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Metal-Insulator-Metal (MIM) diodes for rectification applications must exhibit h 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. Howeyver, these methods have come with the

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

this work, an Airy Function Transfer Matrix simulation method was used to/bsetye theseffect of tuning the electron affinity

of the insulator as a technique to decrease the diode resistance. It was show at a Small increase in electron affinity can

_—
result in a resistance decrease in upwards of five orders of magnitude, ¢ rresponin 0 an increase in operating frequency on

the same order. Electron affinity tuning has minimal effect on 'cle.;dio

ures of merit, where asymmetry improves or
remains unaffected and slight decreases in nonlinearity and responsivity afalikely to be greatly outweighed by the improved

operating frequency of the diode.

[. INTRODUCTION \\
\

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

sandwiched between two metal contacts. In ecenthsﬁhese highly versatile devices have gained popularity for their

applications in infrared detection'?, wirelgss poN

otprints has brought a focus on MIM diodes, which are advantageous due to

ission>* and solar energy harvesting®™ . The increasing demand

for high speed electronics with small physica

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

In any application, ma{n /16 ive of the MIM diode is to rectify a high frequency AC signal to DC. The ideal
diode current-voltage (1\4 acteristic calls for an exponential behavior with high current at forward biases compared to the

low ‘near-zero’ curr at verse blases Three metrics have been defined to characterize a diode’s rectification performance

and are referredéto as the Figures of Merit (FOM)’ listed in Table I. The FOM quantitatively describe the nonlinear nature of
a diode’s TY¥ response; {ere attaining the highest possible FOM corresponds to a diode capable of efficient rectification.

Asymmietry is‘the ra)o of forward current to reverse current, where values larger than 1 indicate rectification. Nonlinearity

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

ge hipqr unit of AC power.
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Current challenges in MIM diode design are associated with the goal of attainin z rectification, where emphasis

has been placed on obtaining diodes with high FOM. Research into impro “[D Q/I as involved exploring a variety of

. N - . - .. L. .
material combinations® '°, geometries'' " and fabrication methods' *'* (It is widely'seported that the choice of metal contacts

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

FOM®*'>!1° Periasamy et al. implemented a high throughpdt,scr ninaechnique to study a variety of metal-insulator
L
ed FO

combinations resulting in a device exhibiting the highest i&\ ’( fasym = 1500, fy, = 4, fres = 20 V1), although
the frequency response was not examined. A novel di ecﬂ;wreported by Shin et al. implemented a multi-walled carbon
The

nanotube (MWCNT) as one of the metal contac MSOL simulation of the metal-insulator-MWCNT structure

™
reported a cut-off frequency of 6.47 THz, ho%s only capable of up to 10 MHz rectification experimentally. Along

with the choice of metals, the propertie! wau tor 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 (y,) with respect to t ml}k functions ()°. Hashem et al.'® demonstrated that increasing the insulator
thickness and metal wor?n i n’{iiff?n e has a positive influence on the diode FOM. Furthermore, Alimardani et al. has
thoroughly investigated the impact oftthe insulator material on the conduction processes through the diode'”'®. A common

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

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

the diode fesistance and hence operating frequency were not considered”. These methods and many more have been

implenfented towimprove the FOM but this has often been achieved at the expense of increasing the diode resistance.

Alongside the BOM, the resistance is another key property in evaluating the performance of the MIM diode. The cut off
ﬁreqky‘b€ = ﬁ ) is inversely proportional to resistance and therefore to attain high frequency operation, the resistance

must be minimized'’. 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 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 edges®>*. In insulator or em&dliting materials, doping is

20,29-33

commonly achieved by atomic layer deposition , sputter deposition®* 7 a c}%ﬂcal vapor deposition®® . Strain

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

material combinations'’ ', Similarly in 2D semiconductor materials, a@x@\han'cal strains™ >, lattice mismatch

55,56

strains and cation stearic size effects’ >’ have resulted in shifting of the conduietion band. Notably, strain induced band

gap tuning has been observed in thin films of titanium dioxide®)and tin“oxide®’. The bandgap of quantum dots exhibit a

68,69

particle size dependence® ®, where band gap widening has bégn o ervga in quantum dots of zinc oxide®*®’ and titanium
L
dioxide nanocrystals iS po

. Further quantum dot band %&.Q\ ible by surface modification with choice of ligand
le

molecules”. Block copolymer films used in various flexi vice applications, are able to exhibit electron affinity tuning

over a broad range by varying the ratio of electr d,%)r— eptor units in the conjugated polymer film’" . In this work,
™

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

a technique to optimize both MIM diode iﬁ@ OM.

