function of increasing work function 
difference (߰ோെ߰௅) for three different electron affinities from 3.6eV to 4.0eV. Similar trend is observed at other thicknesses as shown in 
Supplementary Material Figures S7-S10.  
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 It is important to note that experimentally, the behaviour of the diode can be greatly affected by the quality of 

fabrication, where defects in the film and poor metal-insulator interfaces can alter the IV characteristic from expected 

behavior3, 9, 15, 18,81. The impact of electrode surface on the diode current has been thoroughly studied18,91–96. Alimardani et al. 

reported that electrode roughness levels of less than 20% of the insulator thickness are desirable to achieve non-roughness 

dominated conduction in MIM diodes91. Crystallinity of the electrode surface can have a negative impact95 where different 

orientation of grains results in work function non-uniformity96. Similarly, the crystallinity of the insulator may create 

alternate conduction paths, such that the current deviates from ideal behavior97, and pinholes in the insulator can result in 

conduction that is orders of magnitude larger than tunnelling currents7,15. Furthermore, surface states due to chemical 

contamination (from fabrication) can alter the potential barrier heights and consequently the current7. Careful experimental 

investigation is therefore warranted to see whether the positive effects of electron affinity tuning observed in the simulations 

presented here can be achieved in practice. Atomic layer deposition (ALD) is capable of high quality, pinhole free thin 

films98 and is commonly used for insulator deposition of MIM diodes as shown in several recent reports7,8, 13, 17,84. 

Furthermore, its ability to incorporate dopant atoms20,29–33 makes ALD a good candidate for experimental investigations. 

 As previously mentioned, possible contributions of Schottky and PF conduction should be considered when 

simulating electron affinity tuning of the insulator. Schottky emission is dependent on the height of the potential barrier 

(߶௅,ோ) formed at the metal-insulator interface18,75. Figure 8 compares calculated Schottky current to simulated tunneling 

current for an Al-TiO2-Pt diode with a 6nm thick insulator layer. The model for the Schottky current has been reported in 

literature75.  It is observed that the Schottky current dominates at lower biases before the TOV of the tunneling current, 

whereas the tunnelling current dominates beyond the TOV. Figure S11 in the supplementary material further shows the 

magnitude of the difference between Schottky and tunneling currents, where the difference between the two currents in the 

low bias regime is minimal (due to the low current magnitudes at low biases) and the tunnelling current is much larger at 

higher voltages. The FOM trends presented in this work have been determined at 2V, which is in proximity to the diode TOV 

and hence where tunneling is seen to begin dominating over Schottky conduction in Figure 8, such that the choice to consider 

only tunneling current is appropriate. For lower voltages, it is expected that the operation of the device would be 

fundamentally different, as tunnel current no longer dominates. Schottky current is also seen to be more prevalent at high 

electron affinities where the potential barrier is small, as shown in Figure 8 (as well as Figure S11 in the supplementary 

material) for ߯஺ ൌ 4.2ܸ݁. For these high ߯஺ diodes, the current density inclusive of Schottky current would be larger than 

that of tunnelling alone, and hence the resistance would be lower than as presented in Figure 4. The FOM for the Al-TiO2-Pt 

diode with  ߯஺ ൌ 4.2ܸ݁ were determined with Schottky current accounted for and are presented in Figure S12 in the 
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supplementary material.  It is observed that the Schottky current FOM for high ߯஺ diodes are lower in magnitude compared 

to the FOM of tunneling current alone.   

The consideration of Schottky reverse bias currents alters the diode asymmetry for larger ߰ோ െ ߰௅. Both tunneling 

and Schottky currents are ‘near zero’ at reverse biases (shown in Figure S11) and thus good asymmetry is observed whether 

Schottky currents are considered or not. However, for larger  ߰ோ െ ߰௅ the reverse Schottky current exhibits a higher ‘near 

zero’ value than the reverse tunneling current and therefore results in a reduction of the asymmetry (where tunneling current 

is dominant in the forward bias) as shown in Figure S13 in the supplementary material. These asymmetry results present two 

cases, one where reverse tunneling current dominates and the other where Schottky reverse current dominates. 

Experimentally, the actual diode asymmetry is likely to fall between the two. Experimental investigation is warranted to 

further observe the influence of tunneling and Schottky dominated reverse currents on the FOM of MIM diodes with 

insulator tuning.      

 

 

FIG. 8 Comparison of Schottky (dashed) and tunneling current (solid) of 6nm thick Al-TiO2-Pl diode with increasing electron affinity 
(3.4eV to 4.2eV).  The Schottky current is dominant at low bias before the turn on bias of the tunneling current, after which tunneling 
current dominates. Schottky current is prevalent at high electron affinities where the potential barrier height is low, as observed for the  
߯஺ ൌ4.2eV current. Figure S11 in the supplementary material further shows the magnitude difference between Schottky and tunneling 
currents for  ߯஺ ൌ 3.6ܸ݁, 3.8ܸ݁, 4.0ܸ݁, 4.2ܸ݁. 