. BACKGROUND AND SIMUL IO'N}
The potential barrierin a diode is defined by several parameters that pertain to the material selection and
£
cte

geometry of the diode. T%e par pe( and the resulting barrier are depicted in Figure 1. The size and shape of the potential
barrier directly affec t’n3pr0b ility of electron tunneling and hence the diode FOM values. The width of the potential
barrier is determifed by“the thickness and number of insulator layers. The height of the left and right sides (¢,, ¢pr) of the
barrier are deE:\rm d b}ythe work functions of the metals (y;,1g) and the electron affinity of the insulator (y,). Two

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

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

higher current than the case of direct tunneling alone.
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electron tunneling probability arising from the smaller left barrier height (¢, ). 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 fé\&tum tunneling processes'>'¢,
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) emission™* "®. Schottky emigsion is dependant on the barrier
formed at the metal-insulator interface, where electrons with enough therma Movercome the barrier. PF conduction
occurs Via trap states within the band structure due to defects in the ins 1a{(-;r\ layer. “In this work, simulations of the diode IV
characteristic have been performed using the well established tuQG:ng s, where Schottky and PF conduction have
largely been neglected” >'®”7. However, for the case of elecfron a 1n‘if_;)uning, the impact of Schottky and PF emission

should be considered. Electron affinity tuning will affecl&;&%nitu e of Schottky emission as it is directly dependent on

the potential barrier height, and if tuning of the ele onwr is achieved by doping, an increased defect density can
increase the probability of PF emission. The di e%fo ce results presented herein have only considered tunneling
conduction, however the conditions under %ﬂ; or PF emission may have a significant impact on the diode
performance are discussed in detail in Secti N.L\

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

image charge potential, depict

igure 1 (dotted line, @imqage). The image charge potential arises from the build up

7, 15, 74, 76,78-82

charge carriers at the m?dr—ins or i}ﬁerfaces and results in a rounding of the barrier edges However the

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

)

” and the effects negligible at high electric fields and ordinary temperatures’***. Figure S1 in the

is expected to be

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

—
barrier height resultb)in a negligible increase in the diode current and is expected to have a negligible effect on the FOM
—
calculated in tgis work. Furthermore, the omission of the image potential is supported by the close matching between
si u,%)n experimental results shown elsewhere” %,
-
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FIG. 1. MIM diode potential barrier construction as determined by metal work tQﬂMR), insulator electron affinity (y4) and
thickness. The barrier heights (¢, r) are determined by the difference betweenstheqworksfunction and electron affinity (l/JL_R - )(A). The
dotted line shows the shape of the image charge potential (¢;mqge) that has beefl neglected. With the left contact grounded, an applied bias
(V) across the diode raises or lowers the fermi level (Ef) of the right metal in ccorda&e to the direction of bias. The inset shows the

energy level diagram when forward current occurs, where the lower left Yarrier heig
higher current.

The electron tunnelling and resulting MIM diode IV %ﬁrf&ﬂm were simulated with an Airy Function Transfer
16 I

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

) and Fowler-Nordheim (FN) tunneling promote

insulator electron affinity and thickness are used to, cons m‘hape of the potential barrier. The AF-TMM solves the one-
dimensional Schrodinger wave equation to d term1§ansmission probability of the electron wave through the potential
barrier. The transmission probability is co bineM Fermi-Dirac distributions to obtain the current density (4/cm? ) as
a function of the applied bias voltage. The m%orted by Hashem et al.'®, as well as other similar approaches” '’ that
consider tunneling conduction, ¢ shown good matching to experimental diode measurements. The diode FOM were
calculated as listed in Table [ /4nd ?e valyes at 2V were taken for comparison (similar FOM trends at 3V are presented in the

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

simulated diodes. T 10de nce is an important property that is discussed herein and is calculated as the differential

. ar\~ ‘ . . . .
resistance (é) at ziro . A parametric sweep of the diode parameters was done to observe their influence on the diode
performancg as discu d/m the following section. The insulator thickness was swept from 4 nm to 10 nm, as the thickness
should/bedkep we)than 10 nm for the tunneling conduction mechanism to dominate®. A variety of commonly deposited

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

i h&b@tween the two contacts P — Y, from 0.05eV to 1.37eV. The work functions used for these metals are listed in

Table II\ Lastly, the electron affinity (y,) was swept from 2.6eV to 4.4eV, in steps of 0.2¢V. 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
5
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thie conciusions 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 structure”® ">, 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

: : 00, 68,69,85-89
1n practise™ .

TABLE II. Metals used in the simulation with respective work functions g ;. Q\
Metals Work Function ¥ g [eV]

Aluminum 428 \
Titanium 4.33 ‘) ~——
Chromium 4.50 Q

P

Copper 4.70 5

Gold 5.10 ‘

Platinum 5.65

Ill. RESULTS AND DISCUSSION \\\
The influence of the insulator thickness and mxf\msfunction difference (Yr—1y;) on the asymmetry FOM

(measured at 2 V) was simulated and is shown_ in %Z.@r an electron affinity of 3.8 eV. Aluminum was kept as the left

®.

work function Y, while the right work function aswaried from the metals listed in Table II. As shown previously'’, the

asymmetry increases as the insulator thickn\aﬂ'dupR —1, are increased. Furthermore, at larger Y —1, the influence of

increasing the thickness is amplifi afﬁﬁ\Sws for up to 10 orders of magnitude improvement in asymmetry. Similar trends
were also observed for asym@ lated at different voltages.
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FIG. 2. Diode asymmetry as a function of increasing thickness and work fun ion differe (Yr—y.). Insulator electron affinity yy,, is
kept at 3.8eV. Aluminum was kept as the left work function i;, while the right work fanction 1z was varied from the metals listed in
Table II. Asymmetry is taken at 2V from the diode IV characteristic.

While increasing the thickness and Yg—1; of the di de(dm sin‘lye methods for improving the diode FOM, there
L
lies an inherent drawback. As a result of the larger potent&%id:arger thickness or ¢y), the diode resistance increases
ed

and subsequently the magnitude of the rectified current pkb&
%\

creased. Figure 3a shows the differential resistance of
the MIM diode with the same simulation parameters ‘TreTThe differential resistance is seen to increase as both the
thickness and Y —1; are increased. The ins ofgxe 32 shows the potential barrier profiles for increasing Yz —1),. As
Yr—, increases, the height of the righ &X}g,kncreases. Although this higher barrier on the right side of the diode
limits reverse bias current, it also increases the lied bias required to reach the FN tunnelling regime shown in the inset of

Figure 1, thus limiting the forw.

;ias\jrrent as well. Figure 3b displays the simulated current density at an applied
(forward) bias of 2V for the §ame ;vimu ion parameters as Figures 2 and 3a. A significant decrease in current density with
increasing insulator thicg{ and —/l/)L is clearly visible. Theoretically, these improved diodes have good rectification
characteristics (hig Ow}come redundant if they cannot produce substantial rectified current. Applications in
rectenna based erg})ha ting or IR/UV detection will require high current output for improved efficiency and sensitivity.

Consequently,“a.per a‘(ce tradeoff is presented where the methods used to achieve good rectification (as defined by the

FOM) eﬂﬂt highé resistance and limit the attainable operating frequency.

)
NI
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FIG. 3. The drawbacks from increasing MIM diode thickness and work functio différence »—;). a) Differential resistance and b)
current density at 2V bias as a function of insulator thickness and ¥z —1; . Inset figure shdws the shape of the potential barrier for
increasing Y —1; where the resistance increases due to the larger barrier te';ghts.