  Poole-Frenkel emission is dependent on the energy levels and quantity of random trap states in the insulator that 

occur due to defects or impurities. It has been classified as a bulk conduction process and has a thickness dependence74,99. PF 

emissions have been found to be the dominant conduction process for a few reported MIM diodes with undoped 

insulators17,18,100, which suggest that insulator materials are defective to begin with in regards to trap states. A study by Lenz 

et al, on the charge transport mechanisms of doped nanoparticle thin films concluded that PF emissions are tied to the 

http://dx.doi.org/10.1063/1.4983256


14 
 

intrinsic defects of the material, such that extrinsic defects from doping do not significantly alter the film’s conduction 

process101. A report by Schroeder has cast an element of doubt in verifying PF conduction, stating the effects of PF are 

“negligibly small” in MIM stacks102. PF emission is not easily modeled as the energy levels of the random trap states are 

required to be known75, but its potential impact on the simulations presented in this work can be discussed qualitatively. 

When the electron affinity is tuned by insulator doping, the introduction of impurities may result in PF emissions becoming a 

dominant conduction process over tunnelling. This may be prevalent when ߯஺ is tuned over a large range and a considerable 

amount of dopant atoms are introduced, increasing the defect density and the number of trap states available for conduction. 

This would result in an increase in current density in both directions through the diode, largely symmetric IV curves18, and a 

decrease in the diode FOM, notably asymmetry. However, the FOM results presented herein (Figure 6 and 7) have only 

considered slight ߯஺ tuning of ±0.2eV. For these small changes in electron affinity, the defect density is not expected to 

change significantly, particularly given the defective nature of undoped insulators noted above, and thus not have a large 

impact on the FOM.  

Tuning of the insulator electron affinity is likely to change other properties of the layer which may also influence the 

performance of the diode. The introduction of dopant atoms will change the mobility of electrons and increase the probability 

of scattering events influencing the conductivity of the material103. Doping of thin films can alter the dielectric constant104 

which will affect the diode capacitance and accordingly the cut-off frequency. The change in these properties may have an 

impact on the diode FOM, and while they are beyond the scope of this work, they similarly warrant experimental 

investigation.   

IV. CONCLUSION 

Previous efforts to improve the MIM diode figures of merit have often been at the expense of increasing the diode 

resistance and hence limiting the operating frequency.  The effect of tuning the electron affinity of the insulator layer of a 

MIM diode was investigated using an Airy Function Transfer Matrix simulation method as a possible technique to decrease 

the diode resistance while maintaining good figures of merit. Furthermore, the simulation study observed the effect of 

insulator thickness and the selection of metals in conjunction with increasing electron affinity on the diode IV characteristic 

and FOM values. Tuning of the electron affinity allows for lowering of the potential barrier height to facilitate electron 

tunnelling and therefore lowers resistance. A key point is that the barrier height is adjusted on both sides the barrier, while 

preserving its profile given by the insulator thickness and metal work functions. Consequently, it was found that the decrease 

in resistance obtained by electron affinity tuning is sensitive to the thickness and 	߰ோെ߰௅. For thicker diodes (6-10 nm), it 

was shown that a slight increase in electron affinity (0.2 eV) can decrease the diode resistance by a potential five orders of 
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magnitude, resulting in a concomitant increase in the operating frequency. The effect of increasing electron affinity on the 

diode asymmetry was also simulated. An improved asymmetry was observed for thinner diodes (approximately an order of 

magnitude improvement for diodes with large electrode work function differences), with negligible change observed for 

thicker diodes. Relatively small decreases in nonlinearity and responsivity were observed when the insulator’s electron 

affinity was increased. Alternative Schottky and Poole-Frenkel conduction processes and their potential impact on the diode 

FOM were also considered. Schottky conduction is expected to be significant at high electron affinities resulting in a 

reduction in the FOM. The influence of Poole-Frenkel conduction is expected to be negligible for the case of small ߯஺ tuning 

but may become significant in the case of large ߯஺ tuning.  The simulations performed in this work indicate that tuning of the 

insulator electron affinity (e.g., by doping) is a feasible technique to increase the operating frequency of MIM diodes closer 

to terahertz rectification while maintaining good figures of merit. Experimental effects that are liable to influence diode 

performance were noted and the need to verify these simulations through experimental investigation was highlighted.  

 

SUPPLEMENTARY MATERIAL  

See Supplementary Material for additional simulation results as discussed in main text.  
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