As a potential solution to the discussed problem, the e&g tu‘ﬁ?g the electron affinity of the insulator layer were
i

investigated. It is expected that lowering the height of thefpotentialbarrier will reduce the diode resistance'. This can be

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

"

does not affect Y — Y, preserving the profile of the triangular section atop the potential barrier and the conditions for
Fowler Nordheim Tunneling. It was previou: rep(h that the ideal MIM diode should have a low forward barrier height
(¢, =Y, — x4) and thus the electron affinity ofithéunsulator and the work function of the left metal should be similar in
value®. The need to find compatible metal-insylator combinations can be avoided by tuning the electron affinity of the

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

different insulator thickness witlythe t metal electrode combination (Y — Y, = 1.37eV). Similar resistance data for

other simulated metal c é shown in Figure S2 in the supplementary material. It is seen that increasing the
electron affinity of the i@ator layer resulted in a substantial reduction in diode resistance for all insulator thicknesses. The
magnitude of th decyase as dependent on the thickness of the insulator layer, with greater reductions in resistance evident
for the diodgs with thick ia(sulator layers. For the 4 nm thick diode, a resistance decrease on the order of 10" was observed for
an +O.2e\_/‘i ease 1} electron affinity. Whereas for the thicker diodes (6-10 nm) the resistance decrease was observed to be

on the“order 0131 0°-10° in magnitude. Therefore, it can be stated that a small increase in electron affinity of 0.2¢V has the

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

of the diodes as a function of electron affinity for different x—1; 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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FIG. 4. Diode resistance as a function of electron affinity for a) an inu /(2 = 4.28eV) — platinum (Y, = 5.65eV) diode, (work
function difference Yz — P, = 1.37eV) with different insulator thickness r:}Ej 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 heighMb iet decrease for increasing y,, allowing for greater current flow

and thus the reduced resistance. \

The lower resistances observed in Figur vﬂrshig insulator electron affinities follow directly from lower barrier

.
heights, as illustrated schematically in the i e& re 4a, which induce a larger electron tunnelling probability. As a
n'the

result, a significant increase in current d iQO\ me order of magnitude as the change in resistance, was observed as

the electron affinity of the insulator was increasedy(refer to Figure S4 in the supplementary material). Consequently, a shift in
the diode turn on voltage (TOV),to :d%er voltages is observed as the electron affinity is increased, as shown in Figure 5
for an Al-Pt diode (Yg — Q:i}) ith a 6 nm thick insulator layer. TOV has been defined as the bias at which
significant exponential ig ¢ in ctirent is observed'® and has been determined by the extrapolation in the linear region
(ELR) method reported elsewhere™. The TOV is correlated to the onset of the Fowler-Nordheim (FN) tunneling regime. As
demonstrated by, the jnset inFigure 5, at higher y, the FN tunneling regime is reached at lower voltages and thus a lower

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

relevant digde 'ckrbsses 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 (y,) of the {ilatoris increased for a 6 nm thick diode with
aluminum and platinum electrodes (g — ¥, = 1.37 V). Inset figure illustratds the' TO in figure) dependence on the height of the
potential barrier, where lower TOVs are obtained at higher y4. The TOV is correlated tSthe voltage required to reach Fowler-Nordheim
tunneling in the forward direction.

To be considered an effective technique for reducing I@odﬁysistance, tuning of the insulator electron affinity
(e.g., via insulator doping) must be justified by examining the i et%'c'e' on the diode FOM. The effect of adjusting the
electron affinity by 0.2 eV on the asymmetry is shown in%ﬂk‘xhe asymmetry is shown as a function of Yg—1; for four
different insulator thicknesses, as a comparison to the as etry shown earlier in Figure 2. A slight increase in the electron

affinity from 3.8 eV to 4.0 eV does not have neg> effect on the asymmetry and in fact shows improvement for most
insulator thicknesses and z—1;. Thereds min\a\ha ge to asymmetry at low Yr—1,; due to the inherently symmetric

nature of the potential barrier. The forward andweverse tunnelling probabilities are influenced similarly by changes to the
electron affinity. In contrast, potenti lb%s with larger Yr—1; have a prominent asymmetric shape and reduction of the
barrier heights with increased.glectfon affinity results in a larger relative increase in the forward tunnelling current than the
reverse current, and hexg subst: Lé increase in asymmetry. At low insulator thickness the electron affinity increase

%t in asymmetry. This contrasts with the negligible change in asymmetry of the thicker

results in considerable @r
10nm diode, whére tgg thickness of the potential barrier, rather than the barrier height, dominates the tunneling mechanism.
is 0

Similar behdvior ed when the asymmetry is calculated at 3V, rather than 2V (refer to Figure S6 in the supplementary
materi 1),_\As met)r increase is welcomed, negligible change is acceptable, and minor decreases are mitigated by the

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

as h})d{s capability to operate at higher frequency becomes feasible.

10


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

Publishing

A s I:) | This manuscript was accepted by 1. Appl. Phys. Click here to see the version of record. |
I 1014 || —@—4nm 7
6nm

> 1012 | —8—8nm
P v—10nm
®) 1010 |- 1,360V
8 || = X5" 38eV| T 7
§ e
0 6 A -
€ 108 2
€ 400
S 10% @ AL oot )
U]
< 10? FHgT \
i A

—_
FIG. 6. Diode asymmetry as a function of increasing work function differencel(yr—1;)

lectron affinities of 3.6 eV, 3.8 eV, and 4.0
eV, and different insulator thicknesses. Figure S6 in the supplementary material

esents s&nilar trend for asymmetry taken at 3V

Figure 7 shows the simulated effect of electron affinity @g on the nonlinearity and responsivity of a 6nm thick
MIM diode as a function of increasing Yz—1;. It is evident that increasing the electron affinity results in a slight decrease in
both nonlinearity and responsivity. Unlike the change in&s% ry, the changes in both nonlinearity and responsivity for a
0.2 eV shift in the electron affinity are within one ‘d'Magnitude. Similar behaviour is seen for other insulator
thicknesses (refer to Figures S7-S10 in the supp ﬁ?a& aterial). Depending on the application, these reductions in

nonlinearity and responsivity for larger elect \% ies are likely to be acceptable, given the large improvements in

asymmetry, resistance and attainable opera%%‘qugncy.
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FIG. 7. Nonlinearity and responsivity of a simulated MIM diode with a 6nm thick insulator as a function of increasing work function
difference (yz—1;) 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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behavior * 1> "8 The impact of electrode surface on the diode current has been thoroughly studied'®**®. 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 diodes’'. Crystallinity of the electrode surface can have a negative impact®™ where different
orientation of grains results in work function non-uniformity®®. Similarly, the cryst?énity of the insulator may create
alternate conduction paths, such that the current deviates from ideal behavior”’, a imholes“in the insulator can result in
conduction that is orders of magnitude larger than tunnelling currents”'. Fufthe e, surface states due to chemical
contamination (from fabrication) can alter the potential barrier heights and oﬁ%}b\the current’. Careful experimental
investigation is therefore warranted to see whether the positive effects of electroniaffinity tuning observed in the simulations
presented here can be achieved in practice. Atomic layer depositic:_rg D) ibcapable of high quality, pinhole free thin
78, 13, 17.84.

films®® and is commonly used for insulator deposition of MI(A\diod‘e3 as shown in several recent reports

Furthermore, its ability to incorporate dopant atoms”**** kesX:%a‘gﬁ)‘od candidate for experimental investigations.

As previously mentioned, possible contribdtions ofiSchottky and PF conduction should be considered when

simulating electron affinity tuning of the insulat ..%ho emission is dependent on the height of the potential barrier
.

1875 Figure 8 compares calculated Schottky current to simulated tunneling

(¢r) formed at the metal-insulator interfa
current for an Al-TiO,-Pt diode with a 6 ‘@\ator layer. The model for the Schottky current has been reported in
literature””. It is observed that the Schottky cument dominates at lower biases before the TOV of the tunneling current,
whereas the tunnelling current 0'%' yond the TOV. Figure S11 in the supplementary material further shows the
magnitude of the differenc Q:?o ky and tunneling currents, where the difference between the two currents in the
low bias regime is minié e to

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

¢ low current magnitudes at low biases) and the tunnelling current is much larger at

and hence wher€ tunnéling 1s«seen to begin dominating over Schottky conduction in Figure 8, such that the choice to consider
only tunne né\curre 15/ appropriate. For lower voltages, it is expected that the operation of the device would be
fundamentally“differént, as tunnel current no longer dominates. Schottky current is also seen to be more prevalent at high
electro fﬁniths where the potential barrier is small, as shown in Figure 8 (as well as Figure S11 in the supplementary
mai h for y, = 4.2eV. For these high y, 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-TiO,-Pt

diode with y, = 4.2eV were determined with Schottky current accounted for and are presented in Figure S12 in the
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the FOM of tunneling current alone.
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The consideration of Schottky reverse bias currents alters the diode asymmetry for larger Y — ;. 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 1z — 1, the reverse Schottky current exhibits a higher ‘near
zero’ value than the reverse tunneling current and therefore results in a reduction of th% metry (where tunneling current
is dominant in the forward bias) as shown in Figure S13 in the supplementary mate al.%%hmetry results present two
cases, one where reverse tunneling current dominates and the other wherey Schottky reverse current dominates.
Experimentally, the actual diode asymmetry is likely to fall between the o‘.)x.p.e&mental investigation is warranted to

-

further observe the influence of tunneling and Schottky dominated feverse %1 ts on the FOM of MIM diodes with

insulator tuning.

-

—Tunneling

% | — -Schottky ||
/\/00.511.522,533.5

Voltage [V]

FIG. 8 Compari of Schottky«(dashed) and tunneling current (solid) of 6nm thick Al-TiO,-P1 diode with increasing electron affinity
(3.4eV to 4.2eV). Sch9¢fky current is dominant at low bias before the turn on bias of the tunneling current, after which tunneling
current domifates: Scho current is prevalent at high electron affinities where the potential barrier height is low, as observed for the
rrent. Figure S11 in the supplementary material further shows the magnitude difference between Schottky and tunneling

current fqr\)(A 3.6eV,3.8eV,4.0eV,4.2eV.

Poole—‘irenkel emission is dependent on the energy levels and quantity of random trap states in the insulator that
oc }d?e t\o defects or impurities. It has been classified as a bulk conduction process and has a thickness dependence’*”. PF
emissions have been found to be the dominant conduction process for a few reported MIM diodes with undoped

17,18,100

insulators , 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
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focess'"'. A report by Schroeder has cast an element of doubt in verifying PF conduction, stating the effects of PF are
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negligibly small” in MIM stacks'®. PF emission is not easily modeled as the energy levels of the random trap states are

e I:Pic defects| oThisemanuserit suehageepted jisicAppk RbyRolicoping tdseedhs wersionedyestrd. the film’s conduction

required to be known’’, 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 y, is tuned ozér a large range and a considerable
amount of dopant atoms are introduced, increasing the defect density and the numb oﬁsap statgs available for conduction.
This would result in an increase in current density in both directions through thediode,dargely symmetric IV curves'®, and a
decrease in the diode FOM, notably asymmetry. However, the FOM resulfs f);%erein (Figure 6 and 7) have only
considered slight y, tuning of +0.2eV. For these small changes in elgCtren affinity, the defect density is not expected to
change significantly, particularly given the defective nature of und(‘)_Pe i sulaars noted above, and thus not have a large

impact on the FOM. ‘)

L
Tuning of the insulator electron affinity is likely K:ge other properties of the layer which may also influence the

performance of the diode. The introduction of dopant towange the mobility of electrons and increase the probability

of scattering events influencing the conductivity e mategial'”. Doping of thin films can alter the dielectric constant'®*

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

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

investigation.

IV. CONCLUSION 4 \
Previous efforts to ?/ rove the M’fM diode figures of merit have often been at the expense of increasing the diode

resistance and hence

m'i(yg thewgperating frequency. The effect of tuning the electron affinity of the insulator layer of a

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

the diode resistan whiy maintaining good figures of merit. Furthermore, the simulation study observed the effect of

insulator thi

—
and FOM values.

ness and the selection of metals in conjunction with increasing electron affinity on the diode IV characteristic
uning of the electron affinity allows for lowering of the potential barrier height to facilitate electron
t %g therefore lowers resistance. A key point is that the barrier height is adjusted on both sides the barrier, while
prese ing?s 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 Yz—1;. 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

14
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n gaituce, resultifhifmanusenptivias dacepied by JhdppkRBhiyis Glighdiey (Theedheyetsianabasiesdelctron affinity on the
“dfode asymmetry was also simulated. An improved asymmetry was observed for thinner diodes (approximately an order of
Publishing
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

g%%ﬁ&\the case of small y, tuning

but may become significant in the case of large y, tuning. The simulations perfotmed in.this work indicate that tuning of the
perati

reduction in the FOM. The influence of Poole-Frenkel conduction is expected to be

insulator electron affinity (e.g., by doping) is a feasible technique to increa tﬁ%) 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 erinbntal investigation was highlighted.
\ T
SUPPLEMENTARY MATERIAL \\

See Supplementary Material for additional simulation Mcussed in main text.
\ \ -y

N
&
